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GENERAL INTRODUCTION

HEN we are asked to think about natural life on Earth, the most probable images that
emerge are those of the vibrantly coloured life of tropical rainforests and coral reefs, the large
iconic mammals that inhabit the African plains, or dolphins swimming through crystal clear
oceans near some exotic island. Much less probable is that images emerge of a dark abyss
inhabited by fang-toothed fishes, bioluminescent jellyfish and flourishing ecosystems around
volcanic vents. The deep sea is unfamiliar to us and does not usually spring to mind when we
think of nature and wildlife. Still, if we define as the deep sea all those regions of the ocean that
are deeper than 1,000 metres, then the deep sea constitutes around 78.5% of the earth’s
biosphere 1, and it is teeming with life at all depths. Estimates state that the deep sea may
contain the greatest number of animal species, the greatest biomass and the greatest number of
organisms in the living world 2. It is thus the dominant part of our biosphere. And yet we have
no relationship with it, it falls outside the scope of our daily life, and we have for a long time
imagined any human impact as being inconsequential.
Life in the deep sea has only been the subject of study by naturalists, and later by
professional scientists, since the nineteenth century. Before that time, there had been some
cursory investigations of the physical conditions of the deep sea, most notably in the
seventeenth century, but no life was expected to exist since the high hydrostatic pressure and
low temperature appeared to prohibit life. It was not until the 1840’s that the first systematic
investigations of marine species descended beyond the reach of sunlight. Depths of more than
1,000 metres were not reached until in the 1860’s it had become clear that the deep sea was
teeming with life. The definitive start of deep-sea biology as a modern science is marked by the
expedition of HMS Challenger (1872-1876), which proved that there was no depth-limit to
marine life. We must therefore speak of a very recent field of study when compared to the
study of life on land and in coastal areas.
However, at various levels the deep sea has over the last decades become more
visible, first and foremost at a scientific level. As the deep sea lies so far beyond the boundaries
of our daily experience, it is a significant undertaking to explore it at all. As a result, the people
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primarily engaged in producing knowledge of the deep sea have been naturalists first, and
scientists later. Even today deep-sea exploration is the exclusive domain of professionals, who
are uncovering new aspects with almost every dive, every net and every sample taken.
In addition, the deep sea has turned out to be rich in traditional resources such as oil,
gas and minerals, as well as in biological resources such as genes and proteins. Because the
exploitation of such resources has become more viable in recent decades, the deep sea is
steadily gaining in economic importance. As a result, human civilization has an increasing
impact on these remote ecosystems. Direct human impact does not only occur because of the
exploitation of deep-sea biological and mineral resources, but also through the disposal of
waste (3-5 and 6 p. 137-224). Indirect impact through biodiversity loss, ocean acidification and
climate change also occur, and they appear to be more significant than has previously been
assumed (7-9 and 6 p. 176-196). These developments raise questions about the conservation of
the deep-sea environment. Deep-sea conservation, however, requires, due to its particular
nature 10, more than merely an extension of existing conservation efforts from coastal areas
and fisheries into the deep sea.
Knowledge of deep-sea life, however, continues to be limited. But if the estimates are
correct and the major occurrence of animal life is predominantly found in the deep sea, then
the question arises as to why biology, which is after all the study of life, pays so little attention
to this vast environment. The primary reason why knowledge of the deep sea progresses at
such a slow pace is that any investigation of it requires a huge investment of time, money and
resources. These are not generally available to researcher teams. Worse yet, only a few
countries have the capability to reach great depths. This capacity requires technology that is
expensive to develop and equally expensive to use. Operating costs are typically US $30,000
per day and cruises generally last a few weeks, so that the costs per cruise can quite easily reach
US $1 million 4.
The remoteness of the deep sea and the technological difficulty of investigating has as
a further consequence that the deep-sea biologist is almost the exclusive producer of
knowledge of the deep sea. On land there is a multitude of sources of knowledge, ranging from
historical descriptions of species distribution over hobby ecologists who enjoy spending their
weekends in the woods to people who follow a centuries-old tradition of living in symbiosis
with nature, for instance, such as found in the Japanese Satoyama landscapes 11. No such nonscientific sources of knowledge and experience are available for the deep sea, with the possible
exception of a few attentive deep-sea fishermen.
Due to these circumstances, deep-sea biologists have always had to depend heavily on
support from governments and commercial partners. Although this situation renders this
discipline quite unique in the life sciences, the consequences of this strong dependence have to
date never been examined. Unless I am mistaken, this dissertation is the first monograph
dedicated to an examination of the choices and dilemmas of deep-sea biology from its
beginnings in the nineteenth century to today.
In order to write such a study, it was necessary to combine historical research with
philosophical reflection, creating what we might term a ‘philosophical history of deep-sea
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biology’. As the history of oceanography, the field to which deep-sea biology is intimately
related, is well established, this dissertation draws on the work of such prominent historians of
oceanography as Philip Rehbock, Eric L. Mills, Helen Rozwadowski and Naomi Oreskes. It reevaluates and adjusts their findings in the context of deep-sea biology as being discipline within
general biology, rather than oceanography, thereby adding a fresh perspective. Due to my
personal background as a biologist, I have been able to incorporate the scientific literature
beginning with prominent Victorian naturalists such as Edward Forbes (1815-1854) and ending
with the latest scientific publications in the field of deep-sea biology. Along the way I managed
to uncover hitherto untreated material, including forgotten nineteenth-century French deep-sea
physiological research and recent discoveries of extraordinary deep-sea creatures that are not
always acknowledged as important.
The historical narrative developed in this dissertation shows how the role of the
deep-sea scientist has changed according to the external factors to which it was exposed in
each period of its development. Initially, the naturalist exploring the deep sea was a ‘gentleman
naturalist’ exploring at his own expense and leisure; the required independent wealth obviously
limited access to this science. This role changed as deep-sea biology developed into a
professional science supported by government grants. Subsequent transformations of the
deep-sea biologists’ role turned them first into fisheries experts and later into cold war allies,
and nowadays they must be everything at once: scientists, explorers, advisors and
environmental advocates. These new roles raise questions that do not limit themselves to
empirical matters, to which the deep-sea biologist nonetheless continues to be sensitive. These
new questions will be discussed through the use of case studies of recent developments in
deep-sea manganese nodule mining as well as bioprospecting, that is, the search for biological
compounds that are of use for commercial purposes. These case studies provide a way of
illustrating the tension or disparity between knowledge production for the sake of exploiting
deep-sea resources and knowledge production for the sake of building up an understanding of
the deep sea itself.
This disparity constitutes an essential element to be considered, as we will turn, at the
end of this dissertation, to conservation issues. As we shall show, one of the crucial reasons
that hampers conservation efforts is the absence of an ethical relationship between mankind
and the deep sea. One may in fact speak of a general situation of almost complete indifference
towards the deep sea, which in turn, originates from a lack of knowledge about this domain of
the Earth’s surface, however large it may be. This state of ignorance and the resulting ethical
indifference contrasts notably with the land, which we know, where we live and with which we
have a rich and historically grown relationship. While for these reasons, there exists a lively
discussion about our ethical relationship with the land, there is as yet no ethical discussion
specifically focussing on the deep sea and the unique challenges it faces. In our final chapters,
we will look at the prerequisites for generating such a discussion and investigate the role of
deep-sea biology in this. Specifically, we will investigate whether the land ethic, first formulated
by American wildlife manager Aldo Leopold (1887-1948), may serve as a point of departure.
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This dissertation consciously and by necessity moves across disciplinary boundaries
and combines scientific knowledge with history and with philosophical reflection. In order to
understand the nature of the challenges facing deep-sea biology today, it seemed necessary to
explain its relatively short history, its various past and present alliances with commercial,
political and military actors and the recent emergence of the ethical dimensions of the works of
its practitioners. As a consequence, each of the five chapters of this thesis reflects this
interdisciplinary approach. In CHAPTER I, the first of our three historical chapters, the prehistory of deep-sea biology will be addressed. It details the reasons why deep-sea exploration
started at a time in which no life was expected to be found there, and it analyses the
subsequent developments that led to the definitive start of oceanography as a discipline and
with it of deep-sea biology. The second chapter will detail the short period between the
Challenger Expedition and the beginning of the twentieth century. This period, although
spanning only three decades, may be regarded as the golden age of deep-sea biology. As will
become evident, much of the research from that time would only be continued in the second
half of the twentieth century. This will be the subject of CHAPTER III, where we will study the
revival of deep-sea biological research, which occurred in close relationship with the
development of manned submersible technology, submarine warfare and the first attempts to
use marine biological compounds for industrial and medical purposes. CHAPTER IV will take us
to contemporary history. It details recent developments and the methodological and
commercial developments that are currently taking place in deep-sea biological research. We
will discuss what may well be considered the modern equivalent of the Challenger expedition,
the international Census of Marine Life program. Finally in CHAPTER V, we will reflect on the
current challenges for deep-sea biology as a discipline, and in particular for the key figure of
the deep-sea biologist, whose role in steering the scientific discipline and its broader, normative
as well as ethical implications will be examined.
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CHAPTER I

The Birth of Deep-Sea Biology

HE ocean has played an important role throughout human history, primarily as the source
of a seemingly unlimited supply of food, but also as the subject of stories about monstrous
mythical creatures such as sea serpents and the Kraken. The ocean as a source of sustenance
and fascination. Despite this relationship, the ocean was rarely the subject of close study. Some
early accounts were given by Aristotle (384-322 B.C.) and Pliny the Elder (23-79 A.D.), the
latter is famously quoted as saying:
Surely then everyone must allow that it is quite impossible to comprise every
species of terrestrial animal in one general view for the information of
mankind. And yet, by Hercules!, in the sea and in the Ocean, vast as it is,
there exists nothing that is unknown to us, and , a truly marvellous fact, it is
with those things which Nature has concealed in the deep that we are best
acquainted! (1, p. xxxii).
Although Pliny completely overestimated the extent of the knowledge of marine life, his work
and that of Aristotle before him is noteworthy as neither had access to complicated equipment
such as sounding apparatus, dredges, and thermometers suitable for a systematic analysis of the
marine environment, let alone the deep sea. A systematic analysis of life in the deep sea would
follow developments in several fields, each contributing an essential part for progress.
Interests in the physical and chemical properties of the sea would see the emergence
of various measurements to ascertain temperature, salinity, depth, pressure, and seafloor
composition. These developments would stimulate philosophical discussions about the
possibility of life in the deep sea. The practical side of deep-sea biology followed the increasing
interest in using the dredge as a means to investigate marine biology. The use of the dredge as
a tool for scientific investigations played an essential role in making the deeper parts of the sea
accessible for naturalists. The catalyst that moved the philosophical discussions about the
possibility of life at great depths into the practical realm of marine biology can be found in

17

CHAPTER I

	
  
questions originating from geology. Three fields thus combined to give rise to deep-sea
biology; physical oceanography (for the purpose of this thesis this term will be taken to include
chemical oceanography), marine biology and geology. Even today the links between these
fields are strong in oceanography, and, as will be shown in later chapters, questions from
geology have continued to catalyse research that led to important discoveries in deep-sea
biology.

THE QUESTION OF LIFE AT GREAT DEPTHS
An important period of interest in the physical and chemical characteristics of the sea emerged
during the seventeenth century. During this time investigations into the properties of the sea
went down to ever increasing depths, fuelling speculations about whether or not life could be
found in the deep sea. Scientific pioneers such as Robert Boyle (1627-1691) investigated
various properties of seawater, as did his assistant Robert Hooke (1635-1703), who was ahead
of his time by inventing equipment that would not again be used for another two centuries,
such as a sounding machine that did not require a line (1, p. xxxiv). Consisting of two spheres,
one of wood and one of lead, it could be sunk and when reaching the bottom the leaden
sphere would detach itself and the wooden sphere would rise. The time required for the
wooden sphere to surface was an indication of depth. Such self-detaching weights would only
be used again when John Brooke (1828-1906) invented a new sounding machine in the
nineteenth century. Hooke was also among the first to seriously consider the challenges of life
at great depths in the sea. Boyle and Hooke had experimented early on with the effects of air
pressure, one of their most notable experiments being on the effect of the removal of air from
a glass vessel containing a bird 2. Although Boyle did not primarily concern himself with living
nature, Hooke went on to consider the consequences of their experiments for life at great
depths. In a report on his observations on the Cephalopod Nautilus, Hooke speculates…
And, probably, most people will treat me as Columbus was, when he
pretended the discovery of a new world to the westward: But I have been
accustomed to such kind of treatments, and so the better fitted to bear
them. However, I think, that such objections as most will be apt to make,
that animals and vegetables cannot be rationally supposed to live and grow
under so great a pressure, so great a cold, and at so great a distance from the
air, as many parts at the bottom of very deep seas are liable and subject to; I
say, I think that these objections may be easily answer’d, by shewing, that
they all proceed from wrong notions that men have entertain’d, from the
small experience they have had of the effects, and powers, and methods of
nature, and a few trials will easily convince them of the erroneousness of
them. We have had instances enough of the fallaciousness of such immature
and hasty conclusions. The torrid and frigid zones were once concluded
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uninhabitable; and to assert antipodes was thought atheistical, heretical, and
damnable; but time has discover’d the falsity and narrowness of those hasty
conclusions. (3, p. 314, Robert Hooke).
Interestingly, Hooke felt the prevailing opinion was strongly slanted against the possibility of
life at great depths to a point where any level of dissent would soon become the subject of
mockery or worse. Hooke noted that such a response had been seen earlier in relation to the
question about life in cold and harsh regions on land. Through extrapolation of experiences
with milder climates, the cold conditions were thought to make such areas uninhabitable, yet
exploration showed life was found even there. According to Hooke it would be unwise to
extrapolate again in such a manner when it came to the sea. His words of caution showed both
a sense of historical awareness, as well as an open mind as to the capacity of life to adapt to the
challenges proposed by seemingly adverse environmental conditions. Words that have lost little
of their meaning, as even today, nature continues to surprise us with unexpected adaptations to
some of the most hostile conditions found on the planet. Hooke’s efforts in this regard were to
have little effect, as the short period of interest in marine science soon died out. The reason for
this is not clear, but some suggest (1, 4, p. xxv and p. 166-167, resp.) this was due to the rise of
more abstract, experimental and specialized science, in the wake of Newton’s publication of his
Principa Mathematica, a benchmark publication that would serve as an inspiration for many
naturalists seeking to find similar principles at work in organic nature. This could have been
the reason why the ‘rational objections’ referred to by Hooke were not dispelled by ‘a few
trials’ as suggested by him. More likely, it was because those who were interested in the deep
sea had not necessarily been interested in natural history. Their primary interests lay in the
physical characteristics of the sea. Those who were interested in natural history had not yet the
means to reach depths outside the epipelagic zone (today called the euphotic zone), a zone
with a maximum depth of 200 metres where light, depending on the conditions, can be strong
enough for photosynthesis.
Throughout the eighteenth, and well into the nineteenth century, rational objections
against life surviving, let alone thriving, under the immense pressure exerted by the water
column at great depths had the upper hand. The reason why these objections persisted over
such a long period of time seems to be caused by this division of early ocean research between
the study of its physical characteristics, which did go to great depths, and marine biological
investigations, which were limited to the epipelagic zone. This meant that any discussion about
the possibility of life at great depths would be based either on incidental findings, or on
theoretical arguments based on the extrapolation of available data. The available data being
primarily based on terrestrial research, leading to the search for analogies such as altitude
(terrestrial) and depth (marine), or a set of marine data limited in depth range.
Arguing from analogy made the deep sea seem more hostile to life than it really was.
For instance, the unfamiliarity with the permeability of marine organisms to water, something
that greatly alleviates the effects of hydrostatic pressure, led to a misconceived idea about the
effects of pressure. All terrestrial mammals, and most notably of course humans, have a

	
  

19

CHAPTER I

	
  
protective layer of skin which is impermeable to water. While on land this barrier helps to
avoid loss of water and subsequent dehydration, in water this layer causes a pressure difference
between the external environment and the internal, where the external pressure is higher and
thus compresses the body. This makes it impossible to reach great depths without protection.
By projecting such properties onto marine organisms, the effects of the pressure deep down in
the ocean would have seemed like an insurmountable environmental hurdle. Even at the dawn
of the great HMS Challenger expedition, when life was known to live at great depths, the
subject of pressure was treated through this analogy.
Any free air suspended in the water at 2,000 fathoms, would be reduced to a
mere fraction of its bulk, but an organism supported through all its tissues
on all sides, within and without, by incompressible fluids at the same
pressure, would not necessarily be incommoded by it. (5, p. 32, Charles
Wyville Thomson).
Here, Charles Wyville Thomson (1830-1882), one of the key figures in the history of deep-sea
biology, still treats marine organisms as being impermeable to water, proposing the organisms
use fluid under pressure to contradict the external, hydrostatic pressure. It is indicative of the
counterintuitive nature of the problem of pressure at great depths, as it is mainly perceived
from the human (terrestrial) perspective, rather than that of the marine organism.
The uncertainty about the temperature at the bottom of the ocean was another
environmental factor, which, to some, excluded the possibility of life being found there.
During his travels around the world from 1800 to 1804, French naturalist and anthropologist
François Péron (1775-1810) conducted various temperature measurements at different depth.
Based on his findings and an extrapolation of the data to depths greater than measured, he
concluded that the temperature of the sea always decreased in exact proportion to its depth,
and that as a result the ocean floor was covered with eternal ice 6.
Opinions on the subject of life at great depths were not all negative, but what was
needed was firm evidence, which could convincingly refute the dominant view that life was
impossible in these regions. What was needed was a systematic analysis of the deep sea by
drawing marine biological investigations into greater depths. Ideally, leading to the proposition
of a hypothesis for others to use as a reference point. That hypothesis would eventually emerge
at around the middle of the nineteenth century. Before that time, the depths of the sea beyond
the epipelagic zone were not the realm of systematic marine biological investigations. There
were some incidental findings due to an animal getting caught clinging on a line, or being
brought up with samples of soil, but since these were not the intended findings, their relevance
for natural history was not directly clear.
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INCIDENTAL FINDINGS
The first well-documented finding of life in the deep sea date back to the eighteenth century
and is the story of the genus Umbellula. This genus is part of the order Pennatulacea, commonly
known as sea pens, which get their common name because the shape of some species
resembles that of a quill pen. Sea pens are sedentary colonial polyps found in all the world’s
oceans in a wide variety of climates and with a great depth range. Among these, the genus
Umbellula shows the widest range of bathymetric distribution and is capable of reaching the
greatest depths 7. Captain Adriaanz of the whaling ship Britannia found the first species of
Umbellula, Umbellula encrinus, during the summer of 1753. While whaling in the Greenland Sea,
two animals were found clinging to the line at a depth of 236 fathoms. The Captain mistook
them for bright, yellow coloured flowers, which is understandable considering the shape of the
animals (see figure I, 1).

Figure I, 1. Umbellula encrinus
Plate showing the finding of Captain Adriaanz as illustrated by
John Ellis in 1753 (ref. 8).
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The specimens were preserved and one was sent to the German naturalist Christlob Mylius
(1722-1754), who gave it the name Asterias zoophytos composita or Zoophytaria groenlandica 9, while
the other came into the hands of British naturalist John Ellis (1710-1776). Upon examining the
specimen, Ellis found it to be “a species of cluster-polype, consisting of many bodies united at
a common base” 8, which gave the animal its flower-like appearance. Ellis named the species
Hydra marina arctica or Clustered Sea-Polype. While the discovery was notable at the time, the
genus Umbellula slipped back into the darkness for another century. No other finding of a
species of the genus would be recorded until April 30, 1858 (ref. 10). On this day the Dutch
Captain A.F. Siedenburg of the brig Cachelot was sounding in the Banda Sea where he brought
up a specimen from a depth of 2,700 fathoms 11. Like Adriaanz a century earlier, Siedenburg
described the specimen as a yellow flower possessing the consistency of a jellyfish. Based on
the accounts of Siedenburg, who failed to conserve the specimen adequately for identification,
a commission of the Royal Netherlands Academy of Sciences (Koninklijke Nederlandse
Academie van Wetenschappen) concluded the animal to be a species closely related to U.
encrinus, naming it Crinillum siedenburgii 11, and thus placing it in a separate genus within the
family Umbellulidae. This was later corrected by Swiss anatomist Albert von Kölliker (18171905) who discussed the finding of Siedenburg in an 1880 report on the results of the
expedition of the HMS Challenger 12 and concluded it to be a species belonging to the genus
Umbellula. Although the finding itself was the second specimen found, the 22 years that passed
until it was recognised as a species of Umbellula were enough for the genus to be rediscovered
elsewhere. During the expedition to the Greenland Sea of the HMS Ingegerd and Gladan in
1871, Swedish naturalist Josua Lindahl (1844-1912) dredged up two specimens of different
species of Umbellula. Their discovery and subsequent display at the Swedish Museum of
Natural History in Stockholm caused excitement as the genus was thought to have gone
extinct since no other specimens were known to exist outside the early specimens of U. encrinus
13-15. Where only one species was known, now suddenly there were three. By the time C.
siedenburgii was also recognized as belonging to Umbellula, several other species were found as
well.
The discovery and rediscovery of the genus Umbellula reflects the pre-history of
modern deep-sea biology. The first specimens of U. encrinus were found by accident, followed
by a long period during which luck had to strike a second time, even a third, before the genus
could be considered to be flourishing in the depths of the sea. In this it reflects that deep-sea
investigations were primarily aimed at answering other questions than whether or not there
could be life down in the depths. Even if some would have had a fleeting interest in the
subject, the means were not in place to investigate the fauna at such depths. Thus, the natural
history of life in the deepest regions of the oceans was not a priority. At the start of the
nineteenth century changes started to occur when scientific investigations of various kinds
were included as secondary goals during voyages of discovery. Although the main questions
were still primarily on the physical characteristics of the oceans, subjects relevant to navigation
and commerce, those with an interest in natural history now also joined voyages. Although the
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deep sea was still off-limits to them, it was the first step in bringing together the investigations
of the deeper parts of the ocean with marine biological investigations.
Among the early British expeditions to include scientific investigations as a secondary
goal, the 1818 expedition of Captain John Ross (1777-1856) is of particular interest. The
official instructions (16, p. 1-14) stated that the primary purpose of the expedition was to
discover a north-western route from Davis’ Strait, along the northern coast of Canada, and on
to the Bering Strait. At the same time, Ross was also to investigate various subjects such as
magnetism, geology, hydrography and the natural history of the Arctic region. For this purpose
the president and council of the Royal Society recommended Captain Edward Sabine (17881883) to join the expedition. His task was to contribute to the various investigations, primarily
those concerning the earth’s magnetic field, but he was also given the task of preserving
specimens and making accurate drawings.
On September 1, 1818, Ross was sounding in Baffin Bay. He took a sample of mud
from a depth of 1,000 fathoms and found in it several worms (16, p. 178). More strikingly,
entangled on the line was what he called a “caput medusae” (see figure I, 2), a deep-sea starfish
later named Gorgonocephalus arcticus 17.

Figure I, 2. Gorgonocephalus arcticus
Drawing from the starfish found entangled on the
sounding line of Captain Ross at a depth of 1,000
fathoms 5.
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Purely by accident Ross had discovered life at great depths in the freezing Arctic waters.
Unfortunately the findings were to have very little impact on the prevailing views on the
possibility of life existing in the deep sea. Controversy surrounded the return of the expedition
18, completely overshadowing his findings. The expedition had not completed its primary goal
of finding the northwest-passage when Ross did not manage to find a passage at Lancaster
Sound. The accounts given by Ross in his book Voyage of Discovery were fiercely attacked and
became the subject of much public attention. People made serious allegations, which came
from both outside and inside the ranks of those who had joined the expedition. Sabine, who
had joined the expedition to assist the various investigations, saw his own work on the
magnetic investigations published by Ross, and accused Ross of taking credit for work that was
not his own. To add insult to injury, the specimens of organisms taken from the deep sea were
poorly preserved. The method used for preservation had failed to prevent contraction, and
most specimens were in a state unsuitable for identification. In every way the expedition was a
missed opportunity to draw the attention of naturalists to the deeper regions of the ocean.
A later British expedition led by a nephew of John Ross, James Clark Ross (18001862), to the Antarctic would once again provide tentative clues pointing to a possible
flourishing of life in the deep sea without bringing resolve. The expedition of the HMS Erebus
and HMS Terror was held during the years 1839-1843 and its main purpose was to explore the
high southern latitudes and investigate the Earth’s magnetic field 19. Secondary to its main
purpose, the expedition was to include the collection of various specimens that could be of
interest to natural history. Naturalist Joseph Dalton Hooker (1817-1911) joined the expedition
for this purpose. His contributions helped to produce a considerable collection of specimens
and the findings were presented in the various volumes concerning the zoology and botany
encountered during the voyage. The expedition employed a dredge in order to take samples
from the bottom of the ocean, a method borrowed from British naturalists who were
pioneering its use at ever increasing depths. There, Ross found such an abundance of life that
he concluded that at whatever depth he lowered his dredge, he would find the ocean floor
teeming with life.
It was interesting amongst these creatures to recognize several that I had
been in the habit of taking in equally high northern latitudes; and although
contrary to the general belief of naturalists, I have no doubt that from
however great a depth we may be able to bring the mud and stones of the
bed of the ocean, we shall find them teeming with animal life; the extreme
pressure at the greatest depth does not appear to affect these creatures… (20,
p. 15, James Clark Ross, 1841).
Despite successfully employing the dredge to depths down to 400 fathoms, the work done
during the expedition failed to have an impact on the prevailing views on the possibility of life
existing in the deep sea. Once again circumstances conspired against a breakthrough that
would lead to the uncovering of the diversity of deep-sea life. For unknown reasons the
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collection of deep-sea specimens was lost to science (21, p. 5-6). Although the published
records mention no clear reason for this loss, some possible clues can be found in the
published results. In his introduction to the chapter on fishes 22, John Richardson (1787-1865)
mentions that specimens were lost due to the deterioration of the spirit in which they were
kept. If this were the case with specimens of fishes, which are vertebrates and thus have bones
that deteriorate more slowly than soft tissue, surely the invertebrate deep-sea species would
have been affected as well.
The expedition of the HMS Erebus and Terror represented both the end of an era, as
well as the start of a new one. Up to this time the position of naturalist on board of
expeditions of discovery was mostly an honorary one, and marine biological investigations
were limited to the epipelagic zone. Great depths were reached for the investigation of physical
properties, not natural history. The dominant view that life was not possible in conditions as
found in the deep sea meant that there was no reason to even consider searching. The
employment of the dredge by Ross, however, was not an accident. It was a sign that things
were changing. By the time Ross employed it, the dredge had become a favoured tool for
marine biological investigations.
The first scientific use of a dredge can be traced back to the late seventeenth century
when the Italian Count Luigi Ferdinando Marsigli (1658-1730) used an oyster dredge for his
studies of invertebrates. Marsigli’s work led to one of the first oceanographic publications,
Histoire Physique de la Mer 23. Fellow Italian Naturalist Vitaliano Donati (1717-1762) also used a
dredge for his investigations of the Adriatic Sea, as part of his research on the natural history
of the Adriatic and its surrounding land, leading to his 1750 book Della storia naturale marina
dell'Adriatico 24. Later in the eighteenth century Danish naturalist Otto Friedrich Müller (17301784) would use a dredge in slightly deeper water, although still well within the upper half of
the epipelagic zone. In order to improve its functionality Müller modified the oyster dredge
into what later became known as Müller’s dredge, or the naturalist’s dredge, a design that
would be used until Robert Ball (1802-1857) came up with a new design in 1838. It is not clear
if Ross used this latest design. What is clear is that marine biological investigations and physical
investigations of the deep sea were moving closer to each other. Ross was still primarily
concerned with the physical investigations, and only dabbled with marine biological
investigations, borrowing from those naturalists who were pushing their investigations into
ever-deeper waters. The reason for marine biological investigations to reach increasingly deep
realms can be found in a mutual interest with geology in invertebrate species. Something that
would play a central in the origin of modern deep-sea biological research, which started in
Great Britain 25.

THE IMPORTANCE OF MARINE INVERTEBRATE STUDIES
At the end of the eighteenth and beginning of the nineteenth century the study of invertebrates
had reached new heights in Continental Europe, through the work of people such as Jean-
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Baptiste Lamarck (1744-1829). These advances were followed by naturalists in Great Britain
and led people such as entomologist William Kirby (1759-1850) to consider Britain as lacking
in this regard. In his introductory address to the Zoological Club in 1823 (ref. 26), Kirby
discussed the state of zoological research. Among the subjects requiring increased attention he
lists a greater need for comparative anatomy of invertebrate species in a manner such as it was
done in France, Germany, Italy and the Netherlands. Secondly, he identified a need to not just
create bare catalogues of animal species, but to list relevant environmental factors as well.
Bare catalogues of the animals of a district, as such, are of little interest or
utility; but when the localities of the Animalia rariora are given, or a district
catalogue is worked into a catalogue raisonnée, and includes facts before
unknown with regard to the animals it registers, it becomes a useful
document. (26, William Kirby).
Besides a general interest in invertebrate studies, there was a particular interest for the role that
invertebrates played in the fossil record. In his work on the natural history of the Adriatic,
Donati investigated both the land and the sea in order to compare the findings. His
conclusions, later presented to the Royal Society by Swiss naturalist Abraham Trembley (17101784), would reflect what was to come for British deep-sea biology.
The variety of these soils under the sea is remarkable. It is to this that Dr.
Donati ascribes the varieties observed with respect to the nature and
quantity of plants and animals found at the bottom of the sea. Some places
are inhabited by a great number of different species of plants and animals; in
others only some particular species are found; and lastly, there are other
places, in which neither plants nor animals are to be met with. These
observations not only point out the affinity and resemblance between the
surface of the earth and the bottom of the sea; but may likewise contribute
to discover one cause of the varieties which are observed in the distribution
of the marine fossils found on earth. (27, Abraham Trembley).
Three areas of scientific interest, relevant for the emergence of deep-sea biology, emerged in
British zoology at the start of the nineteenth century:
I.

A general interest in invertebrate studies as a response to the progress made
in this field by continental European naturalists.
II. The role of environmental factors in influencing distribution patterns in
order to increase the utility of species catalogues.
III. The distribution of various species in the fossil records.
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It had long since been noticed by man that even high up in the mountains the fossilized
remains of marine species could be found. While the discussion surrounding the origin of the
shells is much older, Charles Lyell (1797-1875) traced the earliest opinion that the marine
fossils were in fact the remains of animals who lived where their empty shells were found, back
to the early sixteenth century (28, p. 23). The next important step was made in the seventeenth
century by Danish bishop and geologist Nicolas Steno (1638-1686), who in 1669 suggested
that the strata in rock layers were the result of successive events 29. Although his findings were
of great importance, his religious convictions led him to try and reconcile his findings with
scripture, which deprived him of some of his authority on the subject (28, p. 28-29). The
combination of the finding of fossilized marine shells on land and the process of stratification
played an important part in the debate surrounding the age of the earth, succession of species
in time, and the mutability of species themselves. These issues would dominate natural history
for some time, drawing the attention of some of the most notable naturalists of the period
such as Carl Linnaeus (1707-1778), Comte de Buffon (1707-1788), Jean-Baptiste Lamarck,
George Cuvier (1769-1832), Charles Lyell, and of course Charles Darwin (1809-1882), who
brought these issues together in his work on evolution. For marine biology these issues would
also play an important role.
Before Darwin’s publication of his On the Origin of Species in 1859, Charles Lyell had
discussed the subject of the transmutation of species in his most influential work, Principles of
Geology 30. In this three-volume work, Lyell considered the changes in the inorganic world
(volume one), changes in the organic world (volume two), and a synthesis between the two in
order to solve geological problems (volume three). Lyell proposed that spatial and temporal
distribution of fossil species would give important information about geological processes.
Dating of rocks could be done using various methods such as dating by
superposition, in which the horizontal strata represent a chronological line, with the lowest
layers being the oldest and subsequent newer layers on top. Alternatively, dating could be done
by analysis of the mineral composition, which could also help to establish the origin of two
separate formations. These methods followed from the first book dealing with changes in the
inorganic world. The second book provided another alternative, which concentrated on
methods of dating through analysis of the organic remains found in the layers. Throughout the
layers it was found that one species would succeed another, indicating a change, or even the
transmutation of species over geological time. Lyell concluded that over a geological space and
timescale, species were specific for certain climates, certain altitudes or depths, and certain
times, thus lending themselves for dating rock formations. In order to achieve the most
accurate dating possible, it was important to use as many species as possible. The broader the
range of species, the less likely incidental fluctuations in individual species would adversely
affect the result. Careful choices thus had to be made on the matter of the most important
species. Lyell was very clear on this subject.
In regard to the habitations of species, the marine tribes are of more
importance than the terrestrial, not only because they are liable to be
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fossilized in subaqueous deposits in the greatest abundance, but because
they have, for the most part, a wider geographical range. (31, p. 44, Charles
Lyell).
Lyell went on to specify this point further.
The testacea [invertebrate animals covered by shells] are by far the most
important of all classes of organic beings which have left their spoils in the
subaqueous deposits; they are the medals which nature has chiefly selected
to record the history of the former changes of the globe. There is scarcely
any great series of strata that does not contain some marine or fresh-water
shells, and these fossils are often found so entire, especially in the tertiary
formations, that when disengaged from the matrix, they have all the
appearance of having been just procured from the sea. (31, p. 47, Charles
Lyell).
If invertebrate species had already become a subject of increasing interest for zoology, through
Lyell they were now given a position of prime importance to geology as well. But before it
would be possible to correctly interpret the fossil data, it was import to build up a
comprehensive understanding of living marine invertebrates, and here Lyell felt he was left
wanting. While much work had already been done in understanding the distribution of
terrestrial life, marine invertebrates had not yet been investigated to the same degree.
But we are as yet by no means able to sketch out the submarine provinces of
shells as the botanist has done those of the terrestrial, and even the
subaqueous plants. (32, p. 111, Charles Lyell).
The questions that needed answering were thus: Which species of invertebrates are living in
the ocean? At which depth? In what kind of an environment? And, are there indications that
species known from the fossil records are still living in more isolated depths? While the latter
of the questions was to play an important role later on, the first questions were initially
considered to be most important.

BRINGING IT TOGETHER
At the start of the nineteenth century there was no such thing as a structured scientific
approach in the modern sense, to the investigation of deep-sea biology. This would change
during the first half of the century, like so much in biology. The nineteenth century saw some
of the greatest advances in biological science, shaping it into the science we know today. The
century started with the independent proposition of the term ‘biology’ in its modern sense, by
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several people. Best known is Lamarck’s proposal in his Hydrogéologie (1802) (ref. 33), and the
clearest proposal that of the German naturalist Gottfried Treviranus (1776-1837) in his Biologie:
Oder Philosophie der Lebenden Natur für Naturforscher und Aerzte (1802) (ref. 34). Throughout the
century great advances were made by some of the most famous names in the history of biology
such as George Cuvier (1769-1832) for palaeontology, Karl von Baer (1792-1876) for
embryology, Theodor Schwann (1810-1882) for cell biology, Claude Bernard (1813-1878) for
physiology, Louis Pasteur (1822-1895) for microbiology, and Charles Darwin (1809-1882) with
his seminal work on evolution of species. Every discipline seemed to have had its champions,
one or more people who stood out from the rest through the quality and influence of their
work. Their work was characterized by a methodical approach and attention to detail that
would transform the science into an empirical form of investigation. For deep-sea biology too,
the first half of the nineteenth century saw one man standing out from the rest, because his
work introduced a more methodical approach to the investigation of the distribution of life in
the sea. Edward Forbes (1815-1854) would introduce new methods and construct new theories
that would lead to the birth of modern deep-sea biology. The naturalist from the Isle of Man
Edward Forbes was a keen employer of the oyster dredge as a tool for his marine biological
investigations. Early on in his life he used one during the visits to his grandmother, where he
would take out a small fishing boat and dredge for molluscs a few miles off the shore from the
village of Ballaugh on the Isle of Man. His aim, even then, was to abstract patterns from the
findings that he could explain through general principles. It was a recurring endeavour that
would grow from what was merely a hobby, into the very cutting edge of marine biological
research at the time. Forbes would introduce systematic marine biological investigations that
went beyond the epipelagic zone, and thus the investigations could for the first time be called
deep-sea biology.
As indicated earlier, it was through the combination of three fields, physical
oceanography, marine biology and geology that modern deep-sea biology emerged. The latter
two, marine biology and geology, would combine first thanks mainly to Lyell and Forbes. This
happened in 1839 at a meeting of the British Association for the Advancement of Science
(British Association). The British Association was a relatively young scientific society
established in 1831 (ref. 35) following a period of arguments about the state of British science
when compared to that of continental European countries. These arguments reached their
peak when in 1830 Charles Babbage (1791-1871), who strongly disagreed with the direction of
the Royal Society, published his book Reflections on the decline of science in England and on some of its
causes 36. Babbage, together with fellow dissident David Brewster (1781-1868) proposed the
establishment of a new society that would right all the wrongs of the Royal Society.
Importantly for deep-sea biology, events took a different turn. A new society was established,
but not one inspired by the ideals of Babbage. Instead chemist William Vernon Harcourt
(1789-1871) guided the establishment of the British Association in a novel, and much needed
direction. The British Association would emphasize interaction, its membership would be open
to any respectable person who worked at the promotion of science, and it would function to
guide science in any direction where great advances could be expected.
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There is no society in Great Britain which has ever attempted, or at least
persevered in attempting, to give a systematic direction to philosophical
research… which has undertaken to look over the whole map of Science
and say here is a shore of which the soundings should be more accurately
taken - there is a line of coast along which a voyage of discovery should be
made. A society is wanting which will indicate points requiring elucidation,
propose problems to be solved, data to be determined… (37, William
Vernon Harcourt).
Harcourt also emphasized that some of the work that needed to be done was often too large
for the means of any individual researcher, and required the support of a nation. In this the
British Association would play a role as distributor of funds.
When Forbes attended his first meeting of the British Association in 1836, he found a
perfect environment for his research. Above all he met people such William Thomson (18051852), Robert Ball, and John Gwyn Jeffreys (1809-1885), who all three were interested in
dredging, stimulating his interests even further. During the years following his first attendance,
Forbes studied terrestrial Mollusca, rather than marine Mollusca. It led him to present a report
on the distribution of British pulmoniferous Mollusca at the 1839 meeting of the British
Association at Cork 38. Present at the reading was Charles Lyell, who immediately saw an
opportunity to emphasize the importance of the data collected by Forbes for his own work on
geology. Lyell was still looking to advance the systematic investigation of marine invertebrate
distribution, but this required the right tools, the right people and the necessary funds. The
British Association had developed as a society looking to indicate points of scientific interest,
and here was the perfect case along with the perfect people. An investigation of the
distribution of marine invertebrates was important for geology, but it would also address some
of the earlier criticisms on Britain’s lacking expertise on the subject compared to continental
European countries. Even more, Britain could get a competitive edge over those other nations,
as British naturalists were pioneering the use of the dredge as an investigative tool for depths
beyond which any other naturalist had gone before. Combining the strength of Lyell, Forbes
and others, with the institutional backing of the British Association, would certainly increase
the prospect of exciting new discoveries. Lyell, Forbes and others thus proposed the formation
of a dredging committee, which was established at the same meeting in 1839 and given a first
year grant of £60. The aim of the committee was described as followed:
For Researches with the Dredge, with a view to the investigation of the
Marine Zoology of Great Britain, the Illustration of the Geographical
Distribution of Marine Animals, and the more accurate determination of the
Fossils of the Pleiocene Period. (39, p. xxvi).
This was a significant enterprise and at the heart of it was Edward Forbes as the de facto leader
of the dredging committee. Formally, the head of the committee was John Edward Gray
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(1800-1875) who, due to his distinguishing career, was given the senior position (see 25 for
more details). His subsequent work would focus on the relationship between depth and species
distribution, and would see his first attempts at formalizing specific depth zones, each with its
own distinctive flora and fauna. This was similar to what Forbes had done during his
investigation of invertebrate species in the Alps 40, where he organized the distribution of the
invertebrates according to the surrounding flora. Because Forbes had not been able to
accurately determine the elevation at particular sites, he chose to use the specific flora at each
site, which would be indicative of its elevation. When dredging off the British coast, Forbes
once again looked for patterns in the presence of flora and fauna at various depths. In his work
on the Mollusca on the British coast 41 Forbes distinguishes four depth zones (based on a
summation by Philip Rehbock 25):
I.
II.

The Littoral Zone, the zone between the tidemarks - a term still in use today.
The Laminarian Zone, from low water to a depth of ten fathoms (1 fathom
= 6 feet or 1.8288 metres) - named after the presence of kelp from the genus
Laminaria.
III. The Coralline Zone, from fifteen to thirty fathoms - named after the
presence of coralline algae.
IV. The Zone of Corals, averaging sixty fathoms - named after the presence of
true corals.
His efforts to distinguish different zones were fuelled by a desire to inquire into the laws that
regulated the distribution of marine species, compared to those regulating the distribution of
terrestrial species. Clearly noticeable was the influence of the questions concerning the
relevance of species distribution for geology, as put forward by Lyell. Forbes had embraced the
opportunities given to him through the British Association dredging committee grants and was
quickly able to produce interesting results. His most influential work through these grants was
on the mollusca and radiata of the Aegean Sea, which he presented in 1843 at the thirteenth
meeting of the British Association in Cork 42. The report was the result of work carried out
during his voyage on board HMS Beacon during the previous two years.
In 1841 Forbes had joined the survey expedition of HMS Beacon as a naturalist to
concern himself with collecting specimens that could be of interest for natural history. Forbes’
position was still an honorary one, but for him it was a golden opportunity to extend his work
on the British coast into international waters. Again the British Association supported his
efforts, this time with a grant of £100 for 1842 for dredging the Aegean and Red Seas in order
to compare the fauna 25. The journey to the Aegean Sea was a success. Even though Forbes
suffered a fever from which he never fully recovered, he was able to amass a considerable
collection of specimens. The collection grew to such an enormous size, with many species of
plants, mammals and marine animals, making it impossible for any one person to work
through it all. Undoubtedly a subsequent journey to the Red Sea would have resulted in an
even greater collection, but circumstances conspired against it. Until this time, Forbes had been
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living largely on the financial support he received from his father. By 1842 his father had been
incurring substantial losses and was no longer able to support him, forcing him to find a
position in order to support himself. Through the help of his friend, anatomist John Goodsir
(1814-1867), Forbes became an important contender for the Chair of Botany at King’s College,
London (43, p. 306-312). It did require his immediate return and thus meant abandoning his
effort to travel to the Red Sea. From this time onwards, the career of Forbes would be shaped
primarily by the necessity of making financial ends meet. At one point this situation led him to
comment; “… I must take what I can get, and give up working at science for the mere sake of
science…” (43, p. 326). These circumstances would mean that his work on the results of the
dredging of the Aegean Sea would be more limited than he initially intended, and would never
receive the follow-up of dredging the Red Sea. What he did manage to publish on the results
would set off a series of events leading to the now famous expedition of HMS Challenger
(1872-1876).

THE AZOIC HYPOTHESIS
During a period of eighteen months, Forbes conducted more than 100 fully recorded dredging
operations in the Aegean Sea at depths ranging from 1 to 230 fathoms. For the first time there
was a systematic analysis of marine life into depths extending beyond the epipelagic zone and
into the darkness of what could be referred to as the deep-sea. His approach was methodical,
using a standard dredging paper he designed in order to introduce some form of
standardization at the dredging committee of the British Association. In his report on the
Mollusca and Radiata of the Aegean Sea 42 Forbes extended his earlier efforts of distinguishing
bathymetric regions of species distribution into a much more speculative realm. Because the
dredging operations were motivated primarily by questions originating from geology, Forbes
interpreted the results from the marine environment through analogy with what was known
about the terrestrial environment. Animal distribution on land was influenced by climate,
mineral structure and elevation. Forbes reasoned that in a marine environment the analogous
influencing factors would be climate, sea-composition and depth. From these, the first two
received only limited attention in the report, while the third was treated extensively and
resulted in a surprising conclusion.
In the Aegean Sea, Forbes distinguished eight distinct regions of depth based on the
distribution pattern of species and some of the physical characteristics of the seafloor (see table
I, 1). The regions showed an increasing depth range; Region I from the surface to 2 fathoms,
Region II from 2 to 10 fathoms, Region III from 10 to 20 fathoms, Region IV from 20 to 35
fathoms, Region V from 35 to 55 fathoms, Region VI from 55 to 79 fathoms, Region VII
from 79 to 105 fathoms, and Region VIII from 105 to 230 fathoms.
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Table I, 1. Diagram of Regions of Depth in the Aegean Sea
Overview of species and sea floor composition characteristic of each depth zone found in
the Aegean Sea, as proposed by Edward Forbes 42.
Sea-Bottom = deposits forming.
Region.
Depth in
Characteristic Animals and Plants.
fathoms.
Extent - 12 feet.
I.
2
Littorina coerulescens.
Ground various. Usually rocky or
Fasciolaria tarentina.
sandy (conglomerates forming).
Cardium edule.
Plant: - Padina pavonia
Extent - 48 feet.
II.
10
Cerithium vulgatum.
Muddy. Sandy. Rocky.
Lucina lactea.
Holothuriae.
Plants: - Caulerpa and Zostera.
Extent - 60 feet.
III.
20
Aplysiae.
Ground mostly muddy or sandy.
Cardium papillosum.
Mud bluish.
Extent - 90 feet.
IV.
35
Ascidiae.
Ground mostly gravelly and
Nucula emarginata.
weedy.
Cellaria ceramioides.
Muddy in estuaries.
Plants: - Dictyomenia volubilis.
Codium bursa.
Extent - 120 feet.
V.
55
Cardita aculeate.
Ground nulliporous and shelly.
Nucula striata.
Pecten opercularis.
Myriapora truncata.
Plant: - Rityphloea tinctoria.
Extent - 144 feet.
VI.
79
Venus ovata.
Ground mostly nulliporous.
Turbo sanguineus.
Rarely gravelly.
Pleurotoma maravignae.
Cidaris histrix.
Plant: - Nullipora.
Extent - 156 feet.
VII.
105
Brachiopoda.
Ground mostly nulliporous.
Rissoa reticulata.
Rarely yellow mud.
Pecten similis.
Echinus monilis.
Plant: - Nullipora.
Extent - 750 feet.
VIII.
230
Dentalium 5-angulare.
Uniform bottom of yellow mud,
Kellia abyssicola.
abounding for the most part in
Ligula profundissima.
remains of Pteropoda and
Pecten hoskynsi.
Foraminifera.
Ophiura abyssicola.
Idomea.
Alecto.
Plants: - 0.
Zero of Animal Life probably about 300 fathoms.
Mud without organic remains.
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Throughout the regions the various species would show an increase in their numbers up to a
maximum, followed by a decrease in numbers until the specific species disappeared from the
records and was replaced by a similar, representative species. This process happened in all but
the eighth region. Here, Forbes divided the region into further sub-regions and noticed that
species were no longer being replaced by similar species, and that his dredging yielded ever
decreasing results.
Extrapolating these results, Forbes concluded that eventually life would cease to exist
in the Aegean Sea, probably at a depth of around 300 fathoms. From those species found,
Forbes also noticed that the species that were present in the highest number of regions, and
thus displayed the widest depth range in their distribution, were also the species that he knew
to have a wide geographical distribution. Thirdly, Forbes gave extra attention to de dynamics
of the environment in the eight regions. The regions were subject to constant change, creating
a dangerous environment for species to live in. He reasoned that periodic changes in the
composition of the sea and sea floor would cause some species to dwindle while others that
were more suited to the changed environment would flourish. On top of this, the high rate of
reproduction would cause species to degrade the very soil they depended on to a point where
the species would die out. A new species would only be able to flourish in this environment
once fresh soil was formed, causing a succession of species in time.
Forbes had identified three maxima of development; in depth, in geographical space
and in time. These were the same three maxima that were critically important to the questions
forwarded by Lyell. Here, according to Forbes, was a possible explanation for the
phenomenon of the interstratification of layers with fossilized materials and those without.
This interstratification was frequently observed in rocks, as layers of different ages would
sometimes contain fossils, while at other times they would not. The observations used by Lyell
in his dating methods could thus be explained by the periodic changes that caused extinction
and re-colonization. Again, Forbes relied on the analogy between marine and terrestrial life.
When on land the altitude increases, species are reduced and life eventually ceases. So too it
appeared to be in the oceans. Like a mirror image, life seemed to cease with increasing depth.
This also gave an answer to another question from geology. Would the deep sea harbour
species known only from their fossil records? Would there be living fossils that could
significantly influence the dating methods? With not much hope of finding any life, Forbes
predicted there to be even less hope of finding material that could disturb the calculations of
the geologist. He had estimated the zero point of life to be reached at a depth of around 300
fathoms, a conclusion that became known as his Azoic hypothesis. The methods by which he
came to this conclusion were quite novel in that they were systematic, and even standardized to
some extent by means of the dredging papers. It was an important advancement for marine
research, although it still needed to be improved upon as Forbes tended to treat his data quite
arbitrarily, and speculated beyond what his data warranted. A combination of factors such as
these made his hypothesis tentative at best. On establishing the maxima of depth, for instance,
Forbes advised the following:
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In making calculations of the maxima of genera in depth, we must be careful
to exclude all stragglers from the zones in which they may occur, otherwise
our figures will be untrue. (42, Edward Forbes).
Such exclusion of perceived stragglers is unthinkable for the modern biologist, as it leads to
manipulation of data to fit expectations. For Forbes his choice was, as noted by his
biographers (43, p. 459), likely driven by an over-anxiety to reach the meaning of isolated
observations, leading him to theorize on a too narrow basis and over-estimate the value of
negative evidence. In an attempt to reach meaningful answers to the questions coming from
geology, Forbes hastened to find analogous patterns between terrestrial and marine species
distribution. His exclusion of stragglers was only one of the factors that would lead him to his,
undoubtedly sincere, but flawed hypothesis. Another contributing factor that played a role was
the dredge used by Forbes, which was of limited use 17 and meant his samples were not
necessarily representative of the species alive at a particular sample location. Importantly, the
Aegean Sea is now known to be oligotrophic, lacking much to sustain life and thus having a
relatively low abundance of species. It thus could not be representative of other locations in
the world’s oceans. Forbes still took it as such, although he was aware of work being carried
out off the coast of Norway, which contradicted his own conclusions.
As to the zero of life in the sea it is possible I calculated its probable
position in the Aegean rather low. Still all my data shewed (& those acquired
since bear them out) an approximation to the zero. The Aegean however is
exceptional in several respects. We do not know at what depth the zero of
life in the Arctic seas may be fixed - we know however that in the
Norwegian coast there is life at 300 fathoms. Nevertheless I do not doubt
that the zero in the Arctic zone is much more near the surface than in more
southern seas. (44, Edward Forbes).
This work off the Norwegian coast would play a key role in later events, but Forbes seems to
have been unconvinced of its significance at the time. Once again, Forbes applied a terrestrial
analogy to marine life. On land it was known that as latitudes increased, biodiversity and
biomass decreased. So too Forbes concluded would marine life reduce in abundance with
increasing latitude.
Interesting to note is that Forbes was never convinced of the mutability of species, a
subject closely related to the geological questions he was dealing with, and yet reading his
treatment of the eight regions, one cannot help but notice some interesting similarities between
his observations and the later work of Charles Darwin on natural selection.
The eight regions in depth are the scene of incessant change. The death of
the individuals of several species inhabiting them, the continual accession,
deposition and sometimes washing away of sediment and coarser deposits,
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the action of secondary influences and the changes of elevation are ever
modifying their character. As each region shallows or deepens, its animal
inhabitants must vary in specific associations, for the depression which may
cause one species to dwindle away and die will cause another to multiply. (42,
Edward Forbes).
No doubt Forbes referred to these changes as one species replacing another, rather than one
species evolving into another, but there is a clear realization of a causal relationship between
environmental changes and the succession of species over time.
Despite working from preconceived ideas and projecting terrestrial observations onto
the marine environment, Forbes felt there was much left to be discovered in the depths of the
ocean. His theorizing and speculation served a broader purpose than merely answering
interesting questions. It served to advance this new field of science. Much in the spirit of the
British Association, Forbes aimed to uncover those areas of interest where much work still
needed to be done. In the closing words of his paper on the Mollusca and Radiata of the
Aegean Sea, he emphasized the need for further research along the lines of his own, as well as
pointing out the advantages offered should the Navy or members of Yacht Clubs be interested
in providing material support. He also made sure to point out possible advantages to the
government, considering navigation and commerce, were they to support further research.
This makes it somewhat difficult to ascertain whether or not Forbes actually believed his Azoic
hypothesis to be correct. On the one hand he expresses little hope of finding anything of note
beyond 300 fathoms, while on the other, he expresses his conviction that much work was still
to be done. This has led to some speculation that his motives might have been political or
pragmatic, in order to advance the science he held so dearly 25, but considering the period
during which Forbes conducted his research and the changes in the field of biology in general,
it might be more simple. Many fields of biology saw an increased emphasis on experimental
data as a basis for research. Forbes himself had always been a strong advocate of systematic
analysis, data collection, and reasoning based on empirical data. In retrospect, we could say that
Forbes acted much in the spirit of a Popperian philosophy of science. Despite being prone to
exaggeration and even unintentional manipulation, what mattered to him was the truth, the
reality of nature. Following first hand observations and constructing a hypothesis based on the
strongest possible corroboration was the best approached uncovering this truth. This
hypothesis could then be corroborated even further, or falsified if observations tended to
negate the conclusions. In any case, it would form a solid basis upon which further
investigations could be conducted. His own words indicate that his hypothesis was proposed in
such a modern scientific spirit.
In the preceding pages I have put forward several generalizations which to
many may appear to be founded on inductions drawn from too limited a
number of facts. The objection is, to a certain extent, true; though my data
have been more numerous than would appear from this report, since the
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general conclusions embodied in it have not been founded only upon the
observations in the Aegean, but also a long series of researches previously
conducted in the British seas. In the present state of the subject speculation
is unavoidable, and indeed necessary for its advancement. If it be as
important as the author believes, further researches are imperatively called
for;… (42, Edward Forbes).
Herein lies the greatest influence of Forbes, his attempt to introduce a structured scientific
approach in the modern sense. Through this pioneering work he made it possible for marine
biological investigations to be extended to the deepest parts of the oceans in a systematic
manner, rather than having to rely on incidental findings as a result of other investigations. He
proposed the hypothesis that stimulated others to look for a similarly large body of
systematically gathered evidence that could contest it. While in 1850 some early findings off
the coast of Norway indicated the matter of the zero point of life was anything but resolved, it
would take a few more years before they became substantial enough to clearly question Forbes’
Azoic hypothesis. Too long for Forbes, who passed away in 1854, shortly after realizing his
lifelong ambition of receiving the Chair of Natural History at the University of Edinburgh.
Forbes had laid the foundation for modern oceanography, and a quick succession of
reactionary events would follow soon after his death. Those would see the emergence of
modern oceanography in the grandest possible manner.

MARINE BIOLOGY IN NORWAY
One of the earliest outspoken critics of Edward Forbes’ Azoic hypothesis was the Norwegian
naturalist Michael Sars (1805-1869). The vicar of Kin (1830) and later parish minister at
Manger was an ardent zoologist in a manner typical to Norway. The birth of marine science in
Norway has been shown to have evolved through the sixteenth, seventeenth and eighteenth
century by several poly-historian clergymen who started to explore the natural history of
Norway 45. The first was Peder Claussøn Friis (1545-1614) who wrote a book on the “Animals,
Fishes, Birds and Trees in Norway”. This work featured mammals such as seals and whales,
but also a comprehensive section on commercial fish and shellfish. This reflected the
historically intimate connection between Norwegian society and the ocean, in particular the
role of the ocean in providing valuable resources for food and trade. This connection is still
strong today and shaped the course of Norwegian marine science. Following Claussøn Friis
was Petter Dass (1647-1707), a Lutheran clergyman whose poems were, and still are, enjoyed
for both their literary and scientific merits. It was Erich Pontoppidan (1698-1764), a bishop in
Bergen, who is credited for writing the first true natural history of Norway 45. This work was
followed by the work of Hans Strøm (1726-1799), a cleric working for Pontoppidan, Johan
Ernst Gunnerus (1718-1773), bishop of Trondheim and collaborator of Carl Linnaeus, and
Jens Rathke (1769-1855). The latter was a theologian and became the first professor of zoology
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at the university of Oslo when it was opened in 1813. One of the first to devote their career
from the very beginning entirely to biology was Halvor Heyerdahl Rasch (1805-1883). His
efforts saw the emergence of Norwegian aquaculture research, and notably it was by his efforts
that Michael Sars was appointed extraordinary professor of zoology at the university of Oslo in
1854. At the start of the nineteenth century it was thus nothing extraordinary for a Norwegian
clergyman to be involved in the study of natural history. The interests of Sars were varied. He
soon built up an international reputation on taxonomy and developmental biology, and in 1837
he received a government grant for a six-month natural history trip to various European
countries. Through his travels, Sars started to develop an interest in biogeography and how the
fauna differed from one place to another. This brought his interests close to those of Forbes
and the two naturalists were well aware of each other’s work. It was the work of Sars that
Forbes had alluded to in the letter to Lyell 44. In this work Sars had expressed his doubts about
the zero of life being reached by 300 fathoms as proposed by Forbes 46. This was primarily
because his own findings, dredging off the coast of Norway, although still in the early stages,
showed a completely different bathymetrical distribution pattern without the suggestion of
reaching a zero point of life.
The considerable space, in which the Littoral Zone and the bigger Coralline
Region is included, can probably be divided into several Regions, as Forbes,
in his meritorious studies of the Aegean Sea has tried to do, but since the
observations on the distribution of animals in the depths of our sea are yet
only sparse and less certain, it will undoubtedly be more sensible to wait for
more and well-confirmed data before one carries out such [a division]. One
remark I however will not fail at this opportunity to add, is the fact that the
animal life in our sea seems to go much deeper down than Forbes has
assumed. (46, p. 133, Michael Sars - Many thanks to V. Schwach, dr. philos.,
Research Professor at Nordic Institute for Studies in Innovation, Research and Education
(NIFU), for help with translating).
Sars criticized Forbes’ conclusions, which were based on a very small number of specimens
obtained from depths limited to a maximum of 230 fathoms, followed by a theoretical
extrapolation. His own dredge was lowered beyond 300 fathoms and he obtained a total of
nineteen live specimens from those depths. This result directly contradicted Forbes’
hypothesis. Although Forbes praised the work of Sars in a posthumously published work (47, p.
66-67), he was never convinced the findings were significant enough. For Sars, however, it was
a basis for further investigation. As the seafloor off the coast of Norway deepens relatively
quickly, Sars had ample opportunity to explore the deeper regions, provided he could
overcome the challenges that were associated with dredging at such depths. For this purpose
his son Georg Ossian Sars (1837-1927, named after the mythical Celtic poet Ossian) helped
design a new dredge that was more suitable for dredging beyond depths of 200 fathoms. The
dredge was somewhat smaller than the previously used Naturalist’s dredge, but maintained a
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weight that was sufficient to withstand the currents. Together Michael and Ossian Sars would
slowly build up a catalogue filled with species living at depths thought by Forbes to be lifeless.
In 1864 Michael Sars published a catalogue of 92 species found living off the Norwegian coast
at depths between 200 and 300 fathoms 48. In part, this catalogue was constructed based on the
findings of his own investigations as well as those of other Norwegian naturalists who were
now lowering their dredges to greater depths too. Four years later this work was extended to a
significant degree by the addition of another 335 species 49, adding up to a total of 427 species
living off the Norwegian coast at depths between 200 and 300 fathoms, occasionally extending
to 450 fathoms. Michael Sars concluded that there was no sign indicating a diminution of life
at depths down to 450 fathoms, Forbes had been wrong with his Azoic hypothesis. Although
life had been found at greater depths, the question remained whether or not there was a zero
point of life to be found at any depth. Michael Sars put forward several findings that suggested
the zero point of life had by no means been approached. Naturalists Otto Torell (1828-1900)
and George Charles Wallich (1815-1899) had found Echinodermata, Mollusca and Arthropoda
at depths as great as 1,200 to 1,400 fathoms, Wallich indicating that at depths as great as 3,000
fathoms only Protozoa were found. For Michael Sars this meant caution was advisable.
Learning from the mistakes made by Forbes, it was by no means to be taken that complex
organisms were not living at 3,000 fathoms, based purely on the absence of any findings at
those depths.

RHIZOCRINUS LOFOTENSIS
The year 1864 was a very successful year for Michael and Ossian Sars. The impressive
catalogue compiled by Michael Sars was an important step forward in answering the hypothesis
put forward by Forbes. On top of that Ossian Sars had an independent success story when he
was looking out over the water on a clear and calm day, and noticed tiny, millimetre-sized eggs
floating on the surface. He identified them as cod eggs, which contrary to the existing
understanding of fish reproduction were so-called pelagic, or freely floating, eggs. This was in
complete contrast to salmon eggs, which were known to be benthic, or laid on the seabed. The
finding was the start of a more careful study of the development and migration pattern of cod,
starting Ossian Sars on a career in fisheries research. However, the greatest success during the
year was a single species dredged near Lofoten from a depth of 120 fathoms by Ossian Sars
and later described in a separate treatise by Michael Sars 50. It was the crinoid species
Rhizocrinus lofotensis (see figure I, 3).
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Figure I, 3. Rhizocrinus lofotensis
Drawing by Georg Ossian Sars 50.
Crinoids belong to a class of echinoderms characterized by their attachment to a substrate
during at least part of their lives, while other echinoderms are free-living animals. There are
two forms of crinoids, stalked and unstalked, and they are the only class of pelmatozoan
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echinoderms with recent representatives 51. The unstalked species, commonly known as feather
stars, live at all depths and are particularly prevalent in coral reefs, while the stalked species, or
sea lilies, occur more frequently below 150 metres 51. Because stalked crinoids are rarely found
at depths above 150 metres, and because the modern fauna of crinoids consists for 80% of
unstalked species 51, stalked crinoids were at the time of Sars’ dredging operations very rare and
only known from their fossil records. Although one living species, today known as Cenocrinus
asterius, had been found a century earlier 52, stalked crinoids were thought to be extinct as they
had never been found since. What was known was that the fossil records showed an
abundance of stalked crinoids. This was because the Palaeozoic crinoids consisted mainly of
those species 51. The relative abundance of stalked and unstalked species had thus undergone a
change from the Palaeozoic to modern times. For Michael Sars the significance was thus
immediately clear when in 1864 Ossian Sars found the species during their dredging expedition
near Lofoten. He decided not to include the species in his 1868 catalogue of deep-sea species
in order to have more space to describe this important species. It was at this time that the idea
of the deep sea as a refuge for ‘living fossils’ started to gather attention again. While Forbes
had concluded there could be no such refuge since no life was found beyond 300 fathoms, the
ever increasing number of living animals brought up from great depths opened the door for
revived speculation. Speculation was fuelled all the more by the recent developments in biology
concerning Darwin’s work on evolution. The period between Forbes’ publication where he
proposed a zero point of life at around 300 fathoms in 1843 and the discovery of R. lofotensis in
1864 is one of dramatic changes in biology. Darwin’s On the Origin of Species 53 had been
published in 1859 and by 1864 it had already reached its third edition (1861) with a fourth
underway (1866). Evolution was a hot topic and discussions about the origin of life itself
naturally followed from that. Famously, this atmosphere led Thomas Henry Huxley (18251895) to speculate on the protoplasmic species Bathybius haeckelii.
Huxley had been working on investigating the physical nature of the deep-sea floor,
and together with research by George Wallich, had been able to elucidate some of the
properties of chalk. This is the same chalk which makes the white cliffs of Dover such a
prominent feature and which consists primarily of the fossilized remains of coccolithophores,
or planktonic algae. Huxley had identified the remains in samples from the seafloor and named
them coccoliths. Wallich later discovered the coccoliths formed aggregates, which he termed
coccospheres. Slowly an understanding developed of the immense history hidden in a simple
piece of chalk such as would be used by a carpenter, as Huxley illustrated it during a layman
lecture 54. During his investigations in 1868, he re-examined specimens of Atlantic deep-sea
mud collected in 1857 (ref. 55). Although his account is mainly about the presence of coccoliths
and coccospheres, he tentatively speculated about a substance he perceived as ‘Urschleim’, the
most primitive form of life. He named it after the German naturalist Ernst Haeckel (18341919) who was a strong proponent of the concept of protoplasm as the primitive slime from
which originated more complex life. Although, much to the embarrassment of Huxley, B.
haeckelii turned out to be no more than a chemical precipitation, the event illustrates a certain
sense of anticipation about what was hidden in the depths of the sea. It was R. lofotensis that
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would function as a catalyst in this atmosphere of anticipation when in 1867 Scottish naturalist
Charles Wyville Thomson (1830-1882) visited Michael and Ossian Sars. Thomson, who had
been on at least one dredging outing with Edward Forbes in 1854 (ref. 43, p. 562), was
impressed by the large collection of deep-sea specimens, but as a keen specialist on crinoids his
attention focussed mainly on R. lofotensis. What followed was similar to what had been seen
with Edward Forbes and the British Association, a combination of circumstances resulting in a
great leap forward for British science and with it deep-sea biology. In this case it would be the
efforts of Thomson, questions about the life now known to be living in the deep sea and the
support of the Royal Society, the combined result of which would be the expedition of HMS
Challenger (1872-1876) and the definitive start of modern deep-sea biology.

TRIAL CRUISES (1868-1870)
The role of the Royal Society as the source of support for the expedition of HMS Challenger is
at first sight surprising. The expedition was the result of the elucidation of areas of interest for
scientific investigation, it required an extensive network of scientists, and required support
from both the government and the navy. It was a voyage of discovery much like William
Harcourt referred to in 1831 while he was working on establishing the British Association 37
and as such it would have seemed the more logical candidate for supporting such an
expedition.
The establishment of the British Association was, as referred to earlier, in part due to
the dissidence of Charles Babbage from the course within the Royal Society. During the
nineteenth century the Royal Society underwent a long period of reform 56, starting as early as
1820 after the death of its long-time President Joseph Banks (1743-1820) and lasting as late as
the end of that century before the Royal Society became the truly scientific society we
recognize today. The period of reform at the Royal Society was a reflection of the complex
political reforms within Great Britain at the time. Where the British Association was created
based on an open character, the Royal Society had long standing relationships with the
government and nobility, and as a result its character was much more traditional. Science was
the search for truth as pursued by the independent English gentleman, and although the
President of the Royal Society in 1820, William Hyde Wollaston (1766-1828), had made his
fortune through his research, it was not the intention to profit financially from the work.
Interestingly, Wollaston proved to be ahead of his time when he established the Donation
Fund in 1828, a fund intended to promote science much like the British Association started
doing three years later. Although the intention was there, the slow reforms meant the fund
would not see regular use until after the concept of research grants became more accepted.
That acceptance came in 1849 with the establishment of the Government Grant. In her work
describing the activities of the Royal Society during the nineteenth century, Marie Boas Hall
(1919-2009) traces the motivation behind the Government Grant back to a growing opinion
within informed circles that national prestige demanded government promotion of scientific
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investigations (56, p. 163). Lord John Russell was the prime motivator behind a structural
support of scientific investigations. His efforts resulted in an annual grant of £1,000 for the
Royal Society. The choice of the Royal Society as the recipient of the grant over the British
Association was a consequence of the Royal Society’s historically strong links to the
government and its prestigious reputation. This move allowed scientists to apply for financial
support for scientific investigations that were beyond the means of an individual researcher,
but more importantly for deep-sea biology, it also allowed the application for material support
from the navy, since the Royal Society had a long history of cooperation with the navy on
various investigations. All the institutional prerequisites for a large oceanographic expedition
that would circumnavigate the globe were thus in place at the start of the second half of the
nineteenth century.
When in 1867 Thomson saw R. lofotensis, it emphasized for him the importance to
prove once and for all his long-standing conviction, that the deep sea was the last unexplored
realm where endless novelties could be found. He took some specimens back home, where,
one year later, he discussed his thoughts on the subject with his friend and colleague William
Carpenter (1813-1885), who was then Vice-President of the Royal Society. Together they
worked at gathering financial support from the Royal Society, and material support from the
navy, for a trial cruise to test some of their most important ideas. Ideas that would combine
questions from geology, palaeontology, physical oceanography and marine biology, and this
time all would be treated as equally important. Investigations into the nature of marine life
were now to be attempted at depths equal to those of the physical investigations. In his official
letter to Carpenter where he requested support from the Royal Society and the Admiralty (5, p.
50-53), Thomson hypothesized the deep sea to have a fauna that was very closely related to
that of previous geological periods such as the early Tertiary. His reasoning was based on the
dominant view that the temperature of the deep sea was constant at around 4 ˚C. Drawing on
the recently accepted evolutionary view of life changing through a process of natural selection,
Thomson reasoned that because the primary driver for evolutionary change was climate
change, the deep sea would slow down the evolutionary process to a practical standstill. His
reason for proposing this was the combination of finding a living specimen of a stalked
crinoid, R. lofotensis, and the recent findings that the composition of the chalk as found in the
white cliffs of Dover, strongly resembled samples of the Atlantic deep seabed. Thomson was
convinced that whatever process formed the chalk of the Cretaceous period, was still underway
in the deep sea at that very time. This conviction would become known as the doctrine of the
‘continuity of the chalk’. If geological processes of the Cretaceous period were still maintained
in the deep sea, and if the environmental conditions were constant, then it would be logical to
expect so-called ‘living fossils’ to be flourishing in the deep sea. The deep sea as hypothesized
by Thomson combined questions from geology, such as the formation of chalk, palaeontology,
such as the existence of living species known only from fossil records, physical oceanography,
such as verification of the constant temperature of the deep-sea, and marine biology, such as
the existence of life under conditions of high hydrostatic pressure. Although only intended as
an initial trial cruise, it was an interdisciplinary endeavour of the type that is still typical of
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oceanography today. Thomson’s request was placed before the President of the Royal Society,
General Edward Sabine, who himself had seen animal life being brought up from great depths
during his voyage with Ross. Both the President and the Council of the Royal Society were
supportive of the idea and saw to it that the required financial support was provided by the
Donation Fund, and that the navy was approached for a vessel. The navy subsequently made
available the steam-vessel HMS Lightning to be used for the cruise.
The six week cruise during August and September 1868 was a great success, with one
of its most notable results being the finding of a much greater variety of temperatures than
previously thought. The measurements indicated a complex circulation of waters of different
temperatures, as well as much more variable temperatures at great depths, sometimes reaching
below the freezing point of freshwater. Many different animal forms were found during the
dredging operations. A large number of those were completely new species, while others were
considered to be identical to Tertiary fossil species previously considered extinct, as well as
species relating closely to species from more distant periods. Although successful, the cruise
was hampered by bad weather conditions and its trial nature meant that the technical means
were very limited. It was therefore decided to quickly follow up with a second trial cruise
covering a longer period and a larger area, while also providing improved technical means. This
cruise was split into three separate cruises as the participants of the previous cruise could not
be kept away from their public duties for a prolonged time. As a result scientific charge of the
first cruise was given to a new member, John Gwyn Jeffreys, who had previously, through the
British Association, worked with Edward Forbes on various dredging operations and was
considered an expert dredger himself. Jeffreys was, along with Carpenter and Captain George
Richards (1820-1896), also included in a Committee of Marine Researches appointed in order
advise the Council of the Royal Society on the measures required to be taken for the following
cruise. Based on the findings of the cruise of HMS Lightning, as well as results such as those
from Michael and Ossian Sars, the committee concluded:
I.

II.

That the Ocean-bottom, at depths of 500 fathoms or more, presents a vast
field for research, of which the systematic exploration can scarcely fail to
yield results of the highest interest and importance, in regard alike to
Physical, Biological, and Geological Science.
That the prosecution of such a systematic exploration is altogether beyond
the reach of private enterprise, requiring means and appliances which can
only be furnished by Government. From the official documents concerning
the cruise of HMS Porcupine (5, p. 134).

Once again the approach of the cruise was interdisciplinary, combining elements from the
three main sciences involved earlier; physical oceanography, marine biology, and geology.
Physical properties such as temperature, dissolved gasses, salt content, were still an important
concern, as was any data that could shed a light on the process of chalk formation in the deep
sea, such as the organisms and organic matter found at great depths. During the cruise
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attempts would be made to lower the dredge even further than during the cruise of HMS
Lightning. The entire cruise was scaled up, requiring a bigger and better equipped vessel. For
this purpose the navy made available the surveying vessel HMS Porcupine, of which the chart
room was transformed into a temporary laboratory with physical and chemical equipment, as
well as microscopes. For this cruise much more emphasis was placed on the development of
dredging equipment and techniques than on the previous cruise, as depths beyond 1,000
fathoms would require improved strength of the rope used, improved means to deal with
fluctuations in the force exerted on the rope, and a clear sense of the position of the ship
relative to the dredge (see figure I, 4). Dredging down to such great depths required hours of
work, sometimes taking up a full day to let out 3,000 fathoms of rope and bring it back in with
the dredge filled.

Figure I, 4. Diagram of deep water dredging
by Charles Wyville Thomson (5, p. 253).
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In addition, Thomson introduced what he called ‘hempen tangles’ (see figure I, 5). After
noticing many animals got stuck on the outside of the dredge, Thomson started using the
swabs normally used for sweeping the deck, by attaching them behind the net of the dredge.
While the hempen tangles made a “sad mess” of the specimens, and often required nail
scissors in order to cut them out, many additional findings were made due to their use.

Figure I, 5. Hempen tangles
by Charles Wyville Thomson (5, p. 257).
The three cruises of HMS Porcupine during 1869 and 1870 were another resounding success
and, combined with the results of HMS Lightning, Thomson had now amassed a considerable
collection of deep-sea animals. In total they had successfully dredged fifty-seven times beyond
500 fathoms, sixteen times beyond 1,000 fathoms, and twice beyond 2,000 fathoms, their
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deepest reaching 2,435 fathoms. On all occasions life was brought up from the depths in
abundance. This, according to Thomson, settled the question of a bathymetric limit to life.
And thus the question of the existence of abundant animal life at the bottom
of the sea has been finally settled and for all depths, for there is no reason to
suppose that the depth anywhere exceeds between three and four thousand
fathoms; and if there be nothing in the conditions of a depth of 2,500
fathoms to prevent the full development of a varied fauna, it is impossible to
suppose that even an additional thousand fathoms would make any great
difference. (5, p. 30-31, Charles Wyville Thomson).
Where Thomson underestimated the maximum depth of the oceans, which reaches almost
11,000 metres or over 6,000 fathoms, his estimate of an average depth of 2,000 fathoms was
very similar to the currently held figure of around 3,800 metres.
Based on their systematic exploration, slowly a more comprehensive view of the
ocean started to form. As a result, the questions started to become more specific. If life was
found in abundance at all depths in the ocean, then how does this life manage to flourish in
such adverse conditions? Considering this question, Thomson still used the inverted analogy
between land and seas as a starting point.
On land;
…as we ascend the slope of a mountain range the conditions gradually
become more severe; species after species belonging to the more fortunate
plains beneath disappear, and are replaced by others whose representatives
are only to be found on other mountain ridges, or on the shores of an arctic
sea. (5, p. 44, Charles Wyville Thomson).
And in the sea;
As we descend, the conditions gradually become more rigorous, the
temperature falls, and alterations of temperature are less felt. The fauna
becomes more uniform over a larger area, and is manifestly one of which the
shallower water fauna of some colder region is to a great extent a lateral
extension. Going still deeper, the severity of the cold increases until we
reach the vast undulating plains and valleys at the bottom of the sea, with
their fauna partly peculiar and partly polar,- a region the extension of whose
extreme thermal conditions only approaches the surface within the Arctic
and Antarctic circles. (5, p. 44-45, Charles Wyville Thomson).
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Thomson illustrated that with increased depth, the conditions were becoming harsher and
more adverse to life, similar to ascending a mountain, but instead of life ceasing to exist, he
noticed that deep-sea organisms had adapted in similar ways to organisms at higher latitudes.
Other factors still needed to be considered. Light, or rather, the absence of light, presented
deep-sea biology with a most singular question. What was the mode of nutrition of animals at
great depths? At these depths no plants were found as no light penetrated so deep. Thomson
pointed out that all known animal life depended on plants to turn inorganic substances into
organic compounds. Plants were the base of the food chain, but the deep sea was devoid of
this particular base. Thomson indicated two explanations had been suggested. The first
explanation, supported by George Wallich, was that animals of the deep sea had the power to
convert water, carbon dioxide and ammonia, into organic compounds without the aid of
sunlight. Thomson considered this unsatisfactory and offered a simpler explanation. During
the cruise of the Porcupine, it was found that seawater sampled at all depths, contained
appreciable quantities of organic matter. Because most of the animal forms found at extreme
depths were animals with jelly-like bodies, which Thomson considered allowed them to absorb
nourishment through the whole surface of their body, those species could function as the base
of the food chain.
It is thus quite intelligible that a world of animals may live in these dark
abysses, but it is a necessary condition that they must chiefly belong to a
class capable of being supported by absorption through the surface of their
bodies of matter in solution, developing but little heat, and incurring a very
small amount of waste by any manifestation of vital activity. (5, p. 48, Charles
Wyville Thomson).
Questions about the antiquity of the life forms found at great depths were also still of great
concern. Thomson made a preliminary sketch based on the findings up to that time, of the
various species found and their relation to species from past geological periods. The most
primitive of the species treated was B. haeckelii.
The circumstance which gives its special interest to Bathybius is its
enormous extent: whether it be continuous in one vast sheet, or broken up
into circumscribed individual particles, it appears to extend over a large part
of the bed of the ocean; and as no living thing, however slowly it may live, is
ever perfectly at rest, but is continually acting and reacting with its
surroundings, the bottom of the sea becomes like the surface of the sea and
of the land,- a theatre of change, performing its part in maintaining the
'balance of organic nature'. (5, p. 411-412, Charles Wyville Thomson).
However attractive this image of a theatre of change may have been, Thomson was reluctant
to accept Bathybius as the permanent form of a living being. The samples thus far showed too
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little consistency for such a conclusion. Thomson proposed it could possibly be some kind of
mycelium connected with the growth and decay of the other organisms living there, such as
foraminifera, radiolarians, and sponges. The sponges were of greater interest than Bathybius,
knowledge of the various species was in its infancy and the dredging operations had indicated
their distribution to extend over the entire bottom of the ocean. This finding contrasted with
the distribution of the Mollusca, which appeared to become scarcer beyond 200 fathoms,
much like Edward Forbes had noticed in the Aegean Sea. Unlike Forbes, Thomson found
scarcely diminished numbers of brachiopods, crustacea, echinoderms, sponges and
foraminifera, to depths of 1,500 fathoms. The bathymetrical distribution of these groups also
corresponded with their vertical distribution in ancient strata. These observations motivated
Thomson to propose alternative means of approaching the interpretation of great
chronological divisions in geology. Previously, Charles Lyell had promoted the use of Mollusca
due to their high specialization, but Thomson considered their habitation of shallower waters
to be a disadvantage when considering great chronological divisions. Groups with a limited
distribution close to the surface would be more easily affected by the results of geological
oscillations, and the subsidence and elevation of landmasses. Mollusca would thus be more
easily affected if depth would increase or decrease by 500 feet, while the deep-sea groups
would not notice any affect. This was particularly important when considering the formation
of chalk. Thomson had expressed his belief in the doctrine of the continuity of the chalk,
which had been continually forming in the deep sea since the cretaceous period. Now his
findings of life in the deep sea suggested similar species were still living there, still forming the
same chalk, a consistency on a biological as well as geological level.
After a careful consideration of the results of recent investigations, we are
strengthened in our confidence in the truth of the opinion which we
previously held, that the various groups of fossils characterizing the tertiary
beds of Europe and North America represent the constantly altering fauna
of the shallower portions of an ocean whose depths are still occupied by a
deposit which has been accumulating continuously from the period of the
pre-tertiary chalk, and which perpetuates with much modification the pretertiary chalk fauna. I do not see that this view militates in the least against
the “reasoning and classification” of that geology which we have learned
from Sir Charles Lyell; our dredgings only show that these abysses of the
ocean - abysses which Sir Charles Lyell admits in the passage quoted above,
to have outlasted on account of their depth a succession of geological
epochs - are inhabited by a special deep sea fauna, possibly as persistent in
its general features as the abysses themselves. (5, p. 495, Charles Wyville
Thomson).
This view was supported by former presidents of the Geological Society, Thomas Huxley and
Joseph Prestwich (1812-1896), and was a further corroboration of the idea of a deep-sea refuge
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for living fossil species. At this point several preliminary conclusions of note were drawn about
the deep sea and the life found there.
I.

The temperature of the deep sea was not as previously thought a constant 4
˚C, but in fact varies. In places even to below the freezing point of
freshwater.
II. Conditions in the deep sea had persisted through several geological periods.
III. There was no bathymetrical limit to life.
IV. Most of the life found in the deep sea was a continuation of pre-tertiary
Chalk fauna.
V. New species found were partly peculiar, partly polar.
VI. The deep sea might be home to the most primitive forms of life such as
Bathybius.
The trial cruises had been a great success and the investment had paid off beyond expectation.
Around the world, other nations had started undertaking similar cruises. Many were now
discovering pieces of the puzzle of life in the deep sea, of the physical properties of the oceans,
and of the various currents that circulated across the planet. What made the British
developments at the time so notable was what followed the trial cruises, the expedition of
HMS Challenger.

HMS CHALLENGER (1872-1876)
Sometimes the history of science presents us with events or findings, which mark quite
definitely the start of a new era. The expedition of HMS Erebus and Terror (1839-1843)
already represented a coming together of physical deep-sea research and marine biology, but
the expedition of HMS Challenger marked the definitive start of modern oceanography and
can be considered an early example of ‘big science’.
After completion of the trial cruises and the drawing up of the preliminary results,
Carpenter and Thomson considered the situation, which had emerged as a result. Across the
world similar expeditions were carried out, and the results of the British cruises were eagerly
anticipated, as those were the result of the deepest dredging operations of all. Not only was the
scientific community buzzing with excitement, even the general public had started to take note.
It cannot have been a coincidence that it was during this time that French author Jules Verne
published his Twenty Thousand Leagues Under the Seas (1870). An early science fiction novel in
which Verne illustrates the life of the fictional Captain Nemo who bid life on land farewell in
exchange for a life in the depths of the sea. The oceans were becoming a source of scientific,
and general fascination, not in the least due to the curious forms of life found down in the
depths only reached by British dredges. According to Thomson and Carpenter, none were in
the position the British were in.
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Our cousins across the Atlantic had been working along with us pari passu,
and ere long several of the European States sent out deep sea expeditions
more or less effective. None of these mere attended with any great amount
of success, and it seemed evident that England must give, at all events the
first broad outline of the physical conditions of the bed of the ocean. (57, p.
8, Charles Wyville Thomson).
There was a practical side as well. The bottom of the ocean was by now being used to lay
telegraphic cables. Knowing the composition of the seafloor, the temperature, and animals that
might be able to damage the material of which the cables were made, would be essential for
long term maintenance of reliable, transatlantic telegraphic communication. After careful
consideration it was decided to attempt the most ambitious expedition possible, a
circumnavigating expedition in the same spirit as the previous cruises. Again the physical and
chemical conditions of the sea would be investigated alongside the physical and chemical
properties of the deposits, and the distribution of organic life. The scale meant that Carpenter,
through the Royal Society, had to request additional funds from the government in order to
equip a much larger vessel from the navy, which would be used for a much longer period of
time. A considerable request, but the trial cruises had been so successful that both the
government and the navy were happy to provide their support. Once again a committee was
formed to oversee all the preparations, but due to the scale, the number was increased
considerably. Alongside former members, Carpenter, Jeffreys, and Richards, there were now
prominent naturalists involved such as Joseph Hooker, Thomas Huxley and Alfred Russel
Wallace (1823-1913). Thomson, also a member of the committee, was appointed Head of the
Civilian Scientific Staff of the Expedition and was requested to give up his position as
Professor of Natural History at the University of Edinburgh, including its emoluments, for the
extent of the expedition. In return he would receive an annual sum of £1,000, which was a very
healthy salary for that time.
The ship made available by the navy was HMS Challenger (see figure I, 6), a spardecked corvette of 2,306 tons, usually equipped with eighteen 68-pounder canons, but for this
purpose sixteen were removed and the ship was instead fitted with well-equipped work rooms
and laboratories. The preparations for the expedition took a year and a half during which
Thomson had to consider the particular challenges presented by working for such a long
period of time on such a large ship. During dredging, for instance, the weight of the ship
would mean that there was no room for ‘give and take’ between the dredge and the ship.
Solutions had to be found to compensate for the movement of the ship during dredging.
Laboratories too, needed to be fitted in such a way that they were practical for use at sea,
meaning that it would be impossible to fit too many racks to keep all the bottles in place while
still providing easy access. New tools such as the common trawl were also introduced in the
hope of finding those species not caught with the dredge.
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Figure I, 6. HMS Challenger
(57, p. 60).

The expedition departed from Sheerness on December 7, 1872, and returned home on May 14,
1876. During its three and a half year voyage across the world’s oceans, HMS Challenger
would traverse 68,890 nautical miles and investigations were conducted at 362 observing
stations. At each station the depth was determined through sounding, samples were taken of
the bottom soil and water, and the temperature was registered. On the surface, all atmospheric
and meteorological conditions were noted, as well as the currents of the ocean at the surface.
At most stations the fauna at the bottom was sampled by use of a trawl or dredge, and samples
from the fauna at the surface and intermediate depths were taken using a tow net. Attempts
were also made to register the temperature and take water samples at intermediate depths.
Some of the observing stations are worth noting. At station 25, on March 26, 1873, the dredge
reached its greatest depth during the expedition at 3,875 fathoms, a record depth. Almost two
years later, on March 23, 1875, the expedition sounded at station 225 the deepest known point
in the ocean, the subsequently named Challenger Deep at the Mariana Trench. Two soundings
were conducted to make sure the depth was sounded correctly when the first sounding
indicated an unexpected 4,575 fathoms. The second sounding verified the initial depth,
registering 4,475 fathoms (8,184 metres). Today the depth is known to be even deeper, at its
deepest point approximately 10,900 metres. A third station of interest was station 250 on July
9, 1875, where Thomson claimed their deepest haul with the trawl was made at a depth of
3,050 fathoms (58, p. 10). However, the records of the day (59, p. 971-973) state that at station
250 a sounding was made at 3,050 fathoms, and while the trawl was lowered, unfavourable
weather meant it had to be brought back in after only 800 fathoms of rope had been paid out.
This means the deepest successful trawl was likely not at a depth of 3,050 fathoms. Two other
stations reached similar depths. Station 254 on July 17, 1875, where the trawl reached 3,025
fathoms, but after two hours of heaving in the filled trawl, the rope broke and all possible
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samples were lost. At station 264 on August 23, 1875, a successful trawl was brought in from a
depth of 3,000 fathoms, containing mostly manganese nodules, a specimen of Cladorhiza
longipinna, n. sp., a specimen of Stephanoscyphus and a fragment of Euplectella.
The results of the expedition were momentous for all the various subjects, but for no
subject were the results as plentiful as for zoology. Of the fifty volumes detailing the results of
the expedition, the vast majority was on zoology, listing an astonishing 715 new genera and
4,717 new species. Sir Ray Lankester (1847-1929) has been quoted (60, p. 46) as saying; “Never
did an expedition cost so little and produce such momentous results for human knowledge.”
Indeed, the samples found would suffice for many decades of marine biological research that
would give new insights into life in the deep sea. The year following their return, Thomson
published some preliminary accounts of the general results in which he drew a series of eight
conclusions on the subject of deep-sea fauna (61, p. 352-352).
I.
Animal life is universally present at the bottom of the ocean at all depths.
II. Animal life is not as abundant at extreme depths.
III. Animal life is confined to two belts; one near the surface and one near the
bottom.
IV. Invertebrate groups are presented in peculiar proportions.
V. Animal life beyond 500 fathoms exhibits a great level of uniformity
throughout the world.
VI. The abyssal fauna is more closely related to that of shallower water than
previously expected. Only few ‘living fossils’ were discovered.
VII. The most primitive species are found in the Southern Ocean, indicating a
northern migration of species.
VIII. The abyssal fauna generally shows the closest relationship with the shallow
water fauna of high northern and southern latitudes.
Some notable changes occurred in the preliminary conclusions drawn up by Thomson. The
universal presence of life was verified, but its nature was now considered different from the
early-hypothesized life of great antiquity. Only few living fossils were found, and life was more
closely linked to that of the shallower waters, in particular that of the high latitudinal regions.
This indicated a stronger evolutionary pressure than was first assumed, possibly indicating
more geological changes in the abyss than Thomson and Lyell had assumed. Not only were
there less ‘living fossils’ than previously thought, the famous protoplasm Bathybius haeckelii
proved to be no more than a chemical precipitate. Huxley, embarrassed by his mistake, was
ready to accept the findings even before the matter was fully settled according to Thomson 62.
Thomson also concluded something surprisingly similar to the conclusions of Edward Forbes,
that there was an abiotic zone to be found in the water column, something that could be called
an ´intermediate azoic zone´. The deep pelagic waters between the surface waters and the
bottom were considered to be nearly or entirely devoid of life. Especially this last conclusion
was somewhat surprising considering the recent history between Forbes and Thomson, and
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the Challenger’s sampling methods that were primarily aimed at exploring the benthic fauna.
But the conclusions were of a preliminary nature, and thus speculation was unavoidable.
Thomson did not get the chance to see the final results. The work on the results of the
Challenger expedition was an enormous task. Thomson opted to send out specimens to
relevant specialists all over the world, much to the dismay of some of the more nationalistically
oriented British naturalists 63. His choice created a huge international network of experts, all
working towards the same goal of making the most of all the specimens found. Managing this
network and the publication of the various volumes took its toll on Thomson’s health and he
passed away before the results were fully finished. Taking over leadership of the Challenger
office was Scottish naturalist John Murray (1841-1914), a chance member of the Challenger
expedition. Under his leadership publication of the results continued and finally in 1895
Murray published a summary of the complete results 59. In it Murray considers what was by
then known about life in the deep sea. One of his conclusions contradicted the hypothesized
intermediate abiotic zone.
When, however, the tow-nets were sent down to deep water, and dragged in
depths as nearly as possible of 500, 1000, and 2000 fathoms, organisms such as the Tuscaroridae among the Radiolaria - were nearly always
observed in the gatherings in addition to the usual surface organisms.
Organisms from these intermediate layers of water appear to have a much
wider horizontal distribution than the surface fauna or flora. These oftrepeated experiments produced a strong belief that all the intermediate
zones of depth were inhabited. (59, p. 1455, John Murray).
Although less abundant, Murray considered the intermediate zones to be inhabited like any
other part of the ocean. What then about that singular question Thomson proposed, the mode
of nutrition? Murray identified the importance of falling organic matter from the surface for
both those species living at the bottom as well as those living at intermediate depths. For the
species at intermediate depths, falling organic matter would be important for those species not
capable of hunting, while for benthic species eating the mud, clay or ooze would be an
alternative source of sustenance. The role of falling organic matter was further related to
species abundance in the Southern Ocean.
The trawlings in the Southern Ocean are remarkable for the large number of
species procured on all the different kinds of deposits in all depths and at
great distances from continental land. This may be accounted for by the
continental conditions being carried far to the north as above suggested, but
it appears to me to be likewise due to the greater abundance of food that
falls to the bottom in this region, arising from the large numbers of
Plankton organisms frequently killed at the surface owing to the mixing
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which takes place in these latitudes of surface currents from different
sources and of very different temperatures. (59, p. 1437, John Murray).
Here, Murray shows a clear example of early ecosystem thinking, the link of physical
conditions at the surface, to increased mortality rate at the surface, and down to the deep sea
where, as a result, a higher species richness can be maintained. For some of the larger species,
attention was drawn to the peculiar adaptations involving phosphorescent light (as it was
called), or bioluminescence (as we know it today), such as the use of bioluminescent lures, or a
“Bull’s-eye lantern” (59, p. 1433). These were quite advanced insights into subjects that are not
easily investigated, testament to the extent of the results of the Challenger expedition and the
effectiveness of its interdisciplinary approach. Murray also noted a pattern in the distribution
of the relative abundance of genera of benthic species. It appeared that the number of genera
relative to the number of species found, increased with increasing depth. Beyond 2,500
fathoms the ratio between species and genera was almost 5:4, while between 100 and 500
fathoms the ratio increased to around 5:2, and in the top 100 fathoms it was nearly 3:1.
Although limited to benthic species, Murray considered that ratio to be informative about the
historical distribution of species from the surface to deeper waters.
In all probability the deep sea was peopled by continuous migrations
downwards and seawards from about the mud-line. If we suppose these
migrations to have taken place from the mud-line at many different periods
of time and from many different parts of the world, then it may be thus
possible to account for the relatively large number of genera in the deep sea
in proportion to the number of species. (59, p. 1436, John Murray).
This image differed from the earlier image painted by Thomson of the deep sea being a refuge
for species of great antiquity, instead the deep sea was an evolutionary gathering of shallow
water species from across the world, which had found a way to adapt to deep-sea conditions.
Possibly related, benthic species were found to diminish with an increasing distance from the
shore, when all other conditions such as depth and climate remained equal. Thus a dredging
operation at a station within 300 miles from land would see a significantly greater yield from a
depth of 1,000 fathoms, than a station beyond 300 miles at the same depth (59, p. 1436). Such
links between geology and marine biology were of increasing importance as a general image
started to emerge of the history of the planet and its life.
The distribution of the great continental land-masses appears, from what
has been stated, and from other facts that might be adduced, to have a
great influence on the distribution of marine organisms, both in shallow
water and in the deep sea. It is abundantly evident that the land of the
continents has been most unstable, and can in no way be regarded as
permanent, during the course of geological history. Not only has the land
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been repeatedly torn down by denuding and disintegrating agencies, but
the various strata have been repeatedly shoved above and depressed below
the sea-level by those internal forces called into play chiefly by the
contraction of the internal nucleus of the globe, from loss of internal heat
through radiation into space. (59, p. 1460, John Murray).
Here, Murray touched on a subject that would play a key role in the development of
oceanographic research, the change of continents over geological timescales. If indeed the
great landmasses were being pushed up from the depths of the ocean, geology and
oceanography were destined to progress on equal footing.

CONCLUSIONS
This chapter represents an overview of the pre-history of modern oceanography with
particular emphasis on deep-sea biology. It is not intended as a comprehensive account of the
history of oceanography, and as such uses a limited number of examples which illustrate
general trends and important changes in prevailing opinions and hypotheses, as well as key
findings that have functioned as catalysts for further research.
The pre-history of oceanography has seen a complete reversal in the opinions on life
in the deep sea. Pliny the Elder showed great optimism when he declared all marine life to be
known to man, notwithstanding the fact that his catalogue contained four species less than the
work of Aristotle before him (1, p. xxxii). By the time HMS Challenger returned from her three
and a half year expedition, realization had well and truly set in that the deep sea was teaming
with life, most of which was unknown to man. In the seventeenth century Robert Hooke had
warned not to extrapolate too far on this matter, but the question of life in the deep sea was a
counterintuitive one, and use of extrapolation and analogy was for some time the only way to
approach the question. Early deep-sea research was conducted with a focus on the physical
characteristics, while marine biology was limited to shallower waters. The discussion of life in
the deep sea had to depend on incidental findings by physical oceanographers, or on
extrapolation of shallow water data, usually through an analogy between depth and altitude.
The question concerning the effect of high hydrostatic pressure was another difficult question
to answer, and usually approached by considering what the effect of such pressure would be
on terrestrial organisms. The first attempts to introduce a systematic exploration of species
distribution in deeper waters originated in early nineteenth century Great Britain. Mainly
through the combined work of Charles Lyell and Edward Forbes, did systematic dredging
become the method of choice for the exploration of deep-sea species distribution. Forbes
introduced a bathymetric analysis of species distribution in order to help answer questions that
arose from Lyell’s geological work. Still relying heavily on an analogy between depth and
altitude, Forbes produced the first hypothesis on the subject of life in the deep sea that was
based on dredging at greater depths. It marked the transition from a theoretical approach, to a
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practical one, and functioned as a reference point for other naturalists such as Michael and
Ossian Sars. No longer was the question limited to analogy and extrapolation, any
contradicting hypothesis could now be tested in a similar systematic manner in order to
produce empirical corroboration or refutation. It was Forbes’ Azoic hypothesis that found
itself convincingly refuted as more and more life was being dredged up from increasing depths.
From the second half of the nineteenth century the questions about life in the deep
sea started to change from “Is it there?” to “What does it look like?”. After the discovery of
Rhizocrinus lofotensis by Sars senior and junior, Charles Wyville Thomson considered the deep
sea to be a refuge for species of great antiquity. Lyell and Thomson considered the deep sea to
be a stable habitat, even on a geological timescale, and as a result evolutionary pressure was
considered to be much weaker. Thomson also started to wonder about the mode of nutrition.
Knowledge from land and surface waters was insufficient to explain life in the deep sea, where
the absence of light meant there was no primary production based on photosynthesis. It
effectively removed the entire base of the food chain, and Thomson considered this a most
singular question. Through the circumnavigating expedition of HMS Challenger questions and
answers became increasingly modern and empirical, defining the start of modern oceanography
and deep-sea biology. The deep sea was found to be, not a refuge for so called ‘living fossils’,
but primarily a gathering of shallow water species that had adapted to deep-sea conditions. The
questions concerning the mode of nutrition introduced an early marine ecosystem analysis,
pointing to a dependence of deep-sea life on the life of surface waters. All the while the
biological research was conducted in close collaboration with research into the physical
characteristics of the ocean for physical oceanography, and the composition of the seafloor for
geology. This interdisciplinary collaboration is still strong in modern oceanography and
highlights how intimate the relationship is between life in the deep sea and its environment.
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HROUGH the circumnavigating expedition of HMS Challenger (1872-1876), deep-sea
biology had established itself as a modern science, and the question of the existence of life at
great depths was resolved. Life was now known to be abundant at all depths. The postChallenger years witnessed a great expansion of oceanographic research. Where the years
leading up to the Challenger expedition had seen important steps being taken, most notably by
British naturalists, the post-Challenger years were a thoroughly international affair with a wide
diversity of different contributions. Charles Wyville Thomson (1830-1882) had enlisted the
help of many of the foremost experts from across the world in order to work through the
massive Challenger collections. This decision that was frowned upon by more nationalistically
oriented naturalists such as Peter Martin Duncan (1824-1891), then President of the Geological
Society 1, but it was precisely this process of internationalization that made the Challenger
expedition so widely influential. The work on the collections took almost two decades before
John Murray (1841-1914) could finally publish his Summary of the Results 2. Beyond the many
known species, the results included 715 new genera and 4,717 new species. This great leap
forward in the knowledge of the taxonomy and distribution of life in the oceans kept many
experts from a large number of nations occupied. However, the core institution, the Challenger
Office, remained British. Not surprisingly therefore, other nations were eager to contribute to
this new science in their own unique ways and for their own reasons. For some countries it was
a matter of national pride to organize their own expeditions. Norway, for example, viewed it as
their natural duty to launch their North Atlantic expedition (1876-1878).
…and it is but natural that our country should now be expected to contribute
her quota towards the advancement of a cause so important to the interest of
Science, and in which so many nations have already taken part. (3, p. 4,
Captain C. Wille).
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For Germany this urgency to compete was only perceived at the very end of the nineteenth
century, when it seemed to have become a matter of honour to launch the Valdivia expedition
(1898-1899).
The conviction that Germany could no longer avoid its duty of honour to
join the competition with other civilized nations in the exploration of the
deep sea, gradually gained the upper hand. (4, p. 7, Carl Chun).
Whereas some nations chose to send out expeditions of exploration, others chose more
continuous observations of specific areas. The US Coast Survey (in 1878 renamed US Coast
and Geodetic Survey) conducted a three-cruise survey in the Gulf of Mexico, the Caribbean
Sea and along the Atlantic coast of the US with their vessel ‘Blake’ between 1877 and 1880.
The US was also early to notice a collapse in the numbers of commercially important fish
stocks and in 1871 adopted a resolution for the establishment of the office of Commissioner
of Fish and Fisheries 5. This office was responsible for the construction of the research ship
Albatross, a vessel that would also be used for such continuous observation. While the
different nations would influence the direction of oceanography in their own different ways, a
few individual researchers were still able to conduct their own research more or less
independently. John Murray, director of the Challenger Office, Alexander Agassiz (1835-1910)
in the US, and Albert Grimaldi I, Prince of Monaco, all had a profound influence on the
development of oceanography and deep-sea biology during the post-Challenger period prior
up to the turn of the century when the interest in deep-sea biology started to decline. This
post-Challenger period may therefore be described as one of rapid expansion, where each new
discovery would lead to many new questions.

BLAKE EXPEDITION (1877-1880)
The expedition of the steamer Blake originated with the US Coast Survey and was joined by
naturalist Alexander Agassiz, son of the famous naturalist Louis Agassiz (1807-1873) and a
naturalist of standing in his own right. This combination would see one of the most innovative
expeditions up to that time. So much so that the innovations were treated in a special
guidebook Deep-sea Sounding and Dredging (1880) (ref. 6) written by Lieutenant-Commander
Charles Sigsbee (1845-1923) who was attached to the Blake expedition and designed some of
the equipment himself. That a scientific expedition, which uncovered many new details about
life in the deep sea, would originate with a survey office might at first glance seem strange.
Hydrography and geodesy seem a world apart from deep-sea biology, but the Coast Survey was
a unique scientific institution. Its superintendent from 1843 to 1867, Alexander Bache (18061867), has, in this context, been ascribed a central role in the development of science in the US
7. Through a web of political support, close ties with businesses and patronage of the scientific
elite, Bache wanted to create a central role for the Coast Survey in US science. His efforts
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made the Coast Survey an institution where economic, commercial and scientific interests
combined. Bache aimed to promote a European-type science in the US through his position,
and because of this the Coast Survey was able to enlist the services of Louis Agassiz soon after
his arrival in the US in 1846 (ref. 7). The achievements of Agassiz during his time in the US are
numerous, but none more prominent than his zoological work for the Harvard University
Museum of Comparative Zoology. Although the range of zoological subjects treated by him
was much broader, his excursions with the survey ships allowed him to contribute greatly to
the marine biological collection of the museum. It was not the only important contribution he
made to marine biology. During the spring of 1873, Agassiz gave an address where his
enthusiasm and opposition to Darwin inspired a successful tobacco manufacturer and
businessman, John Anderson 8. Anderson put at the disposal of Agassiz an island and US
$50,000 for the establishment of a marine biological station for educational purposes, where
practical experience should have the highest priority 9. Unfortunately Agassiz passed away that
same year and the school never bloomed as had been intended.
The connection between Agassiz and marine biology, the Coast Survey and
oceanography rubbed off on his son Alexander. Alexander Agassiz accompanied his father
during cruises even at an early age, and in 1851 he aided the survey of the Florida Reefs 10,
after which marine biology remained as his primary field of interest. Interestingly, for
oceanography, he also developed expertise in engineering and was active in copper mining
from 1865 to 1869 (ref. 11). After his health forced him out of mining, Agassiz travelled to
Europe to visit, among others, Charles Wyville Thomson and learned all about the
developments in British Oceanography. This forged a great bond between the British and US
based naturalists, something Thomson referred to when he said, “Our cousins across the
Atlantic had been working along with us pari passu…” (12, p. 8), during his application for
support for the Challenger expedition. Thus, by the time the Coast Survey approached Agassiz
for the Blake expedition, he had acquired insights into the latest developments in
oceanography as well as complimentary insights into engineering questions. These last
contributed primarily to increasing the efficiency of the operations. A key improvement
introduced by Agassiz was the use of a steel wire for sounding. The lines used during the
Challenger expedition were made of hemp, which had a greater resistance in the water. The
smooth steel wire meant that soundings were done much faster. The Challenger took around
two and a half hours to sound in 2,435 fathoms, while the Blake sounded in 2,929 fathoms in
around one hour (13, p. 31). The improved efficiency and continued observation in a more
restricted area compared to the Challenger expedition meant that the Blake expedition had a
different character. Expeditions such as that of the Blake were systematic studies of ocean
basins, rather than oceanographic explorations, and as such the term ‘Thalassography’ was
adopted (14, p. 2). A continued systematic observation of specific basins meant more attention
could be given to develop a better understanding of the life found at great depths. Thanks to
this and the close relationship between Agassiz and the Challenger naturalists, the reports of
the Blake expedition read as an extension of the Challenger work 15. Truly a continuing
evolution of the knowledge of the deep sea.
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Published in 1888, seven years before the summary of the Challenger results 2, the
report of the Blake expedition still displayed very little attention for the deep pelagic domain.
Thomson had proposed the idea that life in the ocean was confined to two belts, one near the
surface and one near the seafloor, and while Murray questioned this view later on in the
summary, Agassiz still applied the principle. The general treatment of deep-sea life was divided
into two chapters, chapter eight The Deep-sea Fauna, and chapter nine The Pelagic Fauna and Flora.
Chapter eight deals with the benthic, or bottom associated fauna, and chapter nine deals with
“wanderers on or near the surface, probably within a couple of hundred fathoms” (14, p. 171).
The addition of chapter thirteen The Physiology of Deep-sea Life, is the clearest indication of the
speed at which knowledge of life at great depths was expanding.
In dealing with the deep-sea fauna Agassiz still showed the combination of geology
and marine biology characteristic of its first appearance during the investigations of Edward
Forbes and Charles Lyell. Here, the influence of Darwin’s work on evolution adds further
context to the investigation of the succession of geological periods. No longer was this a
matter of understanding geological features such as interstratification, rather, Agassiz
considered the low marine species to be close to the base of all life on earth. As a consequence
the investigations in the deep sea would concern natural history at its greatest scale.
At the time when the greater part of the surface of the earth was covered by
water, during the Laurentian, Huronian, and Cambrian periods, the seas
contained annelid tracks, sponges, polyps, some echinoderms, and
brachiopods, with few marine plants. From these low types, whether they are
the earliest or not, must have descended the present population of the seas
and land, both animal and vegetable. (14, p. 154, Alexander Agassiz).
Much like Forbes, Agassiz ascribed the interstratification to local influences rather than great
geological changes.
We are justified in explaining the difference between adjoining deposits, the
one barren of animal life, the other crowded with animal remains, by
supposing conditions similar to those we find in contiguous areas in the
depths of the sea. These differences imply variations in the physical
conditions of adjoining areas; they are not climatic or necessarily due to
geological changes. One area will be teeming with animal life, while the other,
either from want of food, from the constant deposition of sediment, or from
the sudden changes of temperature affecting it, may be a desert on the surface
of which no animal life can maintain itself. (14, p. 154, Alexander Agassiz).
Through a better understanding of ocean currents, the physical characteristics of the ocean,
and deep-sea species distribution, it was possible to find simple causes for the explanation of
changes from one geological period to another, rather than having to rely on “cosmic changes”
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(14, p. 167). Thomson’s idea of the deep sea being a refuge for living fossils, although proven to
be incorrect by Thomson himself during the Challenger expedition, still presented some food
for thought. Agassiz realized that although these types of species were found everywhere, the
relative abundance of antique forms was still higher than elsewhere. Where overall the abyssal
fauna showed a close relationship with littoral species, and thus likely consisted of acclimatized
littoral species, the deep-sea environment represented a more stable environment exerting less
evolutionary pressure. This led Agassiz to paint the following picture of the deep sea.
Species living beyond one hundred fathoms may dwell in total darkness, and
be illuminated at times merely by the movements of abyssal fishes through
the forests of phosphorescent alcyonarians, and by the feeble light which
many of the deep-sea acalephs, echinoderms, and mollusks emit. […] Were it
not for the phosphorescence, we might almost imagine the deep-sea animals
devouring each other without ever having seen their food, and living for ages
under conditions subject to but trifling changes, while during the same length
of time terrestrial modifications of great importance were taking place. (14, p.
165, Alexander Agassiz).
The deep sea was thus a place of relative evolutionary stability compared to the changeable
nature of the terrestrial realm, pressure coming primarily from local changes. The improved
knowledge of deep-sea deposits and of the animal life living in close association with those
deposits would continue to contribute to the interpretation of geological records in the manner
proposed by Lyell.
In dealing with the pelagic fauna and flora, Agassiz proposed the limit of pelagic life
to be down to a depth of approximately 150 fathoms, where heat, light and the motion of the
sea exert their influence, varying throughout the day. From that point onwards, he considered
there to be an abiotic gap between benthic and pelagic life. This position was not shared by,
for instance, the German naturalists of the ‘Gazelle’ expedition (1874-1876) and Agassiz
responded to their criticism in a way very similar to the earlier responses to findings of life at
great depths by people such as John Ross. Agassiz cautioned that for various reasons species
could have seemed to come from greater depths than from which they had actually come (14, p.
185). His reasons for remaining sceptical were the results of his own experiments with use of a
collecting cylinder devised by Sigsbee. This device could be opened at a depth of choice and it
closed again after coming up for a short distance, meaning it would sample a narrow range at
the depth required. The cylinder was used on a number of occasions and from the results
Agassiz concluded the following:
The above experiments appear to prove conclusively that the surface fauna of
the sea is really limited to a comparatively narrow belt in depth, and that there
is no intermediate belt, so to speak, of animal life, between those living on the
bottom, or close to it, and the surface pelagic fauna. It seems natural to
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suppose that this surface fauna only sinks out of reach of the disturbances of
the top, and does not extend downward to any depth. The dependence of all
the pelagic forms upon food which is most abundant at the surface, or near it,
would naturally keep them where they found it in quantity. (14, p. 202,
Alexander Agassiz).
As a result, the treatment of the pelagic fauna is limited to species from this narrow surface
belt, as well as some considerations as to the relevance of these species for the fauna at the
bottom. Since all animal life was considered to be ultimately dependent upon vegetable life,
and vegetable life was dependent on light, the primary source of food for life in the darkness
of the deep sea had to come from the surface layers. This answered one of the important
questions as to the mode of living down at great depths in the ocean. As the pelagic species
died and their remains rained down on the ocean floor, they would form the primary source of
food for the benthic species. With the primary source of food identified, other questions such
as those concerning the physiology of life in the deep sea, also needed to be addressed.
Chapter thirteen of the Blake reports is a first attempt to shed some light on the problems that
had previously appeared to make life at great depths impossible. Factors such as pressure,
oxygen, temperature and light were considered, as well as the currents that played such an
important role in shaping the ecosystem. Agassiz called currents “the great moderators of
climate” (14, p. 304) due to their role in transporting cold water from the higher latitudes to the
tropics and the warmer tropical water back to higher latitudes. This process was a slow,
regulatory process in contrast to the high velocities of atmospheric disturbances, which were
often violent in nature. Where atmospheric disturbances could be destructive, the ocean
currents were an important driving force for life. The source of the oxygen supporting life in
the deep sea was found at the surface, and only due to the currents did it reach the depths.
Agassiz remarked “were it not for the constant movement of the sea, the stagnation of life
would soon become universal” (14, p. 298). Having identified the source of oxygen in the deep
sea, how then could animals prosper in an environment that was cold, dark and subject to high
hydrostatic pressure? On the subjects of temperature and pressure, Agassiz explained some
striking differences with terrestrial life. Where terrestrial life showed a great capacity to deal
with significant differences in temperature, for life in a marine environment this was not a
requirement. As a result, temperature would be a principle-determining factor in the
bathymetrical distribution of species. Three belts were identified based on the variation of
temperature. The uppermost belt of 150 fathoms, where the sun had its most pronounced
effect. The second belt below that which, depending on latitude could extend some 300 to 400
fathoms, where the temperature declined rapidly. The remaining depths being regarded as the
third belt, where the temperature was more or less uniform. Continuing his comparison,
Agassiz maintained that terrestrial life showed no great capacity of dealing with differences in
pressure, while life in the oceans had a remarkable capacity to adjust to changes in pressure.
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Marine animals readily adapt themselves to immense pressure. Their tissues
are permeated by fluids, and perfect equilibrium is established between their
circulation and the medium in which they live. (14, p. 304, Alexander Agassiz).
Here, Agassiz draws a conclusion that greatly reduces the problem of high hydrostatic
pressure, the permeability of the organisms to water. If there is no barrier preventing the
movement of water between the ocean and the organism, no pressure difference can build up.
Although this solution itself presented a new problem, the uptake of much salt, Agassiz
considered the salts to represent the elements needed for growth of the organism, pointing out
that salt water species generally cannot survive in freshwater, which he thought was due to the
lack of soluble salts (14, p. 153). The subject of light was an even more complex issue. There
was no definitive view on how far light could penetrate the water, and which part of the
spectrum would extinguish first, but patterns of bathymetrical distribution in the colours of
animals had been seen before. Edward Forbes, during his studies of the Aegean Sea, had
already noticed such patterns. Discussing it only briefly, Forbes identified different colours
specific for the eight bathymetrical regions within which he had divided the Aegean Sea.
Ascending from the eighth region upward, he linked the increased intensity of the colours to
the increased intensity of sunlight, although he attributed the increased prevalence of red and
green colours to the nature of the feeding grounds of the various species 16. At the time of the
Blake expedition, light was thought to penetrate to depths of around 200 fathoms. This posed
the question of the necessity of eyes at depths lower down. It was known that representatives
of the fauna of dark caves often lost their sight in favour of increased development of the
other senses, but Agassiz pointed out that blind crustaceans had been found at depths of less
than 200 fathoms, while animals caught at depths of 2,000 fathoms had shown rudimentary,
regular and even disproportionately large eyes. Even down in the depths, light appeared to be a
relevant factor. Since it was not sunlight, it was considered to be the bioluminescence
(erroneously named ‘phosphorescence’) that played such an important role.
Swimming or creeping between the forests of gorgonians, which become
luminous by disturbances due to currents or other movements, the deep-sea
crustacea, fishes, cephalopods, echinoderms, and others, must be able to see a
considerable distance during the emission of the phosphorescent light, and
thus receive assistance in searching for their food. The light developed from
such a source, and in such a manner, cannot be very intense, and yet such
areas may be, as stated by Moseley 17, favorite spots where deep-sea animals
congregate. (14, p. 308, Alexander Agassiz).
Light would be facilitating biodiversity hotspots in the deep sea similar to coral reefs in the
littoral waters. More difficult to explain was why so many species were found that showed
similar body colours to littoral species. Even though there would be congregations of species
much like in the littoral zone, protective colouration would not do much in a region where
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there was no sunlight. Agassiz considered this to be added confirmation of a migration of
species from littoral zones to the deep sea.
We have a strong argument in favor of the gradual and comparatively recent
migration of littoral forms into deep water in the fact that there are still so
many vividly colored bathyssal animals belonging to all the classes of the
animal kingdom, and possessing nearly all the hues found in types living in
littoral waters. (14, p. 311, Alexander Agassiz).
Beyond the remnants of littoral colour patterns in some species, abyssal crustaceans often had
a red colour, where deep-sea fishes were often found to be grey or dull black, and blue was
noticeably absent among deep-sea animals. Overall the most prevalent colours found were
white, pink, red, scarlet, orange, violet, purple, green and yellow (14, p. 311), although these
could not be linked to the absorption spectrum in relation to depth.
The results of the Blake expedition show the progress that was being made in piecing
together a general view of life in the deep sea. The work still showed the great influence of
British oceanography, likely due to the close relationship of Agassiz with the Challenger
naturalists and the start of the Blake expedition in the year following the return of HMS
Challenger.

VALDIVIA EXPEDITION (1898-1899)
Germany was one of the late Western nations to join the exploration of the deep sea by means
of large-scale expeditions. Prior to their plankton expedition of 1889, Germany mostly limited
itself to staying within 100 miles from land (18, p. 22), as investigations of the open seas did not
yet seem of particular interest. The plankton expedition was the first in open waters and only at
the very end of the nineteenth century did Germany consider it important to launch a deep-sea
expedition of her own.
The prime motivator of what would later become the ‘Valdivia’ expedition of 1898 to
1899, marine biologist Carl Chun (1852-1914), considered the Challenger expedition to have
been “eine wissenschaftliche Großtat”, a grand scientific feat, and that the other nations had
secured themselves their “Ehrenteil”, their honourable part, in the investigations of the deep
sea (4, p. 3). Although Chun was impressed by the various expeditions, it was not entirely
without criticism. According to Chun, the other nations gave the impression that their
expeditions were limited to the exploration of national or colonial waters and that as a result
the Indian Ocean had not been properly explored. He concluded that if Germany were to
make an impact on the investigation of the deep sea, then the Indian Ocean should be an
important area of exploration because it presented the highest potential of contributing new
discoveries. The proposal was placed before Germany’s naturalist society, which
enthusiastically adopted a resolution to be forwarded to Emperor Wilhelm II. The Emperor in
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turn deemed it necessary that no expense should be spared in order to secure the success of
the expedition, and made available a budget of 300,000 Mark. The support was not limited to
funds from the government, but industrial partners were attracted too. Best known today due
to their continuing development of scientific equipment, was the Jena-based specialist in
optical equipment Zeiss, which freely donated magnifying glasses, microscopes and
photography lenses. Apart from being a form of advertisement, the generous donation was
likely a method of gathering feedback from the scientists that would aid Zeiss in the
development of their equipment (Zeiss used a similar scheme at the Marine biological station
in Naples, to be discussed later in this chapter). Other industrial partners included chemical
companies, which donated chemicals for various purposes, again free of charge. In contrast to
HMS Challenger and the Blake, the Valdivia was not a government vessel, but was instead a
vessel chartered from yet another commercial partner, the Hamburg-America Line (full name:
Hamburg-Amerikanische Paketfahrt-Actien-Gesellschaft, or HAPAG), a transatlantic shipping
company. The German Secretary of State of the Interior had established a not-for-profit
contract with the Hamburg-America company for the refitting and use of the ship, use of the
ship’s company and provisioning the scientific staff (wine to be supplied at cost price) 19. The
Valdivia expedition represented, much like the Blake expedition, an evolution in the
development of oceanography and deep-sea biology. The ship was naturally supplied with a
full set of the Challenger reports, and on August 4, 1898, all the members visited the
Challenger office to examine for themselves some of their results 19. It was from the onset
meant to be complimentary to the earlier findings of the Challenger expedition, and to fill in
the gaps where these were suspected, such as the exploration of the Indian Ocean. More
importantly for our purposes, the naturalists of the Valdivia expedition strongly suspected a
gap was left open by the Challenger expedition and Alexander Agassiz, as far as the deep
pelagic realm was concerned. By then, John Murray had already expressed his own doubts
about the confinement of life in the ocean to two belts, one near the surface and one near the
bottom. However, it was still a difficult enterprise to get some idea of the biodiversity in the
intermediate layer. Herein, the Valdivia expedition would contribute a great deal by using its
own unique methods in order to fill in the bathymetrical distribution of species.
In order to create a more accurate picture of the bathymetrical distribution of deepsea species, Chun reviewed the latest discoveries. Deep-sea life was abound, but how
important were the greatest depths to the overall picture? It had become clear that depths
beyond 6,000 metres represented geological features known as trenches. The often long and
narrow trenches were unusual features and Chun considered them of minor importance
compared to the much more frequent depths of 5,000 to 6,000 metres (4, p. 4). Attention was
thus drawn to the water column that covered everything from the surface waters down to the
regular seafloor depths of 5,000 to 6,000 metres and Chun wondered how best to characterize
the layers. Previous models of bathymetrical distribution, such as those created by Edwards
Forbes, had been somewhat one-dimensional in their nature. The depth range of a certain layer
would be established by the species found there, but environmental factors played only a small
role, if any. Chun reflected on this by asking the question from what point onward it was
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possible to classify a species as a ‘deep-sea’ species. This was a particularly complicated
question because some species could be found at varying depths depending on the location.
Those species that were conventionally considered deep-sea species because they were found
at great depths near the equator, were also found much closer to the surface in Arctic or
Antarctic regions. Environmental factors thus appeared to play an important role in
bathymetrical distribution and Chun considered two influences to be of great importance for
establishing the point where the sea became the deep sea. The first was the abundance of plant
life. The deep sea started there where the sun could no longer provide enough light for plant
life to maintain their processes of assimilation. The second was temperature. While less
applicable to the Arctic and Antarctic regions, the deep sea started at the point where the
temperature remained constant and unaffected by the daily cycles at the surface. Since deep-sea
species are cold adapted, the colder waters at the poles allowed these species to come closer to
the surface, while in the warm and clear waters near the equator, plant life would be able to
reach greater depths. Chun divided the water column into three layers based on the abundance
of plant life. The top 80 metres where plant life was abundant, between 80 and 350 metres
where plant life was sporadic, and beyond 350 metres, where there was no plant life.
Importantly though, these limits were not fixed, but instead they were subject to location. Near
the equator, for instance, the second layer could extend to depths of 400 metres due to the
clarity and temperature of the water.
Chun maintained the division of the deep-sea fauna in benthic and pelagic forms, but
because of his conviction that life was abound in the intermediate layers he was able to show
that some species which were formerly considered benthic, were instead pelagic. One example
was a species of the crustacean genus Gnathophausia, originally found during the Challenger
expedition and considered to be a benthic species. The Valdivia expedition caught the species
several times at depths of 1,000 to 2,000 metres above the ocean floor (4, p. 551). Because the
benthic work of the Valdivia was similar to that of the Challenger and Blake expedition, the
results were largely an expansion of the earlier expeditions. The tools of preference were once
again the dredge and the trawl, now fitted with the steel cable as introduced by Agassiz. These
were further complemented by baited traps, which Prince Albert I of Monaco (to be discussed
later in this chapter) had introduced. The area where the Valdivia expedition made real
progress for deep-sea biology was the investigation of the deep pelagic realm. There were still
widely differing opinions on the matter of life in the intermediate depths. The investigations of
Agassiz, based on his own trials with a closing net especially designed for the purpose,
convinced him the intermediate zone was practically lifeless. Murray seemed undecided on the
issue, not expecting an abundance of life, but some life nonetheless. In contrast, Prince Albert
I of Monaco, who had used a variety of creative ways to explore the deep pelagic realm (to be
discussed later in this chapter), was convinced that life often eluded capture, which created the
impression of a low abundance of life. Chun himself was also convinced that life was abound
in the deep pelagic realm and wanted to prove his case by showing that it was possible to
effectively investigate the vertical distribution of species when the right tools were used. Two
tools for this purpose were used with great effect. The first was a closing net similar to the one
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used by Agassiz, this time based on an optimized design by an engineer of the Zoological
Station in Naples. The second was a quite unique vertical net.
Exploration of the vertical distribution of species was usually done by lowering a net
to a specific depth and using it horizontally. The vertical net introduced a method from the
Plankton expedition of lowering a net to a specific depth and then pulling it up vertically
through the water column. This method was used in an attempt to quantify plankton
abundance in a specific volume of water, but could equally be used to investigate which species
were found at a certain depth range in the water column. The vertical net could not be closed
and thus had its limitations, but by using the net several times at the same location and
lowering it stepwise to various depths, some species would prove to be specific to certain
depths.
Based on the hundreds of vertical net operations we performed at various
depths, we dare assert that the most interesting representatives of the deep
pelagic fauna are found only beyond a depth of 600 to 800 meters. Because
the vertical net captures everything that swims at great depths or near the
surface, we conducted several operations at the same location in a stepwise
fashion, always capturing these peculiar forms only when the net was lowered
to depths greater than 800 meters. (4, p. 544, Carl Chun).
This simple, stepwise method of exploring the deep pelagic realm was highly informative and
brought to light the pelagic lifestyle of species such as the aforementioned crustaceans of the
genus Gnathophausia. More importantly, the vertical net was considerably larger than the closing
net, which was only capable of capturing smaller organisms, and thus enabled the members of
the Valdivia expedition to capture a much larger segment of the deep pelagic biodiversity.
Many of these were completely new species, such as the deep pelagic forms of the phylum
Ctenophora. Surprisingly rich were also the findings among the species of fishes. Thanks
mainly due to the use of the vertical net the expedition was able to find no less than 180
species, of which a large portion remained unidentifiable when compared to known species.
Still, that was not what most surprised the naturalists.
It is less the great number of new species, genera and even families that is
surprising, but rather more the astonishing, often monstrous shapes and the
highly unusual adaptations to an existence in the unlit depths, that these
present us with. (4, p. 557, Carl Chun).
The deep pelagic realm was opened up to reveal creatures so unusual in their anatomy and
physiology that the significant taxonomic achievements became a background issue (see figure
II, 1 and II, 2).
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Figure II, 1. Eurypharynx pelecanoides
Commonly known as the Pelican Eel, a rare species of pelagic fish caught during the
Valdivia Expedition (4, p. 557).

Figure II, 2 Deep pelagic fishes
a) Melaostomias melanops, a species of barbeled dragonfish. b) Gigantactis vanhoeffeni. c)
Cryptopsaras couesii. d) Melanocetus Johnsonii, commonly known as the humpback anglerfish.
e) Melanocetus Johnsonii. (4, p. 558).
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The exploration of the deep pelagic realm also played a key role in understanding a particularly
difficult question. While exploring the Antarctic region near Bouvet Island, the Valdivia
expedition had found a familiar looking Sea pen from the genus Umbellula, most closely
resembling the Arctic species U. encrinus. While the similarities were close, German zoologist
Willy Kükenthal (1861-1922) decided to treat it as a variety of U. encrinus, calling it U. antartica.
Once again the genus Umbellula served to illustrate an unresolved question about the
distribution of species in the deep sea. How could Arctic and Antarctic species be so highly
similar? Was this a case of convergent evolution? Or did it indicate an evolutionary kinship? In
the latter case it would indicate a migration of benthic species across the seafloor, but that did
not explain the similarities between the pelagic fauna of the Arctic and Antarctic when viewed
from the perspective of there being an intermediate lifeless zone as advocated by Agassiz. The
pelagic fauna would not migrate across the seafloor and the variations in the environmental
conditions in the surface layers meant there were natural barriers preventing migrations. The
ocean currents off the South-African coast presented one such barrier, where warm and coldwater currents ran next to each other in opposite directions. It would not be possible for
species adapted to one climate to pass through the opposing current from a different climate.
That these barriers were effective was easily illustrated by a cursory investigation of the surface
plankton, which differed radically once the ship passed from one current to another. The key
to resolving this apparent problem lay in the rejection of the concept of an intermediate lifeless
zone. By investigating the deep pelagic with the vertical net during the Valdivia expedition, it
became clear that at certain times during the year curious species would reach the surface
waters, and that in order to find these same species during other times one had to use the net
down to greater depths. The species that showed this vertical migration proved to be
cosmopolitan in their distribution. Their adaptation to the colder waters of the deep pelagic
realm meant they could live near the surface of the colder waters in the Arctic and Antarctic
regions, while using the deep pelagic waters in tropical regions as a corridor.
In the deep and cold waters of the tropical regions there is in fact, as the
findings with the closing net prove, a mixing between Arctic and Antarctic
surface species. (4, p. 564, Carl Chun).
In the treatment of the adaptations to life in the deep sea, Chun focused primarily on the eyes
and bioluminescence. Reduction of the eyes was considered more prevalent among the benthic
species compared to pelagic ones. Such reduction of the eyes was known to occur quite
frequently among terrestrial cave dwelling animals but, in agreement with Agassiz, it was not
considered to be as frequent in deep-sea species. This indicated that the darkness found in
terrestrial caves and that found in the deep sea did not exert the same evolutionary pressure on
the eyes. The deep-sea environment is unlike a cave in an evolutionary sense, although Chun
did discover a curious similarity between the snout of the benthic species of the family
Onchocephalidae (currently called Ogcocephalidae) and the snout of some species of bats (see
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figure II, 3). The similarity was so striking that they have become popularly known as
‘batfishes’ or ‘seabats’.

Figure II, 3. The family of Onchocephalidae (Ogcocephalidae)
The first dorsal spine is located on the tip of the snout (2a and 5a) and functions as a lure
homologues to the prominent lure found on the anglerfishes of figure II, 2 (excluding the
stomiid Melanostomias melanops). (4, p. 568).

Bioluminescence had been known for centuries, and it was clear at the time of the Valdivia
expedition that the animals themselves produced the light. Careful anatomical examinations
indicated that in at least some cases the light organs had nerves connected to them, suggesting
the animal had control over the light being produced. This was most notably the case in
species with light organs close to the eye, which suggested that the light was used as a
searchlight to illuminate prey. In other cases though, the light organs were located where the
light would fall outside the field of view of the animal itself, suggesting a completely different
function. As more types of bioluminescent organs became known and functions had to be
attributed to these, it led to some interesting speculations. For instance, in analysing the
patterns in the placement of the ventrally located light organs of Cyclothone elongata (currently
Gonostoma elongatum), German zoologist August Brauer (1863-1917) saw a fierce animal with a
distinct ‘tiger stripe’ pattern. The parallel with surface species and land animals suggested to
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him a similar function, and thus an image emerged of bioluminescence as the deep sea’s
counterpart to colour patterns in the sunlit regions.
It would provide a magical sight, if it be possible, to see a living deep pelagic
fish shine in its phosphorescent glow. Should the colour emitted by the
individual organs also vary, than the resulting vibrant phosphorescence in its
original pattern, which would light up the mysterious dark abyssal regions like
lightning, would be an interesting deep-sea adaptational counterpart to the
colourful patterns of the organisms from the sunlit realm. (4, p. 572-573, Carl
Chun).
Of course if colours were used in such a fashion, visual perception would have to be an
important sense in the deep pelagic realm. Thus attention was once again drawn towards the
eyes. It had been noticed earlier that some crustaceans had transformed their eyes from the
normal spherical shape into something more resembling a telescope. The Valdivia expedition
added to this a number of fishes and cephalopods with similar adaptations, as well as an
anatomical analysis of the development of such tubular eyes. The analysis of Brauer of the
development of the eyes in the fish species Disomma anale (currently Scopelarchus analis), showed
that the eyes exhibited an asymmetrical development from a more conventional shape (see
figure II, 4) into a tubular eye (see figure II, 5).

Figure II, 4. Disomma eye (early)
Cross section of the early stages of development of
the eye in Disomma larva (adapted from 4, p. 575).
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Figure II, 5. Disomma eye (late)
Cross section of the fully developed eye of
Disomma (adapted from 4, p. 576).

The development showed an increased distance between the lens and the retina, which led
Brauer to conclude it resulted in myopia, or near-sightedness. Distant objects would not be
focussed correctly, while near objects would be much clearer. This was considered to be
advantageous for life in dark surroundings where visibility was limited to those areas close to
the animal, being lit only by the light it produced itself. Any prey that would inadvertently
wander into the searchlight of the animal could be targeted more quickly and accurately thanks
to the tubular eyes. Chun considered the adaptation to be highly effective, as the various
animals with tubular eyes did not seem to be closely related. This was thus a case of convergent
evolution, which was shown even in cephalopod species. Cephalopods have eyes that look very
similar to vertebrate eyes, yet they have a different evolutionary origin. That both vertebrates
and cephalopods posses spherical and tubular eyes was thus a highly interesting evolutionary
finding.
By looking further and trying to fill the gaps left by other expeditions, the Valdivia
contributed greatly to the knowledge of an increasing number of unique adaptations to life in
the deep sea. To investigate these many adaptations thoroughly was beyond the capacity of the
Valdivia’s scientific staff and those connected to the expedition. Chun realized that the
uniqueness of the adaptations meant that even a single deep-sea fish could become the life’s
work of a talented researcher. Taking a step back and looking at the general features found, he
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also noticed that although certainly unique and often without terrestrial analogues, the deep-sea
adaptations nevertheless did conform to evolutionary principles.
Everywhere the strange, the amazing, the never before seen. And yet it
never goes so far that new body plans, new types, which have no analogue
on the surface, challenge us. It is always limited to adaptation and
transformation of forms, which in their organization are subject to the same
laws as the rest of the living world. One thinks to perceive an old, long
familiar melody, which grippingly returns anew in endless variations. (4, p.
581, Carl Chun).
The Valdivia expedition contributed greatly to filling in the gap left by the Challenger
expedition and Alexander Agassiz, the deep pelagic realm was convincingly proven to be full of
life. Although this life seemed wonderfully weird and unusual thanks to its many curious
adaptations, preliminary investigations into the nature of these adaptations showed no signs of
conflict with established biological theories such as that on evolution. Chun concluded quite
the opposite. What these curious adaptations seemed to underline was the limitless capacity of
life to adapt to any environment on this planet, even the challenging deep pelagic realm. The
expedition benefitted greatly from the momentum created by the Challenger expedition and
the resulting popularity of deep-sea exploration. It helped to illustrate the potential for
significant scientific results, which in turn would help Germany’s reputation as an important
scientific nation. It also drew in charitable support from corporations, something which so far
had not been seen in such a prominent manner.

PRINCE ALBERT I OF MONACO (1848-1922)
The history of oceanography knows many names, names of people, names of ships, all of
which are synonymous with particular developments and unique contributions, which
solidified those names in the history of this field of science. Some of those names stand out,
even in a field of excellence they manage to jump up and grab our attention. His Serene
Highness Prince Albert Honoré Charles Grimaldi of Monaco is one of those names. He was a
ruling monarch who earned his place among oceanographers such as John Murray, Alexander
Agassiz and Carl Chun, not by means of acting as a patron to science, but by making his own
unique contributions to the progress of oceanography. Although he was not the only monarch
to take an active interest in oceanography - King Carlos I of Portugal (1863-1908) published
his own oceanographic work under the name Don Carlos of Braganza 20 - the contributions of
Albert I have been uniquely diverse and lasting.
Albert I developed a very close bond with the ocean early on in his life, during his
time with the Spanish Navy where, he said, “sailors of the old school taught me navigation,
bringing me into such close contact with the sea that the union has become indissoluble” (cited
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in 21). This union lasted his entire life, but it was the Challenger expedition and his close
connection with Alphonse Milne-Edwards (1835-1900), which led him to undertake his own
oceanographic investigations starting in 1885.
The example of all this devotion to scientific research gave me (a pupil of
Spanish sailors) the ambition to contribute my share - and I would make it as
large a share as possible - to the advancement of oceanography, of a science
well fitted to seduce the imagination by the bond which it forms between
poetry, philosophy, and pure science. (22, Prince Albert I).
These words were not an exaggeration, as Albert I used all the advantages his position offered
in order to advance the science of oceanography as much as he possibly could. Money, political
influence and sheer ingenuity combined in one person to result in a lasting legacy. He was a
man of science who understood the temptations of the sea to lead mankind to “prejudice and
childish legend” 22, and the need for scientific exploration of the oceans in order for truth to
prevail. Those explorations started in the summer of 1885 when Albert I took out his schooner
‘Hirondelle’ for the first of many long cruises that would eventually take him as far as the
American coast. His exploration of the deep sea was initially done in an old-fashioned manner,
as depths of up to 1,600 fathoms were explored with no help other than fourteen sailors
working the winches by hand. Even at this early stage in his scientific career, his ingenuity
started to surface. Interested in the currents of the North Atlantic, he used a series of floats in
order to develop insights into the large-scale movements of the surface waters. The floats were
launched in three consecutive years from 1885 onwards. Although the design of the floats
varied between glass, wood and copper, they were all designed to sink just deep enough to
avoid the influence of the wind. In total a number of 1,675 floats were launched, filled with
sealed glass tubes in which a notice was placed in various languages asking the finder to return
the notice with a record of the place and date of finding.
By 1892 a total of 226 floats were returned, allowing Albert I to draw up a
preliminary map of the surface currents in the North Atlantic. Other physical characteristics
were also investigated, such as temperature, density and of course light. The investigation of
how deep light penetrated the water was conducted with an innovative device, designed by
Paul Regnard, whose own unique contributions to deep-sea biology will be discussed later. The
device was named a ‘photometrograph’ and consisted of two light meters, one to be used on
board, the other to be lowered to a specific depth. In each meter a scroll with light sensitive
paper would roll synchronized with the other past an opening, and markings on the paper
would indicate the elapsed time. After the measurements the two papers could be developed
and a comparison could be made between the light intensity on the surface and down at depth.
The results from his experiments to the south of Madeira seemed to indicate to Albert I that
light lost its intensity rather quickly, being almost lost at 40 metres of depth (original results
shown on Plate III in 23).
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This spirit of innovation was strong in the work of Albert I. Especially in his
investigations of the biology of the deep sea he made striking scientific contributions to
oceanography, and as his investigations progressed, so too did the size of his ships and the
types of equipment he used. The ‘Hirondelle’, which he used at the start of his investigations in
1885 was replaced by the ‘Princess Alice’ (1889), later came the ‘Princess Alice II’ (1898) and
finally in 1911 the ‘Hirondelle II’ his fastest yacht. During his investigations of deep-sea
biology, Albert I applied a division of deep-sea organisms into two classes as proposed by
German biologist Ernst Haeckel (1834-1919). A class of freely moving organisms between the
surface and bottom called ‘plankton’ (differing from the modern use of the term), and a class
of organisms associated with the bottom called ‘benthos’. Plankton included everything from
the biggest whales to the smallest microscopic organisms at all depths.
For his investigations of the seafloor, Albert I used the familiar tools such as the trawl
and dredge attached to a steel cable. These had become standard equipment, as they were
inexpensive, yet effective for catching sedentary animals. At one point he realized that these
methods had their limits and that not all animals would sit and wait while a big net in a cloud
of mud was being dragged in their direction. For more active animals a different solution had
to be found. Considering the possible options, he concluded it would be preferable to have the
animals enter a trap under their own free will. This led to the design of huge baited traps.
These were so large that they could hold four or five people, and their construction was simple
in order for them to be made on board. Within the main trap, a number of smaller traps were
fitted, which functioned as refuges for smaller species. This would avoid losing them as lunch
to the bigger species in the traps. Their use, even at depths as great as 3,000 fathoms, was
highly successful, and Albert I managed to capture several species not caught by any other
means. The main downside of the use of these traps was that the buoy at the surface, signalling
the location of the trap, had to be kept in sight in order to make sure the trap could be
retrieved. A notable improvement proposed by Regnard was to include an electric light in the
trap. It had been noticed that any shiny object, such as a piece of glass, would help attract
animals such as crustaceans, and based on that thought a light suitable for use at great depths
was built into the trap.
During the last part of the nineteenth century, Albert I conducted investigations into
the deep pelagic realm, the intermediate zone thought by Alexander Agassiz to be devoid of
life. At the time only one closing net was available, which moreover had a limited capacity.
One of the most ingenious ways of solving the problem came about by accident. This event
took place in 1895 while exploring the deep sea near the Azores (22 and 24, p.121). The crew of
a nearby ship had hunted a sperm whale. During the battle the animal had charged the Princess
Alice and had died under the stern of the ship right after vomiting out its last meal, which
consisted of a large squid. The species could not be classified under any known genus, family
or even order 22 and was aptly named Lepidoteuthis grimaldii, or the Grimaldi scaled squid. This
spurred Albert I on to use top marine predators as his own private falconry in an effort to find
new pelagic species that would otherwise escape capture by man. In the case of large cetaceans
he would intentionally provoke them into vomiting out their last meal by harpooning them. As
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the diet of large cetaceans such as sperm whales consists for a predominantly of various types
of deep pelagic squid, new insights developed into some of the most elusive and extraordinary
species of the deep pelagic realm; immense squid species such as from the genus Architeuthis
(giant squids) and the only known species in its genus Mesonychoteuthis hamiltoni (the colossal
squid). Although the giant beasts are certainly the most striking, Albert I also enlisted the help
of smaller predators such as tuna fish, which feed on deep pelagic fish, cephalopods,
crustaceans and molluscs.
The oceanographic work of Albert I was by itself an accomplishment most scientists
could only dream of, but they were only one part of his legacy. Two other deeds have become
a lasting part of that; the Oceanographic Institute in Paris and the Oceanographic Museum in
Monaco. The first was established in 1906 and the second opened in 1910, both were part of
the efforts of Albert I to make his share in the advancement of oceanography as large as
possible. It was not simply a matter of providing funds; he established three professorships at
Paris, one for physical oceanography, one for biological oceanography and one for the
physiology of marine life. He also contributed to lecture materials. For instance, his interest in
using photography and cinematography meant that a special room was fitted with some 96,000
lantern slides 25, while the cinematograph was to be used to record the workings of
oceanographic equipment on board his ships, for use during the instructions at the Institute 21.
The position of administrator of the Institute in Paris was taken up by his friend Paul Regnard,
who was given residence at the Institute in order for him to always be on the spot. Four years
after the establishment of the Institute, Albert I demonstrated his passion for oceanography
once more with the grand opening of the Oceanographic Museum in Monaco. The event
lasted from March 29 to April 1 and was attended by political and scientific dignitaries from
across the world. The event was such a big international happening that the notable absence of
a representative of the British Government caused much consternation 21, although Great
Britain was well represented by scientific dignitaries such as Sir John Murray, Sir William
Herdman (1858-1924), and representatives of several prominent scientific societies. Both the
Institute in Paris and the Museum in Monaco were partly national affairs, as far as the business
side was concerned, and partly international affairs, as far as the scientific and technical sides
were concerned. Albert I had been a great proponent of internationalization and the
international scientific committee attached to the Institute in Paris included British,
Norwegian, Swiss and American scientists, and despite the poor relationship between France
and Germany, also included several prominent German scientists such as naturalist Carl Chun
and meteorologist Hugo Hergesell (1859-1938). This was typical of the approach to science
and politics by Albert I. Another example of how he used his science for political purposes can
be found in his attendance of the Kiel regatta week, which by 1914 Albert I had done eleven
times in order to promote a rapprochement between France and Germany 26.
Prince Albert I of Monaco contributed a significant share to the advancement of
oceanography. These achievements were in part attained through his skilful exploitation of his
position as a ruling monarch. Besides those achievements, his views on nature are of note as
well. These seem to be some of the earliest scientifically informed views that place terrestrial
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life second to marine life, as his own words, spoken during his opening address at the events
surrounding the opening of the Museum in Monaco, so beautifully illustrate.
The analysis of recognized facts on the formation and course of the world,
soon made it evident that the ocean had played the chief part in the series of
causes and effects to which is due the first appearance of life. Then the
investigation of the waters excited the enthusiasm of savants, as well as of
the increasing multitude of those who understand the pleasure of knowledge
and desire to oppose the brutal army of ignorance.
Oceanography has shown that even the abysses of the sea, far from being
uninhabited, as badly informed savants formerly declared, are much more
densely populated than the atmosphere, where life occupies a single level.
Then it points to the basin of the seas, this natural crucible in which float in
solution the elements furnished by the Earth for the formation of
organisms, as the cradle of the first living cell. And hence we may believe
that we, beings leading a terrestrial life, are refugees escaped from the ocean
with the energy distilled in the bosom of the waters which furnishes our
bodies with the forces of life and reproduction. (21, Prince Albert I).
Here, the tables have been turned, as we are considered refugees who have left behind the
oldest and biggest province of life, secluding ourselves on tiny islands where we vainly
pronounce ourselves the pinnacle of evolution. Visible here is the rising importance of the
marine domain for biology as a whole, and evolution in particular. Fundamental questions
about the origin and evolution of life were being raised, while at the same time deep-sea
biology diversified into ever more specialized fields.

EXPERIMENTAL DEEP-SEA BIOLOGY
By the end of the nineteenth century, much work had been done on uncovering this new realm
of life (the deep sea) and much of it was focussed on taxonomy, anatomy, and species
distribution. Biology in general, however, had by this time developed a wide array of
specialized research fields, and the methods of which were also relevant for the investigations
of the deep sea. Although not without considerable challenges, experimental research
approaches could greatly contribute to the understanding of the physiological effects of the
environmental conditions in the deep sea. The two most prominent factors to be investigated
were hydrostatic pressure and the diminution of available light.
One of the most ingenious early experimental researchers was the aforementioned
friend and collaborator of Prince Albert I of Monaco, Paul Regnard. His 1891 book, Recherches
expérimentales sur les conditions physiques de la vie dans les eaux 23, contains a singularly interesting
collection of a wide array of experiments concerning all aspects of life in the oceans. Most of
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these experiments were developed and conducted by Regnard himself, who displayed all the
polymathic talents of a Renaissance man. Like Albert I, Regnard recognized the consequences
of the abundance of life at all depths in the ocean, which dramatically increased the relative
importance of the oceanic realm within the biosphere. In terms of surface area, Regnard
calculated a ratio of land to sea of 1:2.6 (23, p. 1-6), but the real difference lay in terms of
volume. In a schematic representation (see figure II, 6), Regnard visualized the difference in
volume between water mass and landmass. Although the land mass cannot be taken as
indicative of the volume of the terrestrial habitat, the figure did have the effect of showing how
dominant the volume of the aquatic habitat was.

Figure II, 6. Schematic representation of land
and water mass on earth (23, p. 5).

With all the knowledge that had been developed during the previous decades, Regnard drew
his conclusions for general biology, based on the implications of such a huge volume of water
being fully inhabited by life.
No naturalist will accuse me of exaggerating if I say that there exists not a
single litre of water in the sea that does not contain at least one living being in fact one should in many cases say that there are hundreds of living beings
there. The Ocean, much more than the Earth, is the domain of life; and if
on hot summer days, we are astonished by the multitude of insects that buzz
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about us and disrupt the silence of the countryside, how would our reaction
be if our perceptual apparatus allowed us to see the myriads of crustaceans
which swarm in each cubic centimetre of sea water? Water is alive; and it is
from water that life emerged at the beginning of our world.
It is even possible to establish from this point of view a contrast between
the waters and the earths: The latter are the domain of plants; the former
remain the habitat of animals. (23, p. 6, Paul Regnard).
Regnard concluded that due to the sheer scale of the volume that was inhabited at every level,
the oceans, not the terrestrial realm, were the primary domain of life. Planet Earth started to
become planet Ocean, although when designing his experiments, the basis from which
Regnard worked still evolved around the more readily available species of the terrestrial realm
and surface waters.
Before starting the experiments in the laboratory, Regnard made some interesting
contributions to the equipment used for exploring the deep sea. We have already mentioned
the addition of an electrical light to the large baited traps used by Albert I. For the purpose
Regnard designed a way of taking a battery down to great depths in order to supply the power,
and a way to compensate the pressure at such depths. He argued that the main problem was
the pressure difference between the inside of the device and the outside. By attaching a balloon
of the right size filled with air, the problem could be solved. The hydrostatic pressure would
exert its influence on the balloon, pushing the air into the device, alleviating the pressure
difference with the outside proportional to the hydrostatic pressure at whatever depth the
device was lowered. In an attempt to simplify the lit traps further, the use of phosphorescent
tubes was also considered. The tubes would be filled with paraffin, which is not easily
compressed, making them resistant to pressures of 800 atmospheres, or a depth of 8,000
metres. The phosphorescent tube could be exited (or charged) with daylight, after which it
would produce its own light for a period of time without the need for a power supply. Other
interesting devices included a deep-sea photographic camera (see figure II, 7), an alternative
method of sounding (see figure II, 8) and a selenium-based light meter (see figure II, 9).
Regnard felt that while observations were essential, they were only part of the
research, and needed to be complemented by experimental research. In order to investigate the
effects of high hydrostatic pressure, Regnard considered the options that were available. It
would be easiest to conduct such experiments in the deep sea itself. One could lower a fish
down to great depths and observe the effects. But such an experiment was considered cruel
and furthermore subject to too many variations to be informative. What was required was an
experiment in a laboratory environment where all conditions could be monitored and
controlled. The challenge was to create a device capable of exerting and supporting 1,000
atmospheres, replicating the pressure at 10,000 metres. For this purpose Regnard adapted a
device used by Louis-Paul Cailletet (1832-1913) for the liquefaction of oxygen. His adapted
version (see figure II, 10) allowed pressure to be built up by using two wrenches. Glass tubes
would be introduced with the substances to be put under pressure inside. The tubes were only
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used as a means of containing the substance and would be subjected to pressure both inside
and outside, as otherwise the glass would not be capable of resisting the pressure difference.

Figure II, 7. Underwater photographic camera
Placed on a frame to ensure the correct focus distance,
the camera could be lowered down to greater depths with
use of a balloon for pressure compensation. Two electric
lights would provide the required light for correct
exposure. The camera was activated automatically by
means of a rotating disc that functioned as a shutter. The
disc with one opening would turn like a clock, eventually
exposing the light sensitive plate for a period of time (23,
p. 72).
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Figure II, 8. Bathomètre
Not satisfied with the accuracy of depth measurements through
sounding, Regnard developed a device for measuring the depth
based on the calculability of the compression of seawater at depth.
The device is lowered with the tap in situation 1, allowing water to
freely enter a large copper cylinder. Upon hitting the seafloor the
lever L changed in position as the weight of hook G was relieved,
adjusting the tap to position 2. Communication was now only
possible between the cylinder and an empty balloon for the
purpose of compensating the change in volume during the ascend.
On deck the water volume could be measured and compared to
the volume of the cylinder. The volume of the water would be
greater than the volume of the cylinder in a manner directly
proportional to the depth at which the cylinder was closed (23, p.
127).
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Figure II, 9. Selenium-based photometer
For the purpose of determining the depth to which light
penetrates the water, a photometer was constructed based on
the photosensitivity of selenium. Selenium had the property of
reducing in electric resistance when exposed to light. By
connecting the photometer to a galvanometer, which (for
technical reasons) had to be situated on land, it was possible to
register the variation in light intensity. Unfortunately the
sensitivity was only good enough for measurements down to
11 metres, after which the light was not strong enough to
influence the resistance of the selenium element (23, p. 208).
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Figure II, 10. Pressure device
The device is operated by wrenches C and C`. Samples
are placed in tube T, which is pressurized on both the
inside and outside to prevent damage (23, p. 142).

The first experiments were simple in nature. Two tubes were used which contained yeast and
sugar. One tube was simply put aside as a control under normal atmospheric pressure, while
the other was placed under pressure. Through a series of these experiments Regnard showed
that by increasing the pressure he could suspend fermentation. The yeast would simply become
inactive, but not dead. After releasing the pressure, the yeast would become active again. The
higher the pressure, the more slowly the fermentation would start up again. Checking under a
microscope, Regnard found no visible effects in the yeast, although he did not exclude that the
pressure could have adversely affected the yeast. The main conclusion was that hydrostatic
pressure caused latency in unicellular organisms, which was especially noticeable when the
pressure exceeded 400 atmospheres. This latency was an important aspect in addressing an
open question about the deep sea. Early observations suggested that the process of
putrefaction of the remains of surface animals that had sunk to the bottom was slower, maybe
even absent, and Regnard wanted to test this experimentally. He was, however, not the only
one to consider this issue. Fellow French scientist, Adrien Certes (1835-1903) was conducting
experiments using the same device by Cailletet. Certes had also been able to isolate deep-sea
microorganisms, which he successfully cultured and showed to be aerobic organisms 27, 28. As
both Regnard and Certes were interested in the question of decomposition of organic matter in
the deep sea, they conducted similar experiments. Regnard conducted a series of experiments
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with tubes filled with egg (white and yellow), meat with putrid blood, milk, and other
substances known to putrefy easily. His samples under pressure differed radically from his
control samples at normal pressure, no putrefaction was observed in the experimental highpressure samples. Certes on the other hand did observe some putrefaction in his experiments.
The difference appeared to be the level of pressure, which was higher in the experiments of
Regnard (600-1,000 atmospheres) compared to those of Certes (400-500 atmospheres). Certes
also opened the unit during the experiments, which allowed possible contaminants to enter the
samples. Both did observe a general latency in the microorganisms subjected to high pressure.
These were not the species from the deep sea by Certes, but instead were still limited to
common species such as the aforementioned yeast. Certes only did one experiment with the
isolated deep-sea microorganisms, an inoculation of guinea pigs. The organisms showed no
pathological effect and appeared to die off instantly. Considering the physiology of deep-sea
microorganisms, both Certes and Regnard concluded that based on their results it was likely
that they were specially adapted to the conditions of the deep sea. This meant that those
microorganisms found in the deep sea were native to the environment and not surface species
that had drifted down.
These, then, were some of the earliest attempts at deep-sea microbiological research.
Regnard continued his investigations by scaling up his experiments in order to investigate the
effects of high hydrostatic pressure on various larger organisms. He started with anemones and
moved on to crustaceans, fish and frogs. During the first experiments he noticed that fish and
frogs displayed rigidity after being subjected to high pressure and were heavier than before. In
order to investigate what was happening to the tissue, he followed the method of preparation
by Luigi Galvani (1737-1798). Regnard stripped off the skin of two sets of legs of frogs and
wrapped one pair of legs in impermeable rubber. These were subjected to the same high
pressure as before. Afterwards he observed that the unprotected legs were rigid and heavy,
while the protected legs were still soft and had retained their original weight. It appeared that
under the high pressure water was penetrating the tissue and histological examination revealed
extensive damage to the tissue. The question that arose from these results was whether or not
this damage had been caused during the compression phase or the decompression phase. In
order to investigate this properly, Regnard concluded that direct observation was required in
order to visually identify the moment in which the tissue was damaged. This motivated him to
develop a means by which to observe the effects of high pressure on a variety of subjects
directly. Such a device was challenging to construct, as the means of observation had to be a
window of some kind that was capable of withstanding immense pressure. For this project
Regnard received help from two companies, E. Ducretet & Co, a specialist in scientific
equipment, and Saint-Gobain, a glass specialist. The latter company managed to create glass
elements in two sizes, 15 x 40 millimetres capable of withstanding 1,000 atmospheres, and 55 x
55 millimetres capable of withstanding 500 atmospheres. The two differently sized portholes
could be used in an adaptable version of the pressure device used earlier, in order to create two
configurations (see figure II, 11 and II, 12). In either configuration a set of two of the same
sized portholes would be placed in the device opposite each other in order for light to pass
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through, making observation possible by shining a light through one side and projecting the
image with the help of an objective on the other side (see figure II, 13).

Figure II, 11. High-pressure configuration
This configuration was capable of withstanding 1,000
atmospheres. A, A`) Glass elements. f ) cables of lift, which
is operated by V. L) Objective (23, p. 170).

In the high-pressure configuration (see figure II, 11) the portholes would be small and it would
be difficult to have the subject in view, especially if the subject was a small, mobile organism.
In order to improve this situation, a small lift was created inside the device that would allow
the observer to change the position of the subject inside the pressure chamber in order to keep
it in view. Despite several weak points in this device, Regnard was able to operate it at 1,000
atmospheres without any leakages. The lower pressure setup (see figure II, 12), used for the
observation of the frog legs, did not have the lift, but instead a set of electric wires in order to
stimulate the muscle response of the legs in the same way as the classical experiments by
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Galvani. Stepwise increasing the pressure from 100 to 200, 300 and 400 atmospheres, Regnard
showed that the muscle response weakened with increasing pressure as a result of the
stiffening of the muscles. Response time to the electrical stimulus also slowed down in direct
relationship with increasing pressure. Regnard concluded that water invaded the tissue under
pressure and caused the damage already at that point. Although highly informative, these
experiments were being conducted with species not native to the depths at which such high
pressures were found. As such, these experiments explained above all how maladapted surface
and terrestrial life would be if exposed to the conditions at great depths and thereby
demonstrating that the physiological adaptations required would be quite extensive. The critical
point, according to Regnard, would be found at a depth of around 4,000 metres. At any greater
depths the problems caused by the high hydrostatic pressure would be too much to be
overcome by those species not evolved to cope with them (23, p. 180).

Figure II, 12. Low-pressure configuration
This configuration was capable of withstanding 500
atmospheres. V, V`) Glass elements. O) Objective. F, F`)
Electrodes (23, p. 172).
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Figure II, 13. Demonstration of the pressure device by Paul Regnard (23, p. 185).

Besides pressure, the diminution of light was an important environmental factor that would
challenge life at great depths. Like others, Regnard understood the importance of light for the
primary production of plants, and together with Paul Bert (1833-1886), he set up experiments
to uncover some of the consequences for plants of the diminution of light in the sea. Regnard
understood that light did not diminish in its intensity across its full spectrum, but rather that
certain parts of the spectrum were filtered out earlier than others. With use of a
spectrophotometer it was found that the red part of the spectrum was absorbed first. With
help of Bert, Regnard set up experiments to determine which part of the spectrum was most
important for plants. Using a double walled flask that could be filled with a fluid of choice they
tested the effects of three filters, one made by a solution of chlorophyll in alcohol, one by a
solution of iodine in carbon disulfide, and one where light could pass freely.
The solution of chlorophyll in alcohol functioned as a filter for those frequencies
used by the chlorophyll, most noticeably the red frequencies. The solution of iodine in carbon
disulfide did the inverse and blocked out the entire spectrum except for the red frequencies.
The third functioned as a control where the plants, garden cress, would grow normally. In the
relatively well lit flask where only the red part of the spectrum was blocked out the plants
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withered and died, whereas in the darker flask where all but the red part of the spectrum was
blocked out the plants grew very well. A similar experiment was set up in a dark room where a
small bundle of parallel light entered and was split up by a prism. The split spectrum was used
to light barley which grew only at two places in the spectrum, some growth taking place at the
location of the blue frequencies, but the strongest growth was found at the location of the red
frequencies. This showed that the primary frequency of light used by chlorophyll was red, the
same frequency most easily absorbed by water. Regnard concluded that plant life was thus
most strongly affected by the diminution of light with increasing depth. Plant life was still able
to adapt to the lighting conditions deeper down as the blue spectrum was sufficient for some
photosynthesis to occur. Bert and Regnard showed this in an extra experiment whereby a plant
was lit only by a dim blue phosphorescent light source. It provided important knowledge of
the process of photosynthesis in the marine environment. Through Regnard’s experiments it
was shown that plants could, to a certain extent, adapt themselves to slightly deeper regions by
making more effective use of deeper penetrating light frequencies such as blue. At the same
time it affirmed the view that there was no photosynthesis and thus no primary production in
the deep sea.
The work of Paul Regnard is difficult to place within the history of oceanography.
There is no doubt that his book Recherches expérimentales sur les conditions physiques de la vie dans les
eaux contained some of the most advanced ideas and experiments of the nineteenth century.
The book is a comprehensive study of all aspects of aquatic life, from physical aspects such as
temperature, to the effects of high hydrostatic pressure on the physiology of various
organisms. The talent of Regnard was certainly acknowledged by his mentor Paul Bert and his
friend Prince Albert I of Monaco, and his position as administrator of the Oceanographic
Institute in Paris was a testament to that. But despite his accomplishments, his name and work
have passed into relative obscurity. One of the few people to pay attention to the work of
Regnard in more recent times was American physiologist Wallace O. Fenn (1893-1971), who in
1970 wrote a review of La vie dans les Eaux 29 and a short history of the investigations into the
physiology of life under pressure in which the work of Regnard features prominently 30. It is
beyond the scope of this thesis to investigate the extent to which Regnard influenced the
direction of experimental deep-sea biology, but I would tend to agree fully with Fenn that the
work of Regnard deserves to be better known, as the roots of the science of barophysiology
(the study of the physiological effects of pressure) can be traced back to these first efforts of
his.

MARINE BIOLOGICAL RESEARCH STATIONS
Following the Challenger expedition there was a time of great interest in the marine
environment. Not only was there a significant increase in oceanographic expeditions, but there
was also a notable rise in the number of marine biological research stations worldwide. These
stations, especially in Europe, were mostly supported by state and local funds and connected
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with institutes of higher education such as universities. However, at the start of the twentieth
century the role of marine biological stations would shift as concerns about the environment
and fish stock started to increase. The honour of having established the first permanent marine
biological station must be attributed to the French, who established their station at Concarneau
in 1859 (ref. 31, p. 36). Some earlier stations are known, such as the Belgian station at Ostend
of 1843 (ref. 31, p. 89). However, these stations were of a more temporary nature so stations
could be moved from one location to another, something that was also the case for the Dutch
Zoological Station, which was established in 1876 (ref. 32). The French were particularly
industrious when it came to establishing biological research stations, as by 1910 France had no
less than twenty-six marine or fresh water biological stations (31, p. 35) - although that number
does include the institutions established by Prince Albert I of Monaco and the station at
Villefranche-sur-mer, which came under management of the Russian government from 1882.
Italy, in contrast, had only a few stations, despite its long coastline relative to its surface area
and a historically strong relationship with the sea. The reason for this is said to be the preeminence of the station at Naples (31, p. 7).
The Stazione Zoologica in Naples represented in many ways the exception, but was at
the same time generally viewed as a model for other biological stations. Its foundation and
unique characterization were the work of one man, the German zoologist Anton Dohrn (18401909). Because he was strongly influenced, during his time at Jena, by Ernst Haeckel’s
recapitulation theory, the theory that embryonic developmental stages display consecutive
elements of evolutionary ancestry, Dohrn had become a strong proponent of Darwinian
theory. This conviction was combined with his strong interest in marine biological organisms,
which was typical of German scientific culture of the nineteenth century, in particular thanks
to the work of Johannes Müller (1801-1858) (ref. 33), which drew Dohrn’s attention to the sea.
It was during a stay at Messina in the winter of 1868-1869 that Dohrn, together with his friend,
the Russian biologist and anthropologist Nicholas Miklouho-Maclay (1846-1888), decided to
establish a network of research stations. Maclay would go on to establish the Watsons Bay
Marine Biological Station in 1881, the first station in the Southern Hemisphere (nearby Sydney,
Australia). Dohrn initially planned to establish a station at Messina, but decided in favour of
Naples instead. His plans received international support, which in 1870 he included the British
Association for the Advancement of Science. The British Association created a committee,
although without grant money, for Dohrn to advance his plans to set up a network of research
stations.
That Dr. Anton Dohrn, Professor Rolleston, and Mr. P.L. Sclater be a
Committee for the purpose of promoting the foundation of Zoological
Stations in different parts of the world, recognizing the foundation of a
Zoological Station at Naples as a decided step in this direction; that Dr.
Anton Dohrn be the Secretary. (Recommendation adopted by the General
Committee of the British Association for the Advancement of Science at the
Liverpool meeting 1870. (34, p. lxi).
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This meant that from its earliest onset, the zoological station at Naples could rely on a broad
basis of international support, and explains why so many other stations looked at the station as
an example. As the financial means came primarily from his own pocket, this allowed Dohrn
to realize his ideal of a research environment, where science was combined with art and
culture. As a result of this, Dohrn has been described as a ‘Renaissance prince’ 33. The effect
Dohrn was after, was to create an experience for any scientist visiting Naples that would be
memorable and fruitful. Both aims were convincingly achieved. While the station’s decorations
of frescos and statues provided a lasting memory to many visitors, the scientific means at their
disposal were second to none. The station was run independently from any political association
or governmental influence, nor did it have a specified research program. Part of the costs of
running the station was covered by the proceeds of the public aquarium that was part it,
another part came from the ingenious ‘table system’. Dohrn created a system whereby any
interested party could rent ‘table space’, which meant that for a fee, a researcher would be
allowed access to all the facilities. Although generally tables were rented by a wide variety of
countries, tables were available to all and it was thus possible that on the occasion of its
twenty-fifth anniversary in 1898, dr. Ida Hyde (1857-1945) helped establish a table specifically
for the promotion of research by women (31, p. 14). The facilities and equipment were
continuously of the highest quality, as Dohrn created a symbiosis between visitors and
manufacturers. Zeiss, for instance, supplied the station with its most advanced microscopes,
provided at a reduced price, in return for which Zeiss received important feedback from the
visitors on how the instruments could be improved. At the same time, this arrangement
increased the awareness of the international scientific community for the products produced by
Zeiss 33.
The international scientific community flocked to Naples. Between 1873, the year the
building was finished, and 1909, the year Dohrn passed away, the station saw 1,934 visitors
from 15 different nations (counted until April 1909) (ref. 31, p. 16). The Stazione Zoologica
would welcome some of the most notable scientists of the time and became an important
centre for the developments in experimental embryology 33. Dohrn, as a strong proponent of
Haeckel’s recapitulation theory, conducted his own embryological research primarily for the
purpose of constructing genealogical trees. As such, his work emphasized the morphological
aspects of embryology while ignoring the underlying mechanisms. His work met with criticism
from others who had roots in Jena and contacts with Haeckel, people such as Wilhelm Roux
(1850-1924) and Hans Driesch (1867-1941), who were now visitors at Naples and were
pushing embryology into the experimental realm in order to uncover those mechanisms
ignored by the morphological embryologists. Although the various scientists were critical of
each other’s work, the station at Naples created an atmosphere that encouraged the scientists
to seek answers to such criticism. Even when Dohrn’s own work was starting to lose ground in
the face of advances in experimental embryology, Dohrn maintained the neutrality of the
station 35. This spirit made the station unique; because there was no specific and binding
research program, all research was possible and many advances in the fundamental
understanding of nature could draw their origin from this place. In fact, even research
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important for fisheries could originate from Naples. Although no formal links existed with
fisheries research, since all research was welcome, there was also work done on the larval
stages of various fishes of commercial interest. Important contributions came from Salvatore
Lo Bianco, the station’s talented preparator, whose skill not only provided the station with an
additional source of income, namely the sale of high quality preserved specimens, but also
contributed to the identification of the various developmental stages of fishes of interest to the
fisheries.
Shortly after the establishment of the station in Naples, countries across the world
started to establish marine biological stations for themselves. These were partly modelled after
Naples and adapted to suit the nation’s own interests. In France a surprisingly large number of
stations was established in a short period of time. American zoologist, Charles Atwood Kofoid
(1865-1947), who wrote a volume on the biological stations in Europe in 1910 (ref. 31),
identified the reason for this number. Research at the biological stations was often conducted
through collaboration between the French fisheries bureau and university departments. The
stations were thus used for both research and instruction, and there was a strong conviction
among instructors that zoology, physiology and botany could best be taught near the seashore.
Since these instructors had a strong influence on the formation of educational policies and
practices, this helped drive up the number of stations. Funding for the stations came for a large
part from the state, although this was not sufficient for daily operation. Supplemental income
came from private sources and a strong interest from the general public. The station at
Arcachon (1867) was, for instance, established through a local and private association; the
Arcachon scientific society (established in 1863) (ref. 36). Each station thus had its own identity,
but generally focussed either on research or instruction. The stations where instruction stood
central were Roscoff (1872), Villefranche (1880), Banyuls (1883), Boulogne (1884), Grenoble
(1901) and Toulouse (1902). The stations where research stood central were Arcachon,
Roscoff, Banyuls, Monaco, St.-Vaast-de-la-Hougue (1892), Villefranche and Concarneau. All of
these, with the exception of Monaco and Villefranche, conducted fisheries research on a
regular basis (31, p. 36), underlining the importance of fisheries science at this time.
In Great Britain, the link between the marine biological stations and fisheries was
even more clearly visible. The British stations were much less supported by educational
institutions and the government, and instead had to draw in funds from other sources such as
scientific societies, private funds and commercially interested parties such as fisheries. Britain’s
oldest marine biological station at Plymouth (1888) was established through the support of an
interesting mix of various contributors. The station was the indirect result of the 1883
International Fisheries Exhibition held in London, which drew attention to fisheries-related
problems. The next year, the eminent evolutionary biologist Thomas Huxley, presided over a
public meeting at the Royal Society which saw the foundation of what would become known
as the Marine Biological Association of the United Kingdom (MBA). The MBA had as its main
purpose the establishment of a biological station. The meeting attracted immediate attention;
the same day the meeting was held, March 31, 1884, The Times published an article
announcing the effort of “the establishment and maintenance of a well equipped Laboratory at
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a suitable point on the English coast, similar to, or not quite so extensive as, Dr. Dohrn’s
zoological station at Naples” (article cited in 37). The meeting itself attracted the attention of
many prominent scientists, and those who were unable to be present, such as Anton Dohrn
himself, sent in letters in support of the initaitive. Motivation for support was varied, but
focussed primarily on two main issues; questions related to Darwin’s great work on the origin
of life, and applied problems related to concerns about fish stocks. Various speakers would
emphasize one or the other, while some managed to combine the two branches quite
seamlessly (the accounts of the various speakers are given in 38). The purely scientific questions
were strongly influenced by the progress that was being made in developmental biology. A
realization set in that anatomy alone was insufficient for the advancement of developmental
biological research, and that experimental research should be added.
The study of development, commenced in a serious way half a century ago,
and the further progress and ramifications of that line of inquiry, which has
been extended to the mode of existence of all living things by Mr. Darwin,
has caused a complete change in the methods of biological science, and
consequently, in the methods by which biological investigation is pursued.
[…] We now, in order to understand the being, relations, and affinities of an
animal, have to go back through the whole course of existence beyond, in
order to trace out the successive stages of development from the egg. (38,
Thomas Huxley).
The oceans were full of surprises when it came to these issues, as William Carpenter of the
Challenger expedition recalled when he was allowed to speak. He gave examples of such
surprises such as how the ‘zoea’ larval stage of the common crab was initially considered to be
a separate species, similar to polyps and medusae. These metamorphoses from polyp to
medusa, or zoea to crab, were difficult to identify, but were of great importance in order to
understand how life cycles were built up. A striking recollection of Carpenter was that of a
demonstration by Edward Forbes during the 1846 meeting of the British Association. Forbes
had brought along the lancelet species Amphioxus lanceolatus (currently, Branchiostoma lanceolatum)
and went on to describe how the species was a vertebrate species without a vertebrate column,
how it had white blood, but belonged to the red-blooded species and how its pharynx was that
of an Ascidian. By the time of the 1884 meeting, this species was considered the sole survivor
of a group that linked the vertebrates to the invertebrates. Forbes had made an important
contribution to evolutionary biology thirteen years before Darwin had published his work and the oceans were full of such astonishing examples. A different example was given by the
Duke of Argyll, in his discussion of a book by Hugh Miller (1802-1856). Written six to ten
years before Darwin’s work, Miller applied the model proposed by Robert Chambers (18021871) in his work Vestiges of Creation (1844) in order to conclude that the Flounder, a type of
flatfish, was really a degenerate branch of the round fishes. Later embryological work revealed
it to be hatched as a round fish, which later in life underwent a metamorphosis. This example
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certainly made a contribution to pure science, but it also represented a crucial piece of
knowledge about the development of an important food fish. It was clear that there were
ample scientific reasons for the establishment of a biological station, but now economic and
societal reasons were abundantly clear as well, as Huxley explained this in more detail:
We possess great fisheries, which are more or less regulated by legislation,
and which are of great importance to very large masses of the population.
Hitherto – certainly within the last thirty years – such regulations have been
made in an almost entirely haphazard manner, because of want of
knowledge of the habits, the mode of life, the mode of production, etc., of
the animals which are economically useful. At the present time it is within
my knowledge that a great deal of vehement opposition to particular modes
of fishing has been due to the absolute ignorance of the fishing population
of some of the primary facts of the mode of life and reproduction of our
food fishes; and it is of essential importance that those who wish to regulate
fisheries should rest their arguments and their reasonings upon a definite
and solid foundation, and upon a complete knowledge and sound
observation of the mode of life and development, and so forth, of the
animals which constitute the staple of our fishing wealth. (38, Thomas
Huxley).
This more practical, fisheries-related research would find much inspiration in the work
conducted by the United States Commission of Fish and Fisheries. Their work on artificial
hatcheries had been very successful for the cod. The artificially cultured cod that was a result
of these efforts even became known as “Commission Cod” 38. Although most speakers greatly
emphasized the importance of science for the sake of science, the importance of fisheriesrelated problems were felt by all. The station at Plymouth would thus be created for research
that was a mix of pure science and applied fisheries research. This mix was clearly seen in the
various financial contributions for the establishment of the station. By June 1886, the Marine
Biological Association had received a total of £15,000. Of that sum, £5,000 came directly from
the government; the remaining part came from various gifts. The largest gift was made by the
Fishmongers’ Company, a sum of £2,000, indicating their interest in supporting fisheries
research. Other large gifts came from the Clothworkers (£500), the Mercers (£315), the
Universities of Oxford (£500) and Cambridge (£500), and various scientific societies. As was
typical for British scientific culture, the contribution of individuals was an important factor too,
as scientists were often gentleman of high standing who invested much of their own means in
research (details of the financial support are given by Kofoid 31, p. 146-147).
The establishment of marine biological stations and their link to fisheries research
caused a gradual change in oceanography as a whole. Even though the great expeditions were
still discovering new deep-sea species at a high rate and deep-sea biology was becoming an
experimental science, the marine biological stations helped to promote a more utilistic view of
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the oceans due to a mix of pure and applied science. In Britain, some stations were more
strongly focussed on fisheries science, such as the station at Port Erin, which was expanded by
the government of the Isle of Man upon advice of a fisheries industries commission (31, p.175).
Others were closer to the pure science, such as the Millport station, which originated largely
from the Challenger expedition and John Murray. In Germany too, the influence of Dohrn’s
station at Naples and concerns about fisheries related problems were a primary motivation for
the establishment of various stations. The most prominent station in Germany was the station
in Kiel (1871), and was established by the ministry of agriculture for the purpose of
investigating the marine environment in relation to concerns from the fisheries. Later, as
industrial and population growth had started to pollute the waters, and fish stocks were seen to
be falling, more stations were established at Helgoland (1892), Munich (1897) and the institute
at Friedrichshagen (1908) (ref. 31, p. 217). By the early twentieth century, many nations across
the world had established marine biological stations motivated primarily by three objectives;
basic science such as seen most prominently at the station in Naples, education, which was
often practiced at French stations, and fisheries-related problems, which became a dominant
stimulus for marine biological research in most nations. Across the world fish stock were seen
to be falling as the demands for food fishes increased. In what is probably one of the most
influential steps shaping marine biology in the twentieth century, scientists from eight
European nations decided to organize themselves in order to meet the challenges proposed by
the developments in the fisheries. The resulting International Council for the Exploration of
the Sea, modelled to some extent after the United States Fish Commission, would draw marine
biology out of the depths and back into more superficial waters.

FISHERIES SCIENCE
Fishing has been around for as long as Homo sapiens has walked the earth, and recent studies
have shown that the consequences of overfishing predate all other ecological disturbances to
coastal ecosystems. Clear signs of exploitation of coastal resources have been found to date
back 10,000 years 39. While fishing has been done for millennia, investigating the consequences
of this practice is a much more recent endeavour. The first scientific approaches to fisheries
research came during the nineteenth century, when the collapse of coastal fisheries became a
prominent problem.
One of the earliest discoveries in modern fisheries biology, sometimes even seen as
its birth certificate 40, was made by Ossian Sars during the winter of 1864 while he was out in a
boat near Lofoten. As mentioned in CHAPTER I, Sars had noticed millimetre-sized eggs floating
on the surface, which he identified as cod eggs. These pelagic eggs were quite a contrast to the
existing understanding of fish reproduction. The finding was followed by a more careful study
of the life cycle of cod and their migration patterns. Together with herring scientist Axel Boeck
(1833-1873) Sars became the first full-time marine scientist in Norway, leading the nation’s
ocean fisheries research until 1893. Through his research Sars became convinced of the

	
  

98

EXPLORING BIODIVERSITY
connection between the work of the naturalist and that of the fisheries, a philosophy which
even today is visible in Norwegian marine research. American zoologist Spencer Fullerton
Baird (1823-1887) also held a philosophy of combining pure science with practical fisheries
research. He was the driving force behind the establishment of the United States Commission
of Fish and Fisheries (or Fish Commission) in 1871. The Fish Commission was a response to
rapidly declining stocks of food fishes along the US coast 5, but Baird made sure that there was
room for basic research too. He argued that it was essential for the Fish Commission to
conduct basic research in order to find new solutions to fisheries problems by finding, for
instance, new commercially interesting species or fishing grounds. The latter purpose was soon
fulfilled because in the same year in which the US Fish Commission was established, the US
also signed the Treaty of Washington, which included rights granted to the US for fishing in
the territorial waters of Canada. Unfortunately for the US, the eventual price that had to be
paid for those rights was too steep, forcing the US to look elsewhere for their fish. Baird used
this situation to his advantage in an effort to institutionalize marine biological research and
secure the most advanced equipment possible. One of his most important wishes was a vessel
built entirely for scientific purposes, and from 1880 Baird worked on securing the financial
means for the construction of the USFC Albatross 41. When Baird approached the US
Congress for funds, he listed six major contributions that the Albatross could make to benefit
the nation (listed in 41). The first four were: exploring known fishing grounds, finding new
ones, increasing yields and decreasing dependence on the fishery grounds in Canada. These
were clearly economic contributions in line with what could be expected. The fifth was a
national security contribution, as the ship could be used as a warship, should the need arise
(which actually did happen). In the formulation of the sixth contribution a notable change in
the language can be detected when compared to the request for the funding for the Challenger
and Valdivia expeditions. Where these expeditions were primarily promoted for the
contribution they could make to the knowledge of natural history, Baird listed basic scientific
interest as “incidental to the economical inquiry”. Even though Baird had a great interest in
developing the basic knowledge of the oceans, and argued that this knowledge was valuable in
itself, his choice to list basic scientific interest as incidental to economic interests indicated a
change for marine science. In order for marine science to flourish, more would be required
than the occasional support for oceanographic expeditions, as research would have to be
institutionalized. Like the early expeditions that required the support of governments because
they had outgrown the means of the individual scientists, so too did institutionalization
constitute a ‘next step’ in the development of marine science. Due to its expensive nature and
the wide array of equipment and facilities that were needed for the work, institutes had to be
large, and thus would have to present themselves as interesting, long-term investment
opportunities. Simply increasing the knowledge of natural history would be inadequate for this
purpose, and fulfilling the role as an educational institute would not allow it to generate its own
funds. By allowing fundamental marine biological research to take a back seat to applied
fisheries research, Baird was able to institutionalize marine science in such a way that research
efforts became sustainable in the long term as the research would immediately see a return of
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investment through improvement of the nation’s fisheries. Baird’s efforts concentrated around
Woods Hole, Massachusetts, where he established a research station for the US Fish
Commission in 1882, and in 1888 helped establish the world-renowned Marine Biological
Laboratory. This stimulated the development of Woods Hole as an important hub for marine
biological and oceanographic research.
The pragmatic approach to the institutionalization of marine science by Baird was
applied in a similar manner in Europe in the establishment of the world’s first
intergovernmental marine science organization, the International Council for the Exploration
of the Sea (ICES) 42. The establishment of ICES in 1902 was in every way a reflection of the
developments in marine science at the time. Ever since Charles Wyville Thomson had
favoured an international network of scientists to be used for the investigation of the
Challenger collection, many more scientists from around the world started to advocate such
internationalism. Especially for marine science such internationalism came naturally, as the
subject itself was international and life in the oceans was not restricted by national boundaries
43. Many also recognized the benefits of international cooperation, which spread the costs and
combined available expertise and knowledge. Most of all, increasing pressure on the Sea’s
resources provided the political incentive for an international regulation of fisheries based on a
scientific understanding of fish life cycles. Prominent scientists from eight countries, Great
Britain, Norway, Sweden, Denmark, Germany, the Netherlands, Russia and Finland,
concentrated their efforts in order to demonstrate the value of marine science in addressing the
socio-economical issues surrounding fisheries management. From its earliest inception, the
goal of ICES was the rational exploitation of the resources found in the sea, which meant that
science was being conducted for the purpose of maximizing the yields of fisheries, while
maintaining long-term species viability. Crucial for this endeavour was the establishment of
standardized equipment and methodology in order for data from one location to be
comparable to data from a different location. This was much the same as the dredging paper
introduced by Edward Forbes in the early nineteenth century, or the use of the naturalist’s
dredge. The development of standardization was an important task for the ICES researchers,
as it provided the necessary basis for their advisory work. They saw this as fundamental
science, despite the clear purpose of facilitating the exploitation of resources. From this pointof-view biology and economics were considered to go hand-in-hand 44.
The integration of oceanography and fisheries science would dominate twentiethcentury marine science, becoming the primary means for developing an ecological
understanding of marine life. What started with Spencer Baird grew to be a model upon which
a large portion of marine biological research was subsequently based. Looking at the
integration of scientific and socio-economical progress, it could be said that it was a success
that delivered much on both levels, scientifically and socio-economically. While marine biology
had found a sustainable source of funding, it had to make two important compromises. First,
the science needed to change from a primarily natural historical investigation with no explicitly
formulated benefits for society, to a pragmatic science that endeavoured to maximize its
benefit for society by focusing on specific applications such as fisheries. Secondly, the science
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had to anticipate changes in the political demographic, in order to avoid as much as possible
getting tangled up in international political disputes - a feat that ICES actually managed to
accomplish through two world wars 43. Both of these compromises have been instrumental in
turning marine biology into a sustainable and international field of science. It also resulted in a
reduced emphasis within institutes linked to fisheries research, on deep-sea biology during the
first half of the twentieth century. This shift in emphasis can be illustrated by looking at the
work of John Murray who was both a member of the Challenger expedition, as well as the
chief British delegate at the 1899 meeting that laid the foundation for ICES.
Whereas the name of Charles Wyville Thomson is synonymous with the inception of
the expedition of HMS Challenger, the name of John Murray is synonymous with its
completion. Although only by chance a member of the Challenger’s scientific staff (24, p. 7172), Murray grew out to be a leading figure in oceanography, and together with Johan Hjort
(1869-1948), Norwegian Fisheries director and one of the founding members of ICES, he
wrote a leading book on oceanography, The Depths of the Ocean (1912) (ref. 45). This book
illustrates the evolution of oceanography. The book presented the results of the 1910 ‘Michael
Sars’ expedition, initiated and partly funded by Murray himself, but due to it covering the
history of oceanography and the most important results of other oceanographers, it became a
standard reference work. Because Murray was part of the Challenger expedition and had been
responsible for the publication of the scientific results, The Depths of the Ocean provides insights
into the evolution of oceanography when comparing it to previously published books by
Murray. Notable differences with earlier books, such as the summary of the scientific results of
the Challenger Expedition can be found in the chapter on general biology 2. Here, Murray and
Hjort add a significant portion on fisheries-related issues such as egg dispersion, developmental
stages, and use of fish scales for age determination, signifying a shift in attention at the start of
the twentieth century. Fisheries research was on the rise due to its obvious benefit to society,
and, as in the US, fundamental science became more incidental in nature.

QUANTITATIVE MARINE BIOLOGY
With the emergence of a more practical purpose for marine biology came a change in the
nature of the science itself. Early oceanographical research in the spirit of the Challenger
expedition was aimed at natural history, species description and taxonomy, while subsequent
deep-sea biology started to include experimental, physiological and some early ecological
research. During the early part of the twentieth century a shift occurred when the type of
oceanography which originated with Edward Forbes and later the Challenger expedition came
to compete with an independently developed discipline within oceanography, an abstract and
much more mathematical form of oceanography termed ‘biological oceanography’. A detailed
history of this type of oceanography is given by Eric Mills in his book Biological Oceanography;
An Early History, 1870-1960 (ref. 18), where Mills identifies a shift in marine biological research
from deep-sea biology to biological oceanography. The catalyst for this shift, indeed the origin
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of biological oceanography itself, is traced back to the poor state of late nineteenth-century
fisheries.
Biological oceanography is a science, which focuses on quantitative analysis of marine
food webs, often concentrating on planktonic species such as phytoplankton, which are the
plants and primary producers that form an important part of the base of the marine ecological
pyramid. The early development of such quantitative methods centred for an important part
around Kiel, in Germany, where Victor Hensen (1835-1924) and Karl Brandt (1854-1931) were
among the most influential contributors (for a detailed background see 18). Contrary to much
of late nineteenth-century biology, these developments did not find their origin in a Darwinian
context. Although Hensen was a prominent physiologist and made notable contributions to
anatomy, his groundwork for biological oceanography was motivated by economic concerns.
By 1870, German employment figures in the fisheries had dropped notably, and one of the
resulting actions was the establishment of the Kommission zur wissenschaftlichen
Untersuchung der Deutschen Meere in Kiel (Kiel Commission) in 1870. The aim was to
develop the German fisheries, which at the time were underdeveloped in comparison with the
fisheries of nations such as Norway and Great Britain. As a member of the Kiel Commission,
Hensen started to develop methods for determining the number of floating fish eggs, in
particular with the use of a vertically hauled plankton net. Hensen continued to develop the net
further until in 1883 he had a net that made it possible to establish the volume of water that
was filtered through it and thus made quantification of the catch possible. Although initially he
focused on fish eggs, Hensen became increasingly convinced that all things floating in the
ocean, the ‘plankton’, as he termed it, was like the ‘blood of the sea’ (18, p. 19), an essential part
of the ocean’s cycles. He went on to develop well-defined techniques for plankton research,
which led up to Germany’s first open-sea expedition, the 1889 ‘Plankton’ expedition. Like
many other expeditions at the time, the primary motivation for this expedition was to respond
to the progress made by other nations such as Great Britain, France, the US and others.
Hensen’s proposal presented an opportunity for Germany to contribute something unique,
plankton research, which would ultimately be of great use to Germany’s fisheries. The ship, the
‘National’, was fitted similarly to the US fisheries vessel ‘Albatross’, and the expedition
conducted its investigations largely in the upper 200 metres. It was thus by no means a deepsea expedition, nor did it share much of the characteristics of other expeditions at the time.
The Plankton expedition was something new, which introduced an abstract and mathematical
form of investigation. This new approach was not well received by such naturalists as Ernst
Haeckel, who considered such methods “utterly worthless” (46, p. 572). In his criticism of
Hensen’s methods, Haeckel drew attention to an important problem resulting from Hensen’s
choices. Hensen much preferred manually counting the individual planktonic organisms as a
means of accurate quantification. Combined with what Haeckel saw as an inherent weakness of
all statistical methods, this manual procedure made the whole of Hensen’s work worthless.
Statistics in general is known to be a very dangerous science, because it is
commonly employed to find from a number of incomplete observations the
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approximate average of a great many. Since the results are given in numbers,
they arouse the deceptive appearance of mathematical accuracy. This is
especially true of the complicated biological and sociological conditions,
whose total phenomenon is conditioned by the cooperation of numerous
different factors, and is, therefore, very variable according to time and place.
(46, p. 631, Ernst Haeckel).
This was especially true for plankton.
The mass of plankton in the ocean is not perennial and constant, but of
highly variable and oscillating size. The biological composition is very
diverse, dependent upon temporal variations - year, season, weather, time of
day, upon climatic conditions and especially upon the complicated currentic
conditions of the streams of the sea, of the oceanic and littoral currents, the
deep currents, and the local zoöcurrents. (46, p. 630, Ernst Haeckel).
Haeckel calculated that counting of the 120 catches of the Plankton expedition took up more
than 17,000 hours, and concluded it resulted in no more than a snapshot of one part of the
ocean during a brief period of time (46, p. 631). To apply this method for a comprehensive
overview of life in the oceans would have been unfeasible, but according to Hensen it could
still form the basis of fisheries research if such research were approached in a manner similar
to agricultural research.
The quantity of land plants must correspond with the quantity of animals
(humans included), in the sense that there can be no more animals than the
food available for them. This food originates directly or indirectly, thus
ultimately, from plants… [As] much digestible plant material as the animals
need must be produced yearly, because at present the number of animals is
in equilibrium – the number of animals neither increases nor decreases. The
same must be necessary in the sea. (18, p.41, Victor Hensen).
Hensen, and in particular Karl Brandt, subsequently developed plankton research in a manner
that was closely related, and even based upon, agricultural science. This development made
sense in as much as fish was a product in many ways similar to an agricultural product. Brandt
started to work in close collaboration with agricultural chemists, and thus the focus started to
shift from counting individual planktonic organisms to characterizing their chemical
composition. Brandt started to compare groups of marine organisms to terrestrial crops. Fall
and winter plankton, due to their composition, thus resembled something that lay between
lush pasture and medium-quality green lupine fodder (18, p. 48). This set biological
oceanography on a path that led to an increasing emphasis on chemical assessment, in
particular on the nitrogen cycle. As Mills in his history of early biological oceanography
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explains, after 1899 and mainly due to Brandt, the history of plankton dynamics became a
history of the knowledge of the nitrogen cycle (18, p. 53).
During the early twentieth century, the usefulness of quantitative plankton research
for fisheries science made it an important part of the work conducted by ICES, of which
Brandt became a prominent member. After the early developments in Kiel, plankton dynamics
became a concern for scientists across the world, where it slowly pushed deep-sea biology into
the background, as Mills explains by example of the Plymouth marine biological station:
In the 30 years after 1910, when their laboratory had been released from its
concentration on applied biology, the Plymouth scientists (along with a
number of European scientists doing background work for ICES)
established the framework of modern biological oceanography, a discipline
that has, since those years, always been strongly oriented toward plankton
dynamics. Deep-sea biology, which flourished before the turn of the
century, became a side issue (if it were carried on at all), a specialized,
difficult, and even scientifically uninteresting residuum of nineteenth century
thought. (47, p. 63, Eric Mills).

CONCLUSIONS
The post-Challenger years covered here, which extended roughly up to the First World War,
were characterized by a rise in oceanography and a diversification of the various branches that
grew from the remarkable Challenger expedition. The period also characterized by a notable
shift in the knowledge that was produced. The Challenger expedition and those expeditions
modelled after it, provided a broad basis of knowledge of life in the deep sea. Some of the
perceived challenges of life in the deep sea started to be resolved. It was found, as Alexander
Agassiz explained, that the effects of the high hydrostatic pressure were mediated by the
permeability of the skin, equalizing the pressure difference between organism and
environment. Ocean currents from the surface waters down to the deepest depths were found
to supply essential oxygen for deep-sea organisms, and the prevalence of bioluminescence
functioned in an important way to alleviate some of the problems of living in a completely dark
environment. Questions of geology, physical oceanography and marine biology were still all
drawing the attention of the scientists, maintaining the multifarious character of oceanography
from which deep-sea biology had originated. Expeditions such as the Blake and Valdivia, and
the life work of people such as Alexander Agassiz and Prince Albert I of Monaco, can be seen
as extending the breadth of deep-sea biological research. Such work revealed the unique
organisms living at intermediate depths and how these intermediate depths functioned as
gateways for the migration of species from Arctic to Antarctic waters. Light was shed on
various adaptations such as complex luminescent organs, tubular eyes and monstrous
morphological features. Importantly, as indicated by Carl Chun, nowhere was there a
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fundamental difference to be found between the life in the deep sea and that known from the
surface waters or from land. Even the most monstrous and alien species were found to be
merely extreme variations of common patterns, demonstrating the relatedness of all life on
earth. As more tools of investigation became available and knowledge grew, signs started to
emerge that the oceans were densely populated at all depths. Due to the enormous volume of
the ocean, these populations constituted the overwhelming share of life on earth. Moreover,
convictions started to emerge that the oceans were also the place where life had first started.
After the Challenger expedition, a significant momentum built behind the further
developments in deep-sea biology, as governments were eager for their nations to make their
own contributions. Deep-sea biology was, for a relatively short period, a popular topic, and
was perceived as a frontier science causing a quick surge of interest. The general public was
captivated by the events that were taking place in the real world, as well as those taking place in
the realm of science fiction. Public aquaria displayed the wonderful underwater world for all to
see, the accounts of the expeditions read like adventure novels, while Jules Verne presented the
public with a fictional account of what it would be like to get away from a land-locked life in
exchange for a life at the deepest reaches of the ocean in his Twenty thousand leagues under
the seas 48. Within the field of oceanography itself several more specialized disciplines emerged,
as exemplified by the high hydrostatic pressure experiments of Paul Regnard. Regnard laid the
foundation for the disciplines of deep-sea microbiology and deep-sea physiology, which would
develop in earnest later on in the twentieth century. The work of Regnard represented the
height of nineteenth-century deep-sea biology before that discipline’s descent into the
background. Where it could be expected that the momentum that led up to the work of people
such as Regnard or August Brauer, who had both conducted detailed deep-sea biological
examinations, would be kept going on the basis of the extraordinary discoveries they produced,
it is surprising to see that what is found is the start of a period of latency. Two factors might
have contributed to this development. On the one hand, there was a significant role for marine
biology in the developments of experimental embryology and research into cellular
communication, as can be seen in the developments that were taking place at the marine
biological station in Naples. These exciting developments drew marine biologists out of the
deep and redirected their efforts towards more superficial waters. On the other hand, and
much more importantly, there was the issue that deep-sea biology was cumbersome, timeconsuming and expensive, while the results were often primarily of natural historical value.
Oceanographers needed to seek out ways to make their research more efficient and capable of
producing practical results. With mounting problems in the fisheries, oceanography could play
an important socio-economical role by addressing these. Such research allowed
institutionalization and internationalization of oceanography on a new level that would be
much more sustainable in the long term. As a result, a shift occurred in oceanography from an
emphasis on deep-sea biology to an emphasis on investigating the developmental stages of
food fishes, exploring and monitoring fishing grounds, and biological oceanography. This last,
very dominant field, caused a shift in the way the oceans were viewed. During the initial postChallenger period there was an increasing sense of the importance of the oceans. The oceans
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were seen as the largest ecosystems, filled with uniquely adapted species and a few living fossils
that helped shed a light on the evolution of life on earth, the ocean could possibly even be the
place where life first originated. The ocean was a realm of discovery and an intellectual frontier.
The oceans were now rather viewed as fields to be harvested and the oceanographers took on
a role similar to agricultural scientists. Species were replaced by their chemical composition and
food chains by nitrogen cycles, natural history truly becoming a side issue. The romantic gave
way to the useful. Nature as a source of wonder became a factory that needed to be run
efficiently and responsibly. These changes helped oceanography to mature into a more
institutionalized form, for example through organizations as ICES, which provided a clear
purpose and societal value. Without such organizations the damage to the world’s fish stocks
would have likely been far worse. In a sense deep-sea biology took a back seat to an ecological
emergency. The investigation of the largest ecosystem on the planet and the exploration of its
place in natural history would have to wait.
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CHAPTER III

Man’s Descend

T the start of the twentieth century, the interest in deep-sea biology waned. The period
that followed saw the re-emergence of deep-sea biology in a novel form as part of what is
sometimes popularly referred to as the golden age of oceanography in the 1960s and 1970s.
Both technological innovations and the primary motivation for deep-sea exploration differed
greatly during this period when compared to the events that took place during the preceding
century. There are still interesting parallels that can be drawn. During the early part of the
nineteenth century, British naturalists pioneered the use of the dredge to ever-increasing
depths and these efforts were formative for the course of oceanography during the rest of that
century. Naturalists kept pushing the limits as they sounded and dredged to record depths,
eventually sounding the deepest point of the oceans at the Mariana Trench in 1875. During the
first half of the twentieth century, naturalists once again took up the challenge of reaching the
deepest parts of the oceans. This time though, there was a notable difference to earlier efforts.
A continuity of sorts can be found in the efforts of the Danish Galathea expedition, which
finally managed to dredge the deepest points in the oceans in 1951. Yet, it was the submarine
technology developed for the specific task to reaching the greatest depths, which meant a
radical epistemic change for deep-sea biology. Instead of the dredge, it was now man itself who
was being pushed to ever-increasing depths. The older methods of sounding, dredging and
trawling were means that had their limits for uncovering the organisms that inhabited the deep
sea. Although they were inexpensive, they were also an indirect source of knowledge of deepsea life. Life first had to be brought up from the deep before it could be examined and
interpreted, requiring the naturalist to construct as best they could, an image of what life would
look like in situ. With the advent of submarine technology this changed, as then it became
possible for naturalists to travel down and see for themselves what life in the deep sea looked
like. This chapter looks at several key deep-sea submersibles, how they came about and what
these tools meant for the course of deep-sea biology. Notable about these developments is that
although the technology was initially developed for the explicit purpose of scientific research, it
was soon adopted for military purposes. The submarine warfare during the second World War
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and the subsequent Cold War period during which the US and USSR used submarines in their
efforts to gain the upper hand, raised questions about the nature of the deep sea that were
relevant to national security, as well as a strong demand for the submersible technology that
was being pioneered by naturalists. This had a great influence on the way the oceans were
being investigated and the freedom scientists had in the questions they wanted to address.
Submersible technology was an important factor in the development of oceanography
as a whole, but for deep-sea biology another twentieth century breakthrough was highly
influential. The discovery of the structure of DNA and the advent of molecular biology meant
that life could be investigated at a different level. This too had epistemological consequences,
as life could now be studied at the level of its building blocks, where the context within which
these acted, the organism itself, would become a background issue. Most notably it would be
found that genes and proteins, which had evolved into unique forms in the deep-sea
environment, could benefit humanity by performing various functions that could remedy a
wide array of problems. Such applications would result in a renewed interest in barophysiology
and introduce an important economic motivation for the exploration of deep-sea ecosystems.
The period covered in this chapter, which runs roughly from the start of the twentieth century
up to the early 1980s, exhibits the first shift in focus towards an exploitation of deep-sea
(biological) resources and initial changes in the international laws governing these resources. As
such, this period is an important formative period for more recent developments, which will be
discussed in the next two chapters, and allows us to see how deep-sea biology re-emerged as a
science, which depended significantly on maintaining a close proximity to applications. In
contrast to the natural historical and experimental deep-sea biological investigations of the late
nineteenth century, twentieth century deep-sea biology was a far more innovation-driven
science.
During the period covered in this chapter, technological and scientific progress drew
the deep sea into the domain of human life, which started to make it subservient to humanity;
the deep sea as a source of innovation for the benefit of mankind. The first step in this process
was the development of the technological means to dive down ourselves and open up this
realm in order to extend the boundaries of the human world. American naturalist and deep
diving pioneer William Beebe (1877-1962) illustrates this process of extending these
boundaries well, through the description of his first experience of using a diving helmet in
1925.
When first I ever put on a diving helmet and climbed down the submerged
ladder, then I knew that I had added thousands upon thousands of
wonderful miles to my possible joy of earthly life: let me escape from dryland etymology and say instead - the joys of planetary life; for personal
exploration under the ocean is really unearthly; we are penetrating into a
new world. (1, p. 66, William Beebe).
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THE BATHYSPHERE
The history of diving is a long and varied one, starting well over 2,000 years ago with breathhold diving techniques used for obtaining sponges, seafood and pearls, but also for military
purposes 2. Diving for strictly observational purposes is first mentioned in the mythological
accounts of the descent into the depths of the sea of Alexander the Great (356-323 B.C.). The
accounts vary greatly depending on the continent where, and the time in which they were
written. In his book Half Mile Down 1, William Beebe quotes a 1933 translation by E.A. Wallis
Budge of the Ethiopic Versions of Pseudo-Callisthenes. Here, Two-horned, as Alexander the
Great is referred to, expresses his desire to observe the creatures of the deep sea. The means
by which he did this was a closed glass cage, which allowed him to observe extraordinary
creatures, one of which was so long that it took three days and three nights to pass by him at
speed. The actual use of diving for scientific observations, Beebe traced back to the first
scientific use of a diving helmet in 1844, when Alphonse Milne-Edwards received a diving
apparatus from the French Academy of Sciences for his investigation of the natural history of
the shores of Sicily (1, p. 63). Such a diving Helmet also facilitated Beebe’s first encounter with
scientific observations in the ocean. Beebe bought the helmet on a whim, unsure of whether it
would work, to take along on his Arcturus oceanographic expedition in 1925 (ref. 3). During
the expedition he used it for the first time at a coral bank in Darwin Bay on April 9, 1925. The
encounter left a deep impression on the naturalist who had previously travelled the world for
his ornithological observations. As indicated by the above quote, Beebe saw a new, unearthly
world open up before him, which he felt was unlike anything he had experienced before. It
required some mental gymnastics for him to develop a feeling for this new world.
Even more unearthly were the depths that Beebe was exploring with the use of the
traditional dredge. Ever the romantic, the depths of the sea appeared to him as inaccessible as
interstellar space and inhabited by Davy Jones’ goblins.
Some time ago when I had read and written scientific facts until my brain
whirled, I sought relief one evening by looking at dragon pictures by Parrish
and Rackham, and then I became scientific again to the extent of comparing
them with colored plates which I had had made of deep-sea fishes. To my
delight I found that I could duplicate or actually improve upon every
character of dragons or gargoyles. After one has become acquainted with the
everyday inhabitants - villagers, aristocrats, commoners - living today in the
deep sea, Dunsany, Barry, Blackwood, Grimm, Sime - all these lose force as
inventors of fairies, hobgoblins and elves, and become mere nature fakers.
For in these abyssmal regions there are fish which can outdragon or outmipt
any mere figment of the imagination; crustaceans are there to which the
gargoyles of Notre Dame, the fiends of Dante's Purgatory appear usual and
normal. (3, p. 340, William Beebe).
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These words illustrate Beebe’s fascination with the curious nature of deep-sea animals and how
much he considered deep-sea life to differ from everything else he had experienced during his
career. Beebe’s earliest ideas on how to descend into the deep sea in order to observe these
animals first-hand, were formed during a conversation with President Theodore Roosevelt
(1858-1919). While brainstorming on the possible means by which to explore the deep sea,
Beebe proposed a cylindrically shaped vessel in which to send down a person, while Roosevelt
proposed a sphere. It was not until 1927 that Beebe looked seriously into building an actual
deep-sea submersible. Still preferring the cylindrical shape, Beebe worked out the math and
found the flat surfaces to represent a problem area. Roosevelt had been right, a sphere was the
best shape to guarantee equal pressure distribution. Contemporaneously with Beebe, American
inventor Otis Barton (1899-1992) was also working on a steel sphere for deep ocean
exploration. Barton wrote to Beebe in 1926, after reading about Beebe’s diving exploits, but it
took until the end of 1928 before the two met (4, p. 15). By 1929 Barton had constructed a
steel sphere capable of taking two people down into deep ocean, while allowing them to
observe the outside world through three, eight-inch portholes to be fitted with three inch thick
fused quartz windows. The technical challenges were great, as is illustrated by the engineering
of the windows. Of the five quartz windows that were made, only two survived the initial
testing, which meant that one of the three portholes had to be closed off with a steel plate. The
four feet, nine inch sphere was just big enough to allow two men to fit in snugly, provided they
first managed to squeeze through the fourteen-inch door. Since only two people could occupy
the submersible, the two windows were sufficient to allow both passengers to look outside (see
figure III, 1).

Figure III, 1. Bathysphere
(left) William Beebe looking out of the eight-inch quartz window during their return on
deck after a dive. (right) The fourteen-inch door is opened to allow Beebe (l) and Barton (r)
to breath the fresh air again (1, p. 116-117).
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This sphere was named the Bathysphere and would be operated by a team of around 22 men
and women and was the first means by which the deep sea was opened up to direct human
observation. The first dive was carried out on June 6, 1930, and the descent reached a depth of
800 feet. For the first time ever, it was possible to observe deep-sea bioluminescence in the
deep sea itself. The impression this left on the highly experienced naturalist Beebe becomes
clear from his own words.
All our remarks were recorded by Miss Hollister and when I read them later,
the repetition of our insistence upon the brilliance, which yet was not
brilliance, was almost absurd. Yet I find that I must continue to write about
it, if only to prove how utterly inadequate language is to translate vividly,
feeling and sensation under a condition as unique as submersion at this
depth. (1, p. 110, William Beebe).
The team Beebe and Barton and their Bathysphere are popularly best known for their 1934
record dive to a depth of 3,028 feet. Their feat attracted extensive coverage by National
Geographic 5, and provoked images of daring underwater exploration as illustrated by the
cover and article of the January issue of Modern Mechanix in 1935 (see figure III, 2).
The dive had set a record and depth, but it was not their most dangerous undertaking
while using the Bathysphere. This came during its use for scientific purposes. Most dives were
made in Bermuda and did not involve anything extraordinary, but the last four dives of 1930
were devoted to an attempt at observing the change in fauna with increasing depth. Especially
the transitional zone from mid-water to deeper depths attracted Beebe’s attention, as it was
deemed untrawlable. Neither dredge nor trawl was capable of bringing up organisms from the
transitional zone. They snagged and were simply torn to shreds by the rough bottom. The
solution Beebe proposed was taken straight from the realm of daredevil pilots: contour diving.
As in contour flying, the challenge was to dive down as close as possible to the bottom in
order for Beebe to observe the bottom fauna, and then drag the Bathysphere at a constant
distance from the bottom from the shallower waters into the deep sea, following the contours
of the seafloor. The maximum depth to which Beebe was able to follow the seafloor was 350
feet, after which the risks became too great. More such contour dives followed, and Beebe
managed to make some interesting observation. Going beyond the depths to which his helmet
dives were limited offered new insights as various species of fish showed a marked increase in
size in deeper waters, when compared to those closer to the surface. Some mid-water species
such as the blue chromis Demoisellea cyaneus, proved to be abundant, despite published records
suggesting the species to be rare. This was typical of all dives, not just the contour dives. First
hand observations allowed for the observation of a remarkable diversity and numbers of
animals, which once again underlined the limitations of tools such as the dredge and trawl, and
the added value offered by direct observation.
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Figure III, 2 Modern Mechanix
Cover and article of Modern Mechanix in 1935 depicting an under-sea tractor proposed by
Otis Barton that was based on the Bathysphere design.
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Between 1930 and 1934 Beebe and Barton conducted over 30 dives, which are described in
detail in Half Mile Down by Beebe 1. The dives resulted in many unique observations and in
some cases descriptions of species never seen before - or since. Some of the more notable
observations included that of the use of bioluminescence as a defence mechanism, as in the
case of the bright fluid ejected by the shrimp Acanthephyra 6. Although the Bathysphere was
used for only a few years, it did show the advantages of using manned submersibles for the
investigations of the deep sea. The work by Beebe and Barton represented a solid foundation
upon which deep-sea biology could develop further, despite the reluctance of Beebe and
Barton to continue their scientific efforts along the same lines. Barton would go on to develop
a new submersible built on the same principle, called the Benthoscope with which he set a new
depth record of 4,500 feet in 1949. Although it was a successful dive, Barton is reported to
have exclaimed; “I’ll tell the world this is the last time I’ll attempt record-breaking dives which
really have no scientific value” 7. Beebe is said to have lost interest in the use of a submersible
altogether after 1934 (ref. 8, p. 328-329).
One of the limitations of the design that might have made the Bathysphere ultimately
unattractive for use for observations was its tethering. The steel sphere was simply just
dangling on a rope and fully dependent on the ship above to lower and raise it in accordance
with the instructions of the divers. A choppy sea above would resonate down the rope and pull
the sphere with it, causing the occupants to be thrown around inside the already
uncomfortable quarters. An even bigger risk was if quick depth adjustments had to be made.
As was the case during one of the contour dives, when a momentary lapse of concentration on
Beebe’s part caused the sphere to come very close to a tall reef that had suddenly appeared.
The bathysphere was pulled clear just in time to avoid a disaster. Most dangerous of all would
be the risk of the cable breaking, an event that regularly occurred during dredging operations.
In such a contingency, there would have been no way of bringing the Bathysphere back up,
even if it survived the pressure increase incurred when sinking further down. To improve on
this required the abandoning of all tethering and giving control to the pilot of the submersible.
Ideas along these lines had long been present in the mind of the Swiss physicist Auguste
Piccard (1884-1962), who at the time of the dives by Beebe and Barton was making a name for
himself as an aeronaut, as he attempted to study cosmic rays in the uppermost part of the
atmosphere.

THE BATHYSCAPH TRIESTE
Piccard started his adventures when he moved from Switzerland to Belgium, and found
support for the development and use of his balloon with the Belgium Fonds National de la
Recherche Scientifique (National Fund for Scientific Research), which had been established in
1928. Piccard named the balloon FNRS in its honour and went on to set several consecutive
altitude records. Contrary to popular belief, Piccard was not inspired by his aeronautical
adventures to build his own deep-sea submersible. The idea for such a submersible came to
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him as a fantasy when he read Carl Chun’s Aus den Tiefen des Weltmeeres 9 in his school days in
Zürich. The thought of using a tethered sphere similar to that used by Beebe and Barton never
occurred to him. The idea for his eventual submersible, which he termed bathyscaph (in French;
bathyscaphe) was born independently as a “youthful dream” (10, p. 26-27). The Fonds National
was once again the source of funding for Piccard’s FNRS 2, the first deep-sea submersible of
the bathyscaph type.
A bathyscaph type submersible is at its core not very different from the bathysphere
of Beebe and Barton, in that it also houses the occupants in a steel sphere with a number of
portholes, allowing observation of the deep-sea environment. The radical difference in the
design lay in the replacement of the tether by a large float, which was similar to the balloon of
a blimp (see figure III, 3). This float would be filled with gasoline, which is lighter than water
and is relatively incompressible. This fluid gave the float positive buoyancy and allowed it to
carry the cabin to various depths without imploding under the pressure. The construction of
the air filled cabin itself was thus the limiting factor with regard to the depth that could be
reached.

Figure III, 3. Trieste
Schematic of the bathyscaph Trieste 11.

Piccard was involved in the construction of three bathyscaphs in total; FNRS 2, FNRS 3 and
the Trieste. The FNRS 3 was the successor to the FNRS 2, which had been built shortly after
the Second World War and which had not been a resounding success, although Piccard saw it
as a first trial leading up to the more advanced FNRS 3 and Trieste. The FNRS 3 came to be
when Piccard had considered the improvements to be made to the FNRS 2, but the Fonds
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National was no longer motivated to support his efforts. Public opinion was not on the side of
the Swiss physicist, and the project was expensive and had not yet delivered on its promises.
This made it impossible for the Belgian Fonds National to justify any additional funding. The
solution was found in 1950 in a collaboration with the French Centre National de la Recherche
Scientifique (National Centre of Scientific Research) and the French Navy, which had already
provided some support earlier on. The French Navy would build the FNRS 3 based on the
cabin of the FNRS 2, while the Fonds National remained its owner until three dives to great
depths had been achieved. After this, ownership would be transferred to the French Navy (10,
p. 67). Piccard, together with his assistant Max Cosyns, was reduced to the position of
scientific advisor, which greatly reduced his influence on the project. As a consequence,
Piccard found the work unsatisfactory. When in 1952 he was contacted by the Italian city of
Trieste with the request to make a bathyscaph for which he would be fully responsible, he
considered the offer a welcome way out of his predicament. The subsequent bathyscaph,
named Trieste in honour of the city, was to become one of the most important deep-sea
submersibles in the history of oceanography. Not only would it reach the deepest point in the
world’s oceans, it would also greatly influence the course of oceanography in the United States,
the country which dominated twentieth-century oceanographic research.
The Trieste was built by Piccard with the help of his son Jacques Piccard (1922-2008)
and was run under both Swiss and Italian flags due to the generous support from both
countries. The construction of this bathyscaph was not only funded by the government and
scientific foundations, but could also rely on ample support from industrial partners such a Fiat
and ESSO (for a full list see 10, p. 189-192). From the start the Trieste was designed for the
scientific exploration of the sea floor, and with a cabin capable of withstanding the pressure at
depths of 6,000 metres, it was capable of exploring essentially the entire ocean floor except for
the deep trenches. The Trieste was first used in August 1953. In their paper on the results of
the first dives between 1953 and 1956 (ref 12), Jacques Piccard and American oceanographer
Robert Dietz (1914-1995) provided three general arguments why the bathyscaph was so
uniquely useful. Its primary usefulness lay in the visual inspection of the deep-sea floor, which
afforded advantages over the use of photography and echo sounding. Secondly, it enabled
selective sampling, an advantage over the other available means of sampling, which were often
imprecise and subject to luck. Thirdly, the bathyscaph presented a stable, untethered platform
for conducting various measurements. Because the bathyscaph had all functions concentrated
in the submersible, it meant it did not require long cables to be run from a ship at the surface
down to the bathyscaph, and as such problems of having to run signals across such distances
were avoided. Between 1953 and 1956 the Trieste made twenty-two dives in the Mediterranean
Sea around Italy down to a maximum depth of 3,700 metres. Although a biologist
accompanied none of the deeper dives, the team did emphasize the importance of noting
observations of any life encountered during the descent and at the bottom of the dive. Despite
the fact that these dives did not deliver any unique observations of great use to deep-sea
biology, they did point to a species richness at intermediate depths, which was higher than
anticipated for the Mediterranean Sea.
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After these initial dives Jacques Piccard was approached by Captain Charles Bishop
of the US Navy, who was interested in using the Trieste for a series of dives during the
summer of 1957, in order for the Navy to evaluate the potential usefulness of such
submersibles for military research purposes. In February 1957 Piccard agreed on a contract
whereby the Office of Naval Research (ONR) provided financial support for a series of dives
in the Tyrrhenian Sea. The US Navy Electronics Laboratory (NEL) proposed four broad
objectives for the first trial diving program, namely:
I.

To investigate the ocean environment at great depths taking maximum advantage of
being in situ for observations.
II. To evaluate the potentialities of the bathyscaph as a research tool.
III. To encourage modification and further development of the bathyscaph or
bathyscaph-type craft.
IV. To examine possible naval uses for this type of craft, e.g., in submarine rescue work,
or as a deep-diving submarine.
(List of proposed objectives from Andreas Rechnitzer in 11).
Interesting are the restrictions imposed on the research applied by the Navy:
To fulfill these objectives with a diverse scientific program would be
difficult; therefore, the scope of the research program was restricted to the
study of the field of sound in the ocean and associated phenomena. This
decision was predicated upon the Navy’s great interest in underwater
acoustics in submarine warfare. (11, Andreas Rechnitzer).
This remark provides a glimpse into the future of oceanography in the United States for the
decades to come. The Trieste, designed for in situ oceanographic research, had entered a
domain in which its use was of the highest value, namely, submarine warfare. Ever since the
Second World War and throughout the Cold War, the United States and the Soviet Union
focused on the use of submarines, vessels that travelled beneath the surface of the water.
Because water is a medium through which sound travels great distances, underwater acoustics
became an important subject. Sound could for example be used for exploring the topography
of the seafloor, as well as for detecting enemy ships or submarines; in essence, sound became a
primary means of gathering vital information during the second World War and the Cold War.
Of course, the reverse was also a matter of concern: if sound could be used to detect others, it
could also be used by others to detect US submarines. For the US this fact elevated underwater
acoustics to a national security priority, which in turn led to a military interest in deep
submersibles such as the Trieste. The 1957 dives were a resounding success, and
recommendations were made for a continued use of the Trieste, its further development, as
well as the development of more versatile deep submersibles 11. As a result the ONR bought
the Trieste and acquired the continued services of Jacques Piccard in the spring of 1958. The
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ONR moved the Trieste from its base near Naples to the Navy Electronics Laboratory in San
Diego, where it would receive a comprehensive overhaul. The Trieste was now fitted to reach
every part of the world’s oceans, including the deepest trenches at 11,000 metres. Between
1959 and 1960 the Trieste would be put through its paces in two projects codenamed
NEKTON I and II (ref. 13). The objectives were:
I.
II.
III.
IV.
V.
VI.
VII.

Precise determination of the velocity of sound throughout the maximum water
column.
Determination of the temperature and salinity structure of the water column.
Water-current measurements.
Light penetration, water clarity, and bioluminescent measurements.
Observations of the distribution of organisms in the water column and on the sea
floor.
Marine geological study of the trench environment.
Engineering tests of equipment at great depths.

The observation of organisms - item V - might at first sight seem like an academic endeavour
that was included merely as a supplemental activity, being only incidental to its primary goal.
This would be similar to how Spencer Fullerton Baird proposed basic research to be
conducted at the US Fish Commission. Instead, it was considered highly important. The
reason for this was that marine organisms had various effects on the way sound moved
through the water. High local densities of animals could at times even create the false
appearance of a seafloor. This phenomenon, caused by the vertical diurnal migration of large
masses of animals, scatters the sound produced by sonar. This layer of vertically moving
biomass is referred to as the Deep Scattering Layer (DSL) and was understandably a prime
target for post World War II oceanography.
Project NEKTON I, which ran from 1959 to early 1960, would increase the dive
depth to the absolute maximum and set three records for manned submersibles; the first to
5,530 metres on November 15, 1959; to 6,870 metres on January 8, 1960; and finally reaching
the deepest point of 10,900 metres 14 at Challenger Deep on the final dive of the project on
January 23, 1960 (ref. 13). The aim of this last dive (dive no. 70) was specifically to reach the
deepest point in the world’s oceans. Preparations were made by using explosives for depth
surveillance, so as to ascertain the deepest point with precision, as the available maps were
inaccurate. This pioneering descent also aimed to prove that a submersible of the bathyscaphtype was capable of reaching any place in the world’s oceans. The dive was made by Jacques
Piccard, who was joined by Lieutenant Don Walsh, the Naval Officer in command of the
Trieste. It took over eight and a half hours to make the return journey. Their achievement
would remain unrivalled until the solo descent on March 25, 2012 of American filmmaker and
deep-sea exploration expert James Cameron, who descended into the same Challenger Deep in
his Deepsea Challenger submersible 15. The dive of the Trieste included a twenty-minute stay
at the bottom of the Challenger Deep, where observations were made. Unfortunately the
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landing of the vessel had stirred up the sediment, which impaired the view for the duration of
the stay. Shortly before landing, however, Jacques Piccard had made an important observation
for deep-sea biology: not only did he observe jellyfish and shrimp, he also briefly caught sight
of what he thought was a flat fish “looking like a sole” (cited in 13). The implication of the
existence of vertebrates capable of living at such great depths was profound, since it was
known that certain proteins coagulated at pressures well below the pressure at this depth.
Therefore, to find teleost species at this depth raised interesting questions about their
physiology. Not everyone readily accepted Piccard’s observation. Danish marine biologist and
participant on the Galathea expedition of 1950-1952 (to be discussed below), Torben Wolff,
expressed his doubt about Piccard’s sighting in a Nature publication a year later 16, and
suggested that it must have been a holothurian instead. The question of the validity of this
specific observation remained unresolved, until a recent publication by hadal expert Alan
Jamieson and pressure adaptation expert Paul Yancey delved into the matter once again.
Drawing on the most recent observations of the hadal trenches, including the Challenger
Deep, and applying their understanding of the physiological demands, the authors argued that
it was highly unlikely to have been any type of fish 17.
Eight more dives were conducted during project NEKTON II, but the success at
Challenger Deep had proven the platform’s capabilities and stimulated the further
development of deep submersible technology. The Trieste had proven the principle, and in the
1960’s the race was on to develop the next generation of submersibles, both manned and
unmanned, tethered and untethered, floating and crawling (an overview of developments
during the 1960’s can be found in 18). As a consequence, oceanography entered a period that is
sometimes popularly referred to as its “golden age”.

THE LAW OF THE SEA
Before continuing our history of manned submersibles, it is important to understand the wider
context within which these developments were taking place. The 1960’s saw a considerable rise
in the interest in the deep sea and oceanography, but this interest did not only stem from the
Navy’s interest in developing tools for submarine warfare. Globally, events were taking place
that would draw attention to the deep sea from three primary directions: military, scientific and
commercial. These interests would not only fuel a rising interest in oceanography itself, but
would also force changes in international laws that had been in place since the start of the
eighteenth century.
At the start of the seventeenth century, hostilities between Portugal and the
Netherlands were escalating as the Dutch were trying to gain access to the commercially
interesting Cape region, as well as to India and Southeast Asia, all of which were regions that
were at the time monopolized by Portugal. On February 25, 1603, two vessels under the
command of the Dutch captain Jacob van Heemskerck (1567-1607) attacked the Portuguese
merchant vessel Santa Catarina, a key event in the history of international maritime law 19. The
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ship and its highly valuable cargo were confiscated, causing much international political
commotion. Subsequently, the Dutch VOC asked the Dutch lawyer Hugo Grotius (1583-1645)
to defend the seizure of the Portuguese vessel, a request that resulted in his famous Mare
liberum of 1609 (ref. 20). This treatise promoted the concept of the freedom of the seas. In
return the English, intent on gaining control over the North Sea, responded in 1635 with Mare
clausum, which was written by the English lawyer John Selden (1584-1654) (ref. 21). The debates
about the law of the seas continued for nearly a century until the Dutch lawyer Cornelius
Bynkershoek (1673-1743) published his De Dominio Maris Dissertatio, in 1702 (ref. 22). It
instituted the doctrine that the seas were the common good of all, and that dominion was only
granted to a narrow strip of water along the coastline, no wider than three nautical miles. This
doctrine of the Freedom of the Seas would be generally accepted and remained unchallenged
until after the Second World War.
Since the beginning of the twentieth century, there was an increasing demand for
offshore resources such as fish and oil. The technological advances, which resulted in part
from the military research during the First and Second World Wars, were now helping to gain
access to ever more remote regions where such resources could be found. Because these
regions were subject to the Freedom of the Seas doctrine, and in sight of the need for post-war
economic recovery, leaders around the world were considering their options. In the US,
President Harry Truman (1884-1972) adopted a strategy, first proposed by his predecessor
Franklin Roosevelt (1882-1945), to unilaterally extend US jurisdiction beyond the three miles
zone in order to gain control of economically important resources. Through what became
known as the Truman Proclamation, Harry Truman, on September 28, 1945, extended US
jurisdiction over the submerged lands of its continental shelf and the resources found therein.
This set off a domino effect, as many other nations followed the example set by the US, in
order to secure valuable natural resources for future exploitation. This surge towards the
exploitation of offshore resources produced an extra incentive for the development of deepsea submersibles during the early 1960’s, primarily driven by interests from the petroleum
industry. The political ramifications were considerable and the Third UN Conference on the
Law of the Sea, which started in 1967, only reached a new consensus in 1982, when it
established the UN Convention of the Law of the Sea (UNCLOS). While maintaining the
principle set forth in resolution 2749 (XXV) of 1970, to the effect that the ocean floor and its
subsoil outside national jurisdiction are the common heritage of mankind, it extended the
territorial seas to 12 nautical miles along the coastline and included a 200 nautical mile
Exclusive Economic Zone (EEZ).
The 1960’s thus represented a period of growth for oceanography, but one strongly
motivated by two very dominant concerns: national security on the one hand, and economic
growth on the other. It was also a period during which international laws governing the oceans
were being reconsidered, something that would later have an effect on the regulations
concerning scientific research in international waters as well. This period of scientific growth
and political turmoil presents us with complicated patterns of interaction between the scientists
who set out to explore the deep sea, and their financial backers such as the US Navy, which
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had its own very specific goals in mind. A detailed analysis of such interactions can be found in
Naomi Oreskes’ 2003 paper on the discovery of the hydrothermal vents 23. This paper tells the
story of one of the most influential submersibles of the generation following upon the Trieste,
DSV Alvin.

DSV ALVIN
As is indicated in the documents concerning the early use of the Trieste, returning requests
were made for a more versatile deep-sea submersible 11, 13. The Trieste was primarily limited to
vertical movement, although some horizontal movement was possible, and its blimp-like
construction made it slow and sluggish. A more versatile deep-sea submersible would have to
be able to move more quickly and in all directions. If endowed with good visibility, such a
submersible would be invaluable for use by the Navy in recovery and maintenance activities.
The dynamics between the various parties involved in the production of such a versatile
submersible, which eventually led to the creation of DSV Alvin and its use as a facility for the
University National Oceanographic Laboratory System (UNOLS) 23, is highly illustrative of
how deep-sea biology is an integral part of oceanography and how much it depends on reestablishing its niche whenever the general direction of oceanographical research changes.
The search for a versatile deep submersible began in relation to the Artemis project,
an underwater acoustic surveillance system, which functioned as an early warning system
against Soviet submarines. If it were possible to inspect the sonar arrays that were used as part
of the system, then it could give valuable insights into the durability of the equipment in the
field. For this reason the ONR approached both Woods Hole Oceanographic Institution
(WHOI) and Scripps Institution of Oceanography (Scripps) for the development of a manned
submersible. Whereas Scripps declined because it favoured the use of a Remotely Operated
Vehicle (ROV), to WHOI, and in particularly to WHOI scientist Allyn Vine, the proposal
sounded very interesting. The idea was to establish a partnership between three parties, the
ONR, WHOI and an industrial partner in the shape of the Reynolds Metals Corporation, to
develop and build a manned submersible called the Aluminaut. Like a vessel taken from a Jules
Verne novel, the Aluminaut, capable of reaching a depth of 4,570 metres (15,000 feet), would
be constructed on a design based on the size and shape of a sperm whale. This somewhat
fantastic design particularly suited the desires that Reynolds had for the vessel. Where the
desires of WHOI and the ONR were more or less aligned, Reynolds quickly adopted a position
that conflicted with the desires of the other two partners. More interested in constructing a
historically important technological product, Reynolds allowed the cost to increase, while
usability was decreased. The ONR as the financier had to carry the added costs, while WHOI
as the intended user found itself involved in a project that could be used for an increasingly
limited range of research. As such the Aluminaut project became a liability and was left to
Reynolds to finish while a new project was set forward.
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The new project aimed at reaching a depth of 1,830 metres (6,000 feet) and was
opened to competitive bidding. General Mills won the bid and it began the construction of the
vessel that would become known as ‘Alvin’. Commissioned on June 5, 1964, Alvin was a
seven-metre long submersible with room for three passengers who could view the world
outside through three thirty-centimetre viewports. It had a range of six miles and could stay
submerged for 6 to 10 hour-long dives (see figure III, 4).

Figure III, 4. DSV Alvin
Schematic of DSV Alvin (courtesy of the U.S. Navy).

The first two years of its employment saw no scientific work. Not until the July 18, 1966 would
Alvin be used for its first truly scientific dive and even after that Alvin’s employment in
scientific expeditions was at best sporadic. The ONR dictated the use of Alvin and had the
final say when conflicts arose between its scientific and military usage. This was of course
because the Navy was paying for the vessel and its continued development and maintenance.
As a consequence its scientific use was incidental. Even when Alvin was available for scientific
use, researchers were not lining up to use this expensive piece of equipment, as the use of
which would take up a considerable portion of their budget. As a consequence Alvin’s early
years were not as scientifically prosperous as one might expect. By 1968 the interest of the
Navy also began to fade away. As a result, when, during the launch for dive 308 on October
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16, 1968, the cradle support cables failed and Alvin sank passengerless to the bottom at 1,500
metres, it was left there for almost a year before, ironically, the Aluminaut succeeded in
salvaging the vessel. After this event Alvin would remain somewhat of a problem child for
several years. In 1972 funds were secured to retrofit it in such a way that its depth capacity was
improved to depths of 3,050 metres (10,000 feet), but no funds were secured for its sustained
scientific employment. Finally in 1974 an agreement was reached between the National Science
Foundation (NSF), the ONR and the National Oceanic and Atmospheric Administration
(NOAA) to utilize Alvin as a facility for UNOLS. The UNOLS network was established in
1971, in response to the ever-increasing interest in oceanographic research. It consisted of
seventeen laboratories that ran oceanographic research ships, with the aim of providing easier
access to facilities and combine efforts wherever possible. Alvin would be used as part of this
network while the Navy retained ownership and the right to pre-empt schedules in urgent
cases.
These events provide important insights into the social dynamics behind the
production of knowledge. The story of DSV Alvin is illustrative of the complex context within
which oceanography was developing in the second half of the twentieth century. Deep-sea
biology, as a part of oceanography, was in that period fighting an uphill battle, as questions
concerning the natural history of the deep sea found little or no attention in this context. It
must therefore be considered almost a matter of extreme luck that questions from geology
would once again draw biology with it into the deep sea, and produce one of the most
fundamentally important findings for biology, namely chemosynthetic (endo-)symbiosis at
deep-sea hydrothermal vent systems.

CHEMOSYNTHESIS AND DEEP-SEA HYDROTHERMAL VENTS
One of the most fundamental processes sustaining and shaping life on this planet is the
process of photosynthesis. Photosynthesis is a primary production process whereby carbon
dioxide and water are converted into organic compounds (e.g. sugar) and oxygen. This process
has been instrumental in raising the level of oxygen in the Earth’s atmosphere and thus shaped
the way in which life evolved. The sun supplies the energy required for this process in the form
of light. Awareness of the role of light in the primary production of organic compounds has
been an important reason for the general disbelief that life could be sustained in the darkness
of the deep sea. The discovery of perpetually falling ‘snow’ of organic matter from the sunlit
surface waters meant the problem of primary production in the deep sea was largely resolved.
This connection between surface productivity and deep sea also made it unlikely that there
could be highly productive deep-sea ecosystems, as these would require a much more direct
source of primary production. This more direct source of primary production would eventually
turn out to be chemosynthesis, a process capable of sustaining small, but highly productive
ecosystems in one of the most hostile environments imaginable.
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The process of chemosynthesis is not unlike photosynthesis, except that it uses a
chemical energy source, such as hydrogen sulphide, instead of light in order to produce organic
compounds. The by-products are related to the element involved. For example, when
hydrogen sulphide is used as the energy source, it is possible that a by-product is produced in
the form of elemental sulphur visible in the form of granules. Such granules have played an
important role in the discovery of the process of chemosynthesis at the end of the nineteenth
century, as well as a century later in the discovery of chemosynthetic symbiosis at deep-sea
hydrothermal vents. The initial discovery of chemosynthesis is attributed to the Russian
agricultural scientist Sergei Winogradsky (1856-1953), at a time when the nature of
microorganisms was still unclear (for more details see 24). Winogradsky’s early work in
Strasbourg concentrated on the genus Beggiatoa, which was at the time known to inhabit
terrestrial sulphur springs and today is known to also inhabit similarly extreme environments in
the deep sea. He published his results on Beggiatoa in 1887 in the German Botanische Zeitung
where he proposed the term “sulphur bacteria” to characterize the genus 25. These
microorganisms could convert hydrogen sulphide, through oxidation, into elemental sulphur in
the form of granules, which were stored in the organism itself. Winogradsky noticed that the
presence of these granules was directly related to the environmental conditions, rather than it
being a species-specific feature (see figure III, 5). Beggiatoa, it appeared, could live on inorganic
matter. Winogradsky continued his research on microorganisms and found others capable of
using different types of inorganic matter such as iron and nitrogen. Because nitrogen was, and
still is, an important element for agriculture the nitrogen bacteria became a primary target for
further research, through which Winogradsky contributed greatly to the development of the
understanding of what is now known as chemosynthesis.

Figure III, 5. Beggiatoa
Sulphur rich Beggiatoa cultured in water with low hydrogen
sulphide levels. a) At the start of the culture (0 hours) high
numbers of granules visible. b) After 24 hours a marked
reduction in the number of granules. c) After 48 to 72 hours
few, if any, granules visible 25.
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At the start of the twentieth century, the process of chemosynthesis as performed by
microorganisms was generally accepted, but also considered a primarily terrestrial
phenomenon. The existence of bacteria at greater depths in the ocean was not expected and
thus there was no reason to assume the presence of chemosynthetic bacteria in the deep sea.
Marine microbiology did see a tentative start at the end of the nineteenth century with the
work of Paul Regnard and M. Certes, the latter isolating microorganisms from deep-sea
samples, yet it still required a second start in the twentieth century in order to develop into a
mature field of science. Among the early marine microbiologists of this second beginning was
the highly influential American microbiologist Claude ZoBell (1904-1989). His words illustrate
how the general view of the deep sea continued to be sceptical about life flourishing at great
depths. Bacteria, in particular were considered incapable of adapting to the conditions at great
depths.
Thiel 26 has summarized the fragmentary literature which shows how
bacteria and other closely related micro-organisms may play an important
role in the diagenesis of bottom sediments. However, popular literature still
records that there are few or no bacteria on the ocean floor where it is
claimed the high hydrostatic pressure and low temperature are inimical to
the existence and activity of bacteria. (27, Claude ZoBell).
Although the life found near hydrothermal vents was unexpected, the vents themselves had
been predicted on theoretical grounds before they were actually discovered by deep-sea
geologists. As was the case in the nineteenth century with the work of Charles Lyell (see
CHAPTER I), geology would once again motivate the exploration of the deep sea in search for
data in support of a proposed theory and in its wake lead to fundamentally important
discoveries for biology.
The idea that the continents of this planet may not be fixed in place but instead move
over long periods of time, has been an important issue in geology since the start of the
twentieth century (for more details see 28). The most notable early model for explaining a
supposed continental drift was proposed by German geophysicist Alfred Wegener (1880-1930)
in 1912 (ref. 29). Although not widely accepted 28, the subsequent decades saw the rise of new
models along similar lines. Particularly important among them was the work of British
geophysicist Arthur Holmes (1890-1965), who introduced convection as a driving force for
continental drift (for more details see 28). The importance of this driving force was that it
caused seafloor spreading, a concept for which strong evidence only started to emerge during
the 1950’s and 60’s. In this connection it is interesting to remember here some observations
made by French oceanographer Alphonse Milne-Edwards (1835-1900) in the late nineteenth
century during the expedition of the Talisman.
The soundings of the ‘Talisman’ in this part of the Atlantic show in a
general way that, starting from the Cape-Verd Islands, the bottom deepens
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regularly to about the 25th parallel, where it reaches 6267 meters, then it
gradually rises again towards the Azores, and under the 35th parallel it is no
longer more than 3000 meters. These results are far from agreeing with the
curves indicated on the most recent bathymetric charts. The bed of the
Sargasso Sea seems to be formed of a thick layer of very fine mud of a
pumiceous nature, containing fragments of pumice-stone and of volcanic
rocks.
It seems that there may be here, at more than a league below the surface of
the water, an immense volcanic chain parallel to the coast of Africa, and of
which the Cape-Verd Islands, the Canaries, Madeira, and the Azores would
be the only emergent points.
[…]
The analogy of the rocks, of the gaseous products, and of the deposits of
sulphur is striking, and, from what takes place at the surface of the ground,
one can form an idea of the submarine convulsions which have covered the
bed of the Sargasso Sea with pumice and igneous rock. (30, Alphonse MilneEdwards).
What Milne-Edwards describes here is the Mid Atlantic Ridge, an underwater mountain range
resulting from seafloor spreading. His impression of there being a large volcanic chain parallel
to the coast of Africa was quite accurate, as hydrothermal vent sites can be found along the
ridge at latitudes visited by Milne-Edwards, such as Snake Pit (23˚N), TAG (26˚N) and Broken
Spur (29˚N) 31. Located only a little further North than described by Milne-Edwards is the
‘Lucky Strike’ hydrothermal field (37˚18´N), one of the largest known fields with 21 active
chimney sites, since 2002 considered a possible Marine Protected Area (MPA) by World Wide
Fund for Nature (WWF) North-East Atlantic Programme 32 (more on this in CHAPTER V).
These hydrothermal vents are springs that are formed as a result of the volcanic activity in the
spreading areas. The existence of such springs was first predicted in 1965 (ref. 33), and the
development of deep-sea submersibles made it possible to actively search for them. The early
searches concentrated not on the Mid Atlantic Ridge, but rather on the Galápagos Rift located
between the Galápagos Islands and the coast of Ecuador near the equator, which had a higher
spreading rate and thus increased the likelihood of finding hydrothermal vents. This area had
been investigated earlier 34-36, and based on the results from the 1972 ‘Southtow’ expedition 34,
John Corlis and his team proposed to use a manned submersible for exploration of the
Galápagos Rift. The submersible used was DSV Alvin, whose capability of taking researchers
down into the deep sea for direct observation proved invaluable as a fundamentally new
ecosystem emerged along with the hydrothermal vents.
In February and March 1977 Alvin made a series 24 dives to depths of around 2,500
metres. The results were published in a landmark paper in Science in 1979 (ref. 37). The purpose
of the dives was to locate active hydrothermal vents and characterize their heat flow and
various physical and chemical properties. It was an unexpected surprise that these
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hydrothermal vents were inhabited by large thriving communities of organisms, which seemed
to have no difficulty at all in dealing with the harsh conditions. Various species were found to
form dense communities consisting of clams, mussels, limpets and tubeworms. Even some
ophidioid fish were observed, which appeared to be particularly associated with warm vent
waters. Several observations were made that clearly distinguished these communities from
known ecosystems. The characteristics of the vents indicated they had a limited life span,
which was confirmed by the appearance of dead vents covered by the remains of dead clams
no older than ten to twenty years. Each vent also displayed it own unique community. At
Clambake the community consisted predominantly of clams and large mussels, while small
mussels and Pogonophora were most abundant at Oyster Bed. At Dandelions the most
abundant animal, small and spherical in shape, had not yet been identified but would later
become known as the Galapagos dandelion, Thermopalia taraxaca 38. The limited lifespan of the
vents, combined with the unique community composition at each of them suggested highly
dynamic ecosystems. New vents would be colonized by whichever species happened to find it
first. These would develop into dense and highly productive communities, after which the vent
would die out and a new vent would have to be colonized. This high level of productivity was
considered to be too high to merely rely on the detritus raining down from the surface waters
in order to supply the primary production. Instead, high levels of sulphur-oxidizing and
heterotrophic bacteria were found near the vents. As a consequence, Corliss proposed the
following:
If one assumes that the average bacterium weighs 10-12 gram, the
concentration of bacteria in the vent water could be 0.1 to 1 gram per liter.
This flux of bacteria from the vents must be supported by the productivity
of a large population of bacteria living within the rock mass, lining the walls
of fissures through which the hydrogen sulfide-laden fluids ascend. They
presumably become incorporated into the fluids, which ultimately flow from
the rocks and past the filter-feeding mussels, clams, limpets, and
Pogonophora which surround and fill the vents. (37, Corliss et al.).
Although the series of 24 dives was undertaken in order to verify the existence of
hydrothermal vents, as predicted by theoretical work in geophysics, their discovery was
accompanied by the surprise of one of the most notable biological findings of the twentieth
century. The hydrothermal vents, which were themselves the result of volcanic activity and not
expected to be a hospitable environment, turned out to support thriving communities in a
manner that suggested independence from surface productivity, and therefore, photosynthesis.
Although chemosynthesis had been known for nearly a century, no one had expected this
process could suffice as the primary production for high biomass communities such as these.
In order to elucidate the manner in which these isolated ecosystems were supported, attention
soon focussed on the most conspicuous species of the phylum Pogonophora 39, Riftia
pachyptila, a giant Polychaete tubeworm estimated to be capable of reaching three metres in
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length, but which possessed no mouth or gut. Various aspects of this species and its mode of
nutrition were discussed in 1981 in a series of papers published in Science 40-45. Anatomical
studies of the species suggested that it was possibly a kind of filter feeder that absorbed
molecular food after catching it with their tentacular plume 43. But attention was soon drawn to
an anatomical feature of which the function was not known, namely the trophosome. Analysis
of the trophosome revealed elemental sulphur crystals 41, which were similar to what had been
observed by Winogradsky in Beggiatoa. Investigations into the trophosome revealed that it was
stimulated by H2S in its oxygen consumption, and two diagnostic enzymes of the CalvinBenson cycle, which is important in carbon fixation, were identified 42. A picture started to
emerge of an autotrophic species, but the question remained if the species itself, or symbiotic
bacteria were responsible for carbon fixation. Transmission Electron Microscopy was used to
show that the trophosome contained prokaryotic cells of between three to five micrometre in
size 41, while blood analysis further indicated a high demand for oxygen for H2S metabolism 40,
as well as haemoglobin kinetics adapted to fluctuating temperatures such as found near
hydrothermal vents 45. Taken together, these papers showed R. pachyptila to have acquired a
chemosynthetic symbiotic bacteria inside its trophosome, a strategy that later appeared to be
used in a variety of marine environments such as hydrocarbon cold seeps, coastal sediments,
mud volcanoes and whale falls 46. The importance of forming a symbiotic relationship with
chemosynthetic bacteria is that it makes deep-sea life less dependent on the primary
production in the surface layers of the ocean. It needs to be stressed once more that this highly
important biological discovery that came about as an accidental by-product of the use of
manned submersibles. DSV Alvin, for whose usage scientists had fought so hard, had been
instrumental in this particular discovery. Alvin would go on to be used for other notable
research such as a survey of RMS Titanic in 1986, the discovery of off-axis hydrothermal vents
(vents located away from the spreading seafloor in much older rocks and which vent at a lower
temperature) in 2000 (ref. 47), and surveys after the 2010 accident with the deep water oil
platform Deepwater Horizon. Towards the end of 2010, Alvin completed its last mission before
an NSF funded transformation increased its depth capacity to 6,500 meter, and improved
visibility for its passengers as well as several important technical modernizations. This
transformation was completed in 2013 and made Alvin not only the oldest research
submersible in service, but also one of the most technologically advanced deep submersibles,
capable of exploring 98% of the world’s oceans.

DEEP-SEA PHYSIOLOGY
Throughout the history of deep-sea biology, naturalists and scientists alike have been aware of
the intimate relationship between marine organisms and their environment. The physical
environment of the deep sea had first been regarded as prohibiting life; later as a factor slowing
down evolution, for example by being a refuge for living fossils; and finally as a factor shaping
the great biodiversity of the deep sea. However, an accurate understanding of the physiological
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aspects of life in the deep sea did not develop in earnest until the second half of the twentieth
century. At this time biology started to investigate life at an increasingly detailed level. Thanks
to the discovery of the structure of DNA, life at a molecular level drew increasing attention. At
this level the consequences of living under conditions encountered in the deep sea turned out
to be profound and complex. Among the key factors complicating matters are the chemical
properties of water, which are unlike normal liquids. Water has a number of biphasic
properties such as the unusual maximum density temperature of 4 ˚C. If the temperature falls
below or rises above this, then it expands. This causes a variety of consequences that can be
very counterintuitive such as hot water freezing faster than cold water, a phenomenon known
as the Mpemba effect. These properties have a profound effect on physiological processes, as
they require specific adaptations to deep-sea conditions. The first comprehensive book dealing
with these aspects of deep-sea biology was published in 1975 by British physiologist Alistair
Gordon MacDonald under the appropriate title Physiological Aspects of Deep Sea Biology 48. As we
have seen in CHAPTER II, the physiological aspects of life in the deep sea were first tentatively
investigated at the end of the nineteenth century by people such as Paul Regnard, whose work
can be seen as the pinnacle of nineteenth-century deep-sea biology. By contrast, the work of
MacDonald is illustrative of the relatively small progress that had been made since the time of
Regnard and the obscurity into which deep-sea physiological research had faded in the
meantime. That a single scientist could undertake the writing of such a book, as the author
acknowledged in the preface, was a good indication of the paucity of knowledge on the
subject. Still, the work of this one man provides us with a precious survey of the progress that
was made during the twentieth century in a field that is otherwise difficult to capture because
of the wide array of specialized subjects relevant to deep-sea physiology.
Let us take a brief look at the state of knowledge of deep-sea life in the mid-twentieth
century, when some additional, highly relevant details were uncovered. Ever since the
Challenger expedition, life had been known to be present at all depths of the oceans. There
were, however, still some very remote parts of the deep sea that had not been investigated in a
systematic manner. These were the very deep regions beyond 6,000 metres termed hadal
trenches. These cover little more than 1% of the surface area of the oceans. This may not be a
very large area for investigation, but one where environmental conditions are pushed to
extraordinary levels with pressures exceeding 1,000 atmospheres at the bottom of some of the
trenches. Although soundings had been made in these parts, the Challenger reaching the
deepest point in the oceans at the Mariana Trench, no dredge had been lowered to these parts.
It was a Danish expedition that eventually lowered the first dredges to these depths and
uncovered the rich life present in the hadal trenches. The establishment of the ICES
headquarters at Copenhagen in 1902 stimulated Danish interest in the oceans. In the years that
followed several expeditions were organized in order to investigate the life cycle of
commercially important freshwater eel, species that return to the oceans to spawn. These
expeditions helped Danish marine research to establish collections, which may be counted
among the richest in the world, as it contained species from all depths except the greatest. This
was an important motivation for what became the Galathea Deep-Sea Expedition from 1950-
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1952, one of the last expeditions to be grounded on the same principles as the Challenger
expedition (for a general account of the expedition see 49). Although Danish in origin, the
expedition was a thoroughly international affair because it involved experts from around the
world and invited local scientists and students wherever port was made. The subjects studied
were varied, ranging from marine life over geomagnetic studies to ethnological studies, much
in the same way as the Challenger expedition had done some eighty years before.
In their attempts to study the fauna of the hadal trenches, the participants of the
Galathea expedition were very successful. Notable was their dredging of the Philippine Trench
in July 1951. A depth of 10,190 metres was reached and from it emerged a rich variety of
benthic animals, which consisted of 25 sea-anemones, 75 sea-cucumbers, five bivalves, one
amphipod and one bristle-worm (49, p. 178). It appeared that life could flourish even at depths
beyond 10,000 metres. A more fundamental discovery also came up from the depths of the
Philippine Trench. The American marine microbiologist Claude ZoBell, whom we have
encountered earlier in this chapter, had joined the expedition in order to investigate the
possible microbiology of the trenches. ZoBell took samples from the bottom of the Trench
and incubated a number of cultures at varying conditions; at the temperature found in the deep
sea (2.5 ˚C), at air temperature (30 ˚C) and under a pressure similar to that found at their native
depth (1,000 atmospheres). His findings, published in Science in 1952 (ref. 50), were quite
remarkable. The largest culture counts observed were those incubated at 2.5 ˚C, and from ten
to a hundred times more bacteria developed at 1,000 atmospheres of pressure. Both
temperature and pressure thus played an important role in the development of these particular
deep-sea bacteria, which ZoBell termed to be ‘barophilic’ (pressure loving). The importance of
this discovery was that these species were not just adapted to be able to survive under
conditions of high hydrostatic pressure, rather they had actually adapted to a point where such
pressure was required for their normal development. That extensive adaptations were required
for life at the greatest depths was further underlined by the absence of fish at such depths. The
Galathea expedition was able to find one fish of the family Brotula during a particularly
successful haul using a large otter-trawl at the Sunda Trench. This fish was caught at a depth of
7,130 metres and was considered the deepest living fish for a short period until the Russian
Vitjaz expedition collected specimens of the genus Careproctus (modern name; Pseudoliparis)
from the Japan Trench at 7,587 metres 16. The deepest living fish known today was collected in
1970 from a depth of 8,370 metres at the Puerto Rico Trench and was appropriately named
Abyssobrotula galathea 51. Hydrostatic pressure, it seemed, was an important environmental factor
shaping and also limiting life, in the sense that life was not altogether prevented from
inhabiting the deepest trenches, but clearly some limitations were present in the case of
vertebrate species. In order to understand the limits of biological adaptation, one needed to
uncover the molecular and physiological aspects of life at great depths.
The effects of hydrostatic pressure on the molecular, biochemical and physiological
levels proved to be significant, indicating pressure specific adaptations were required at all
levels. Molecular volume changes were identified as the only means by which biologically
relevant pressures could influence the various systems. In systems under high hydrostatic
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pressure Le Chatelier’s Principle - a principle devised by French chemist Henri Louis Le
Châtelier (1850-1936) that deals with chemical equilibriums - states that conditions that occupy
the least volume are favoured. This had implications for various chemical reactions and
molecular interactions under the conditions found in the deep sea. For instance, chemical
reactions that involved a molecular volume decrease would be accelerated in the deep sea,
whereas reactions that involved a volume increase would be inhibited. Another interesting
example can be found in a paper published by John Penniston in 1971 (ref. 52). Penniston had
investigated the effect of high hydrostatic pressure on enzyme activity and had in the process
made an interesting observation. Enzymes could be divided into two groups; the multimeric
enzymes, which consisted of multiple protein units, and the monomeric enzymes, which
consisted of a single protein unit. In multimeric enzymes, the units could be covalently bound,
thus sharing electron pairs, or noncovalently, which created weaker bonds. Penniston found
that in particular the noncovalently bound multimeric enzymes were susceptible to high
hydrostatic pressure. Pressure caused the dissociation of the units and, at physiologically
relevant substrate levels, could inhibit enzyme-substrate interactions. The consequences of this
pressure susceptibility were considerable for barophilic deep-sea organisms; as such multimeric
enzymes played an important role in many systems. Penniston thus hypothesized that deep-sea
organisms must be adapted in either of two ways. Either enzyme systems must be monomeric,
although still functionally similar to non-pressure adapted systems, or the enzymes must be
built up using stronger noncovalent interactions between the units.
At the level of biochemical processes, high-pressure research was conducted on
important processes such as DNA replication. Work done by ZoBell and Cobet on the
response of E. coli to increased hydrostatic pressure indicated that DNA replication was
sensitive to hydrostatic pressure. The results were published in the Journal of Bacteriology in 1964
(ref. 53). The two authors showed how pressure reduced E. coli cell division, although growth of
the cells was much less reduced. The cells showed filament formation, the elongation of the
cells, while the amount of DNA did not change. An inverse relationship appeared between the
concentration of DNA and cell length at increased pressure. A far more complicated set of
experiments was conducted by Yayanos and Pollard and published in 1969 in the Biophysical
Journal 54. It showed how the effect of pressure was exerted on a locus at the origin of the
replication of the bacterial chromosome. This suggested that the pressure affected the DNA
replication mechanism, which indicated that specific points in the DNA metabolism require
adaptation for life in the deep sea. An interesting side note is that Yayanos and Pollard did not
conduct this research only to investigate deep-sea adaptations. They indicated that their
findings were also relevant for the correct interpretation of laboratory experiments that
introduce hydrostatic pressure by use of, for instance, high-speed centrifuges. That research
into the effects of hydrostatic pressure was not always aimed at investigating deep-sea life was
also reflected by the choice of model organism. E. coli was a well understood organism and
thus a convenient model. It was also a highly relevant species for the food industry, where
high-pressure applications were becoming increasingly important during the second half of the
twentieth century (for more details see 55). Another application often seen as a motivation for
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conducting hydrostatic pressure experiments was pathogen inactivation (for more details see
55). High pressure could be used for this purpose as an alternative to the less desirable method
using heat.
Not everything centred on microorganisms; fish were also investigated during one of
the expeditions of the Alpha Helix. This was a ship run by Scripps Institution of
Oceanography and had been specifically built for the purpose of conducting basic scientific
research and to contribute to the development of biological and medical knowledge 56.
Canadian comparative physiologist Peter Hochachka (1937-2002), a pioneer of the study of
biochemical adaptation to the environment 57, joined the Alpha Helix on an expedition to the
Galapagos Islands, where deep-sea fish of the genus Coryphaenoides were caught. Hochachka
conducted a comparative study into the response of enzymes from Coryphaenoides compared to
their homologs in trout 58. This research provided the first indications of biochemical
adaptations in deep-sea organisms through which the enzymic processes became pressure
independent. Although the research was not considered entirely conclusive, it did raise
interesting questions about the mode of evolutionary adaptation. This topic had been treated
by George Gaylord Simpson (1902-1984), an American palaeontologist who had considered
the evolution of molecules in a 1964 Science publication 59. Reflecting on Simpson’s work,
Alistair MacDonald proposed:
At this stage it is worth noting the views of Simpson (1964), who argues that
natural selection acts on the whole phenotype. Natural selection can single
out genes only if they are phenotypically distinct from others; generally
selection acts on complexes of phenotypic characters. The adaptation of the
intermediate metabolism of mobile animals such as fish to deep sea
conditions may require more than adaptation to high pressure and low
temperatures. But if we restrict our view of the deep sea to these two
parameters it is reasonable to expect adaptation should require metabolism
to function normally at high pressure, and if the animal undergoes vertical
excursions metabolism should be controlled independently of the changes in
pressure. […] On the present extremely limited evidence, adaptation of
regulatory processes to high pressures seems to involve small changes in
reversible binding reactions, in which non-covalent bonds are involved.
Such adaptations may require only a few changes in the amino acid
sequences of specific binding sites as implied by Hochachka, Schneider and
Moon (1971). (ref. 48, p. 121-122, Alistair Gordon MacDonald).
The issue of adaptation to the extreme conditions in the deep sea were thus presenting some
important insights into the workings of selection and evolution. Of course the real challenge
was to uncover how independent molecular and physiological adaptations come together in
deep-sea organisms. For this one has to look at a higher physiological level; such as cells and
respiration, membrane processes, muscular contraction and locomotor activity of intact
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animals. Among the research into these areas we can find one of the rare examples of some
form of continuity from the nineteenth to the twentieth century. We recall the work of French
physiologist Paul Regnard during the nineteenth-century on experimental deep-sea physiology.
While this work did not appear to have been continued directly, it was not completely
forgotten as is shown by the work of German physiologist Ulrich Ebbecke (1883-1961).
Ebbecke drew inspiration from the work of Regnard, from his book Recherches expérimentales sur
les conditions physiques de la vie dans les eaux 60, and in particular from individual publications on the
effects of hydrostatic pressure on animals. Ebbecke’s own experiments were clearly based on
the original experiments designed by Regnard 61, 62. Between October 1912 and January 1913,
Ebbecke conducted a series of experiments to evaluate the stimulating effect of high
hydrostatic pressure in muscles of frogs 63. For his experiments Ebbecke used the same type of
Cailletet pressure pump previously used by Regnard, but he altered the setup slightly using an
ammeter to indicate muscle contraction, as the muscle could not be observed directly in his
particular experimental setup. Ebbecke’s aim in these experiments was to evaluate the
stimulating effect of an increase the pressure, without adding an electrical impulse to induce
contraction as Regnard had done. Ebbecke reasoned that hydrostatic pressure itself was a
stimulus analogous to an electrical impulse capable of inducing contraction. He proved his
hypothesis through a meticulously detailed set of experiments. Pressure was a strong stimulus
for muscle contraction and, if the pressure was not too high, would not damage the tissue.
Ebbecke did, however, not discuss the relevance of his findings for adaptations to life in the
deep sea, but quite surprisingly stated as follows:
The question regarding the mode of action of compression is especially
interesting due to the notable contradiction that such high pressures conditions that are far removed from the normal circumstances of life - still
adequately stimulate the muscle in a quasi physiological manner, i.e. can
possess a stimulating effect without causing damage. (63, Ulrich Ebbecke).
Although it is arguably true that frog muscles never experience conditions of high hydrostatic
pressure, it is noteworthy that Ebbecke appears to have conducted his experiments in a
different context than Regnard. Regnard had clearly tried to uncover the adaptations required
for life under high hydrostatic pressure, whereas Ebbecke treated pressure in a clinical manner,
as a physiological stimulus that belonged to the same category as an electrical impulse without
speculating on the consequences of his highly relevant experiments. Some years later, in 1935,
Ebbecke did mention life in the deep sea more explicitly in a publication on his observations of
the effects of pressure on marine organisms 64. Once again the main source of inspiration were
Regnard’s experiments. Regnard had been able to create an experimental setup whereby the
pressure chamber was fitted with two opposing windows through which a light could pass. By
means of a projection microscope, an image could be projected of the organisms inside the
pressure chamber while under pressure. Ebbecke used a similar setup in order to observe a
variety of marine animals. He found that pressure could have a stimulating effect on
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organisms, but that at sufficiently high pressures it would act as a “Mechanonarkose”, a
mechanical anaesthetic. The species least susceptible to the effects of pressure were the sea
anemones; those most susceptible were the fish, although in the case of fish the swimbladder
presented a bigger problem than the physiology. When he turned to an evaluation of the
various physiological effects of high pressure, Ebbecke investigated the effects of pressure on
the action potential in muscles and nerves of frogs 65. The availability of the cathode-ray
oscilloscope provided a method for visualizing the action potential and for a direct comparison
between the curves produced under increasing pressure levels. Nerves and muscles proved to
be susceptible to a pressure increase. In combination with the previous studies, these results
indicated that the hydrostatic pressure found at depths in the oceans would affect a broad
range of physiological processes. However as his experiments were not conducted on species
that were adapted to deep-sea conditions, they were first and foremost indicative of the
required adaptations that animals living nearer the ocean surface or on land would have to
undergo before they could survive at greater depths.
Alistair MacDonald conducted similar experiments, but he did use deep-sea species.
He observed locomotor performance, heart rate and respiration of the curious giant deep-sea
ostracod Gigantocypris mülleri 66, 67. This species showed a threshold pressure level of 200
atmospheres, which is the equivalent of a depth of 2,000 metres. Below this pressure there
were no marked changes, but above 200 atmospheres the ostracod showed a declining heart
rate and a reduced level of locomotor activity. Respiration seemed to be unaffected in adults,
but decreased in the young. MacDonald concluded that this indicated the species had been
adapted to life down to a depth of 2,000 metres. This was consistent with the depth range
observations published by Moguilevsky and Gooday in 1977 (ref. 68). They found G. mülleri at
depths between 700 to 1,500 metres, with the juveniles found higher up than the adults, which
might explain the difference in the respiration response observed by MacDonald.
These examples of experiments conducted during the second half of the twentieth
century shows how deep-sea physiology was being investigated from a molecular level to
physiological systems and eventually to the whole organism. The emerging picture from this is
made up of a large number of small fragments of knowledge, which illustrates the paucity of
knowledge on the subject of deep-sea physiology at that time. Specialized knowledge from a
wide variety of fields had to be combined to create an overview of all the consequences for life
at great depths. Deep-sea physiology, if one could speak of such a discipline at all, appeared to
be a highly fragmented field of science.
When we look at the MacDonald’s Physiological aspects of deep sea biology, we can observe
the topics as discussed above, but also topics on engineering. This subject, although truly a
completely different field was, and still is, intimately connected to deep-sea biology. The
engineering challenges presented by the deep-sea environment were significant, comparable to
those found in outer space, and were the dominant factors determining the cost of expeditions.
The engineering developments in the twentieth century, such as manned submersibles, were
extremely expensive in both their development and use. Solutions for better sampling of deepsea organisms also presented significant challenges given that it was desirable for the pressure

	
  

135

CHAPTER III
to be maintained during the ascent of the captured organism to the surface. As deep-sea
biology was progressing, the costs involved were rising at an equal pace.

BIOLUMINESCENCE
The deep sea is swarming with bioluminescent animals, although we recall from above that it
was not until William Beebe and Otis Barton descended in the Bathysphere that it was
observed in situ for the first time and an indication could be given about its prevalence. Beebe
described scenes of overwhelming brilliance, in prose that consisted predominantly of an
almost absurd number of repetitions that were otherwise uncharacteristic for the highly
experienced naturalist. Where bioluminescence can occasionally be found on land, in the deep
sea it appeared to play a far more important role in communication, sight, defence, predation,
and thus in every aspect of life.
From the early to the middle of the twentieth century, the study of bioluminescence
was the field of a small number of mostly Japanese and American scientists. It represented one
of the fragmentary types of research mentioned earlier. It was a highly specialized field with
relevance for deep-sea biology, although not limited to a deep-sea biological context. By the
1960’s the best-studied system was that of the firefly, but even for this model animal there
were still many unanswered questions. An important moment for bioluminescence research
was the 1965 Luminescence Conference held in Hakone National Park in Japan. A year later
the proceedings of the conference were published in book form under the title Bioluminescence in
Progress 69. The editors were Yata Haneda (1907-1995) and Frank Johnson (1908-1990). In his
introduction, Johnson makes the following statement, which provides a striking contrast to the
events that would soon follow partly due to his own efforts.
For centuries, research on bioluminescence has been a prime example of
pure science, for which the chief incentive has been the “wonder and
delight” it proffers. The intrinsic fascination of cold light shining out of
living organisms, or seemingly from the sea or decaying wood or fish, has
inspired more than casual observation by renowned natural philosophers
and scientists, at least as far back as Gaius Plinius Secundus in the first
century, and including, among others, such illustrious personages as Francis
Bacon, Descartes, Hooke, Redi, Malpighi, Benjamin Franklin, Spallanzani,
Priestley, Bernoulli, Humphrey Davy, Faraday, Ehrenberg, Darwin, Liebig,
Pasteur, Lankester, Pfluger, and in our own century, Beijerinck, Dubois,
Molisch, Kluyver, and Harvey, the last-named of whom investigated, with
unparalleled dedication, virtually all aspects of luminescence. The objectives
have been almost wholly uncontaminated with views towards immediate
practical application, and only rarely have unanticipated discoveries been
turned to significant practical use, such as the currently well-known,
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sensitive, and specific assay method for ATP (adenosine triphosphate) by
luminescence of the firefly system. (69, p. 3-4, Frank Johnson).
Johnson’s words were a wonderful eulogy to a field so close to his heart. The extensive list of
eminent natural historians and philosophers, and the use of words such as ‘uncontaminated’
speak volumes about the author’s motivations. Unknown to himself, he had however set off
down a path that would lead to quite the opposite. Bioluminescence would develop itself into a
key field of practical research, with one of Johnson’s own discoveries taking centre stage.
A few years before the Luminescence Conference Johnson had recruited a Japanese
researcher, Osamu Shimomura, as he was impressed by Shimomura’s work on the
luminescence of the ostracod Cypridina hilgendorfii (Vargula hilgendorfii) 70, also known as the sea
firefly. Together they shifted their attention to the genus Aequorea, a genus of jellyfish
containing bioluminescent species. They concentrated on a blue bioluminescent protein called
Aequorin, which they extracted, purified and characterized in 1962 (ref. 71). Although their
published results concentrated on the aequorin protein, one particular remark in the materials
and methods section deserves to be noted.
…on gentle mechanical stimulation, a greenish luminescence arises from
these masses, and when a quiescent animal is viewed in the dark under the
ultraviolet from a Mineralite lamp, the same masses exhibit a greenish
fluorescence that resembles the bioluminescence resulting from stimulation.
(71, Shimomura, Johnson and Saiga).
In other words, while investigating a blue bioluminescent protein, they had also found a green
fluorescent protein. Later that same year Johnson, Shimomura and Saiga published a paper on
Cypridina luminescence with a separate note on Aequorea 72. Again, the work on Aequorea
concentrated on aequorin, but whenever the green protein occurred with aequorin, it was also
purified and analysed. It appeared that the green protein absorbed the frequency of the blue
light emitted by aequorin, in order to emit a longer wavelength green light. This explained the
observations made of the greenish luminescence produced by the animal rather than the initial
blue luminescence, although the precise mechanism of interaction between the two proteins
was not known. The green protein, later known as Green Fluorescent Protein, or GFP, would
turn out to be a key discovery in biochemistry and would earn Shimomura a share in the 2008
Nobel Prize for Chemistry. For some time after their discovery, the mechanism of the energy
transfer between aequorin and GFP continued to remain a mystery. In the early 1990’s,
interested in investigating this mechanism, Douglas Prasher of Woods Hole Oceanographic
Institution managed to elucidate the primary structure and complementary DNA (cDNA)
sequence of GFP from Aequorea victoria, a jellyfish found off the west coast of North America
73. This work was picked up by the second man to share the Nobel Prize together with
Shimomura, Martin Chalfie. Chalfie was interested in using GFP to monitor gene expression,
but required the cDNA sequence that Prasher had just constructed and which Prasher happily
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made available to Chalfie. The results were published in a landmark Science paper in 1994 (ref.
74). Up to that time it had been possible to follow gene expression or locate proteins within
cells and organisms only through means requiring exogenously added substances or cofactors.
The main breakthrough with GFP was that this non-toxic, non-interfering protein could be
localized by nothing more than a long-wave UV, or blue light lamp. It could be used on
prokaryotic cells such as Escherichia coli, in eukaryotic cells and in whole organisms such as
Caenorhabditis elegans. In this last case, localization of GFP could be controlled in a predictable
and verifiable manner, meaning that the expression of a gene and the localization of its product
could be shown in a living animal. Such a tool would be of great value for use in transparent
model animals such as C. elegans and Danio rerio (zebra fish). One year later, the efficacy of
Aequorea GFP was increased significantly by the third person to share the 2008 Nobel Prize,
Roger Tsien, who created a mutant version of the wild type protein 75. The S65T mutant,
named after the substitution of the Serine amino acid at 65 for a Threonine, had much more
practical wavelengths for excitation and emission, combined with a four to six-fold amplitude
increase. These improvements made Aequorea GFP an eminently suitable tool for a wide variety
of research applications.
Where in the 1960’s Johnson had enthusiastically described the study of
bioluminescence as a prime example of pure research, his own work now formed a textbook
example of how molecules found in nature could be made to work for the benefit of mankind.
This happened just in time, Shimomura pointed out in his Nobel Lecture 76, as the Friday
Harbor population of Aequorea, so extensively used by the researchers for natural aequorin and
GFP, had collapsed since the 1990’s and was no longer sufficient as a source of those
products.

CONCLUSIONS
If we review the various facts of deep-sea exploration and the investigations of its biological
components discussed in this chapter, we find that at the start of the twentieth century there
was a declining interest in life in the deep sea. This interest would not be rekindled until the
second half of the century. After a long period characterized by a flourishing interest in the
natural history of the deep sea, fisheries science had risen to become the most important field
in oceanography. It provided a new lens through which to view the oceans. Only in rare cases
like that of William Beebe did a naturalist in the first half of the twentieth century show the
same scientifically adventurous spirit we encountered in nineteenth-century naturalists such as
Edward Forbes and Charles Wyville Thomson, who risked life and limb to contribute exciting
new observations. Beebe’s adventurous dives with Otis Barton down to record depths in their
bathysphere marked an important epistemic step forward in the exploration of the deep sea.
The familiar methods of using the dredge and trawl in order to fish for samples, methods that
were to some extent subject to luck, could finally be complimented by direct observation. Later
technological developments would greatly improve the function of deep submersibles by
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allowing precise control over movement and sampling, giving researchers a greater amount of
control and responsibility with respect to the specific pieces of the deep-sea realm they wished
to investigate.
Although these technological developments were opening up even the farthest
reaches of the deep sea for investigation, in practice the high costs involved severely restricted
the use of the few existing submersibles and meant that the dredge and trawl were still the
tools of choice for these investigations. Only during and after World War II, when submarine
warfare became a matter of national security, were there enough funds available for the
continued development and use of deep-sea submersibles. However, it is important to realize
that these developments, much like fisheries science before, supplied a very particular lens
through which the oceans were now viewed. Instead of looking at the life cycles of species, or
cycles of elements such as nitrogen, the new focus during the second World War on the Cold
War’s arms race on submarine warfare saw, or more accurately ‘heard’, the oceans as a large
three dimensional battleground. Everything that had an effect on the general acoustic
properties of the oceans was of interest. This happened to include large animal migrations such
as the diurnal movement of deep-sea species, and thanks to this phenomenon deep-sea
biological research could hitch a proverbial ride with the physical sciences into the depths.
At the same time, the post-war period also looked towards the oceans from an
economical point of view. The accessible resources from the oceans were no longer just fish.
The oil and mining industries were slowly becoming ever more interested in the deeper regions
of the ocean as the technological developments were making it increasingly more expedient to
harvest resources from these more remote locations. These developments, while initially in an
embryonic state, would steadily grow in importance up to the present day, where they are cause
for much political, economic and environmental concern.
From a scientific point of view, the discovery of high biomass communities at
hydrothermal vent sites was one of the most important discoveries in twentieth-century
biology. Although its impact did not match that of the discovery of the helical structure of
DNA, it was a reminder of how precious little was known of life in the deep sea and how
significantly it could differ from the expectations formed on the basis of primarily terrestrial
observations. Life in the deep sea proved once again the extreme adaptability of life on Earth an adaptability that could not have been predicted before incorporating the new knowledge
from the deep sea. A wide variety of environmental conditions considered to be extreme in
their nature, could be, and were, overcome by organisms inhabiting the oceans. At a time
during which knowledge in the field of deep-sea biology was produced in a merely fragmentary
fashion, an image still emerged of the extent to which unique adaptations were required for life
under deep-sea conditions. Hydrostatic pressures at the levels of those found in the deep sea
were not found anywhere else in the natural world, and were otherwise merely the product of
experimental, medical or industrial applications. While not always conducted for the specific
purpose of understanding deep-sea life, high-pressure physiology contributed important new
insights for deep-sea biology. The experimental approaches were an important complement to
the natural historical knowledge that had been built up since the days of Edward Forbes.
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Where the nineteenth century had produced a great breadth of knowledge, identifying many
species at all depths in the oceans of the world, the twentieth century provided depth of
knowledge down to the smallest molecular level.
The development of such detailed knowledge generated yet another new lens through
which to view the oceans. Through evolution, nature had found ways of dealing with the
consequences of extreme environmental conditions at a molecular level. These conditions are
described as extreme when viewed from our human, terrestrial perspective, since our
knowledge of the natural world is first and foremost based on our direct terrestrial
observations. For the deep sea, however, these extremes formed the norm, and life had
adapted to them. Discovering these molecular adaptations opened up a world of possibilities
for applications, and the period discussed in this chapter saw the early development of marine
biotechnology based on the genes and proteins of deep-sea species. The usefulness of specific
molecules had been clearly proven by the Green Fluorescent Protein (GFP) and there was
more to come. With an increased focus of biology on the molecular level, so too did deep-sea
biology start to realize that there were economical benefits to exploring the biodiversity of the
deep sea at a molecular level. As such, deep-sea biology started to ask questions more closely
related to the molecular level. These will be discussed in the next chapter.
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CHAPTER IV

Modern Basic Research

S we reach the turn of the millennium in this historical overview of the development of
deep-sea biology, something changes in how the subject must be approached. The previous
chapters have been unambiguously historical, the historical importance of certain people such
as Edward Forbes, expeditions such as the Challenger and tools such as DSV Alvin has been
clear, because time has proven them influential beyond their own era. This is obviously not the
case for the science that is still taking place. Sufficient time has not yet passed to show which
developments have been influential or know in what way these have exerted their influence.
Although this chapter considers modern deep-sea biology from a historical perspective, the
tentative nature of such a discussion will be evident. Assessing which of the current
developments will have historical value in the future is a task that requires affinity for the
science itself as well as the tools of a historian. As will become evident, this task also draws the
exercise closer to the realm of philosophy of biology. An additional hurdle that needs to be
taken, results from the increasingly specialized nature of contemporary science, something that
is reflected in the nature of deep-sea biology. We have seen how, starting with Edward Forbes,
early deep-sea biology was focussed on natural history. As the science progressed, an increasing
number of disciplines were added. Natural history was complemented by detailed anatomical
studies and physiological experiments, which looked at increasingly smaller scales down to the
molecular and biochemical level. At the same time the scales of magnitude also increased via
questions about life cycles, ecosystems approaches and the study of global biogeochemical
cycles.
This chapter, as the previous ones, does not strive to offer a comprehensive survey,
but to report on those scientific events and discoveries that questioned established views. We
will explore a number of examples at two levels: a specific and a general level. At a specific
level, three examples of surprising biodiversity will be discussed. These recent discoveries are
illustrative of the potential of specific deep-sea adaptations to raise questions that concern
fundamental issues such as the origin of life, and issues concerning the foundations of biology,
such as the limitations of canonical model species and constraints resulting from a specialized
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perspective. If biologists strive to study nature in order to understand it, and I consider this to
be the primary goal of the science of biology, then these examples provide us with the right
type of stimulation that is needed for progress. They do not represent radical paradigm shifts
as Thomas Kuhn (1922-1996) proposed for the way in which scientific knowledge progresses
1. They instead represent a subtle form of a more Popperian evolution of scientific knowledge
2, where the discoveries challenge existing views and thereby demand adjustments to be made
in order to incorporate them in existing models. The search for the origin of life and the
debates about the nature of the deepest branches of the phylogenetic tree of life, illustrate how
this type of stimulation works to progress scientific thinking.
At a general level, modern day biology has its own “Challenger” event, the Census of
Marine Life, which is quite clearly of historical importance even though we might not yet know
in which way it will influence the course of deep-sea biology. It offers insight into the dynamics
that shape modern deep-sea biology. Moreover, because of the unique nature of the questions
that this comprehensive program has sought to answer, it has itself been able to identify areas
where deep-sea biology is deficient and where biases are starting to emerge due to the
development and overemphasis on certain technologies, such as large-scale molecular-based
biodiversity surveys. In such general, large-scale trends, we again see issues concerning the
foundations of deep-sea biology.
Besides addressing specific findings and events that ‘have been’, there are also lines of
research that are notably absent. The deep pelagic ocean is a clear example of an environment
suffering from such an absence of a concerted research effort. This water column situated
between the sunlit surface waters and the region associated with the seafloor has always been
difficult to investigate, and it has been realized only recently that we have neglected a
significant portion of the world’s biodiversity by failing to investigate this domain.

SURPRISING DIVERSITY
The contrast between what was expected to be found in the deep sea during the first half of
the nineteenth century and what has been found since that time is great. During that period the
deep sea went from an expected lifeless zone beyond 550 metres to the world’s largest
ecosystem with life found at every depth. Although currently only 5% of the deep sea has been
explored and only 0.01% has been studied in detail 3, the deep sea has already proven to
consist of a wide diversity of habitats and ecosystems (see table IV, 1). Thanks to the improved
technical means for the exploration of the deep sea, the rate of habitat discovery has increased
since the 1960’s and ‘70’s (see figure IV, 1).
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Table IV, 1. Deep-sea habitats
List of discoveries of new deep-sea habitats and ecosystems since 1840 (adapted from ref. 3).
Year of discovery of new habitats and/or ecosystems from Forbe’s Azoic Theory to date.
OMZ, Oxygen Minimum Zone; MOR, Mid-Ocean Ridge.
Deep-sea habitat
Year
Reference
Fine sediment (400 m)
1840
Forbes, 1844
Fine sediment (600 m)
1849
Sars, 1849
Fine sediment (2000 m)
1862
Jenkin, 1862
Submarine canyons
1863
Dana, 1863
Seamounts (geologic feature)
1869
Ankarcrona, 1869
Sponge fields
1870
Thomson, 1873
Open water
1876
Challenger Report, 1885
Fine sediment (abyssal)
1876
Challenger Report, 1885
Manganese nodules
1876
Challenger Report, 1885
Cold-water corals (as distinct ecosystem)
1922
Broch, 1922
OMZ pelagic
1925
Hentschel, 1936
OMZ benthic
1928
Spiess, 1928
Whale falls (as source of food)
1934
Krogh, 1934
Mud Volcanoes
1934
Chhibber, 1934
Trenches
1948
Belyaev, 1989
Wood falls
1952
Galathea Report, 1956
MOR (as spreading ridges)
1963
Vine and Mathews, 1963
Back-arc basins
1971
Karig, 1971
MOR (fast spreading)
1977
Lonsdale, 1977
Xenophyophore fields
1979
Rice et al., 1979
Deep hypersaline anoxic basins
1983
Jongsma 1983
Cold seeps
1984
Paull et al., 1984
MOR (slow spreading)
1986
Rona et al., 1986
Whale falls (as chemosynthetic habitat)
1989
Smith et al., 1989
Brine pool (as chemosynthetic habitat)
1990
MacDonald et al., 1990
Asphalt habitat (Chapopote)
2004
MacDonald et al., 2004
Large bare rock region South Pacific
2006
Rea et al., 2006
Even at the start of the twenty-first century, new habitats are still being discovered. Because it
is the rate that is increasing, and not just the number of habitats discovered, this increase is
highly indicative of the potential for new discoveries in the deep sea. With each discovery have
come new insights into the adaptability and diversity of life on Earth, such as illustrated in the
previous chapter by the discovery of ecosystems based on chemosynthesis as found at the
hydrothermal vent sites. A few of the more notable species will be addressed here in order to
illustrate the level at which, and the extent to which, life in the deep sea has been found to
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differ from what was expected. What has been discovered is a surprising biodiversity that
appears to be living at the very limits of what is taken to be possible within the laws of nature.
These individual species serve as practical examples of how broader, general trends affect the
production of knowledge of the deep sea. They illustrate how emphasis can quickly shift to
applications, or, when these are not found, how important discoveries can end up on the shelf
awaiting funds for further investigation. Concurrently, these species offer valuable new leads
into questions concerning the origin and evolution of life, and as such are of scientific
importance. This creates a dynamic interaction between scientific and societal interests to
which CHAPTER V will be devoted.

Figure IV, 1. Habitat discovery rate since 1840 (ref. 3).

ALVINELLA POMPEJANA
Described in 1980 by Desbruyères and Laubier 4, the Polychaete worm Alvinella pompejana is
more commonly known by the name ‘Pompeii worm’. As is implied by its nickname, A.
pompejana lives in harsh environmental conditions at hydrothermal vent sites. Where most
species living at these sites position themselves in such a way that they can avoid temperatures
above 30 ˚C, A. pompejana prefers to live closer to the very steep temperature gradients found
near the vents. These approximately ten centimetres-long worms construct thin parchment-like
tubes that form elaborately channelled structures on the outer walls of active vents. Most of
their time is spent inside these tubes, but observations have shown regular excursions up to
one metre’s distance from the tube in order to feed on the bacteria growing on the outer
surface of the colony 5. Inside the tubes, at such close proximity to vent fluids that can reach
temperatures of 350 ˚C but which are rapidly cooled by the surrounding seawater,
temperatures change significantly over a distance of only a few centimetres. That this meant
that A. pompejana had a high thermotolerance was clear early on, but just how far this ability
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could reach became clear in 1991-1992 during the French-US HERO (Hydrothermal
Environment Research Observatory) expedition. While conducting temperature measurements
using the Nautile and Alvin submersibles, a living A. pompejana coiled itself around the high
temperature probe which was recording 105 ˚C. Images (see figure IV, 2) of this soon found
their way into Nature’s scientific correspondence, where the extremes tolerated by animals in
terrestrial environments were contrasted by those found in the marine environment 6. On land
the record was set at 65 ˚C by the pseudoscorpion Eremogarypus perfectus, but A. pompejana had
now set a new record for animals from the marine environment which surpassed this by 40 ˚C.
This display of extraordinarily high temperature tolerance stimulated more careful
studies into the thermotolerance of A. pompejana. A study by Cary et al. 5 during November
1995 and April 1996 suggested that across the length of its body A. pompejana experienced a
temperature gradient that ranged from 22 ˚C at the tube opening to 68 ˚C inside the tube. Cary
et al. even recorded frequent temperature spikes up to 81 ˚C. Their findings were strongly
contested by Chevaldonne et al., who had made the earlier observation of A. pompejana coiling
around the temperature probe 7. Despite an apparent confirmation of the earlier observation of
the thermotolerance of A. pompejana, Chevaldonne et al. did not believe the species capable of
living and prospering under such conditions. They instead considered that the claims of Cary et
al. contradicted a substantial body of biochemical evidence, which indicated that at a molecular
level such high temperatures would be detrimental. A key objection by Chevaldonne to the
sampling method was that the probe could have simply damaged the tube and thus allowed in
water of a higher temperature, creating the appearance of a higher temperature then would
normally be found inside the tube. Although Cary et al. managed to replicate the results several
times more 8, the issue of possible leakages was not resolved until Le Bris et al. developed a
deep-sea pH probe that was coupled to a temperature probe 9. Since the outside vent fluids
were acidic compared to the neutral internal fluids, any leakage would be indicated by a
significant decrease in pH, which could now be measured simultaneously with the temperature.
Le Bris et al. 10 measured temperatures of the fluid inside the tubes which quickly increased to
57 ˚C and more slowly to 67 ˚C while the pH decreased from an alkaline 8 (seawater) to a
neutral 6.7, indicating the tube was not damaged by the probe. These findings further
suggested that A. pompejana was subject to a very high temperature gradient across its body,
establishing it as one of the most eurythermal animals on the planet. Further evidence of a
preference for higher temperatures of some polychaete worms came from a laboratory study
using a member of the same Family of Alvinellidae, Paralvinella sulfincola 11. This species was
easier to sample and transfer to a pressurized aquarium than A. pompejana but displayed a
similar thermotolerance. In the aquarium, a temperature gradient could be created after which
P. sulfincola migrated to their preferred temperature which appeared to be between 40 and 50
˚C. Only when the aquarium was uniformly heated to 55 ˚C or more did the temperature
adversely affect the worms. Unlike A. pompejana, P. sulfincola could not tolerate temperatures
above 60 ˚C.
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Figure IV, 2. Alvinella pompejana
Commonly known as the Pompeii Worm. The worm has coiled itself around the
temperature probe. Photograph was accompanied by a drawing to ease identification of the
worm 6, reprinted with permission.
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Capable of dealing with extremely high temperature peaks and gradients across its body, A.
pompejana attracted the attention of researchers interested in its physiology. Such extremes
required the evolution of especially thermostable proteins in order to maintain essential
physiological functions. As a result A. pompejana was of interest for a range of purposes that
illustrate the scientific as well as societal importance of deep-sea research. Its unique evolution
had made it an important species for revealing new elements of metazoan evolution, the
evolution of all animals with differentiated tissues (including humans). A cDNA study by
Gagnière et al. in 2010 (ref. 12) revealed a surprising evolutionary proximity of A. pompejana to
Deuterostomes. Deuterostomes and Protostomes form an important taxonomic division
within the animal kingdom, and this division is based on their developmental differences.
Among the Deuterostomes are classified vertebrates such as humans, while polychaete worms
such as A. pompejana are classified as Protostomes. The finding of this unexpectedly close
evolutionary proximity based on cDNA analysis, revealed that the canonical model
Protostomes such as Drosophila melanogaster (the common fruit fly) and Caenorhabditis elegans (a
type of free-living worm) are not universally informative as to metazoan evolution. This
suggests that the focus must be widened before generalizations can be made. Interestingly, A.
pompejana also gave rise to some very important new applications. It was shown to possess
proteins that were previously considered vertebrate novelties, and thus should not have been
present in this Protostome species. Because these proteins had evolved to be more thermally
stable, A. pompejana became a highly interesting model for studying human target proteins. One
such protein was SuperOxide Dismutase (SOD), an enzyme involved in certain forms of a
terminal neurodegenerative disorder known as Amyotrophic Lateral Sclerosis (ALS). A study
by Shin et al. in 2009 (ref. 13) revealed that the SOD from A. pompejana (ApSOD) was a superstable homologue to human SOD. Since SOD instability was implicated in the development of
ALS, ApSOD could be highly informative in elucidating the cause of the disease as well as in
the development of possible treatments. Other molecules found as a result of studying A.
pompejana have also shown promise for medical applications, although not always directly from
the species itself, like HE 800 EPS, an exopolysaccharide, a molecule consisting of a long chain
of sugars, secreted by symbiotic bacteria named Vibrio diabolicus. These bacteria and their
polysaccharide were first described by Raguénès et al. in 1997 (ref. 14) and Rougeaux et al. in
1999 (ref. 15), respectively, and have subsequently been found to have bone-healing properties.
These have been experimentally proven to be able to significantly speed up the healing process
without any observed abnormalities 16. As such properties are not unusual in marine
polysaccharides, these have received increasing attention in recent years 17. This attention is
part of a broader trend to search for useful products in nature in the most extreme places 18.

RIMICARIS EXOCULATA AND CHLOROBIUM BATHYOMARINUM
We recall that the absence of light has originally been an important factor for considering the
deep sea to be lifeless, or sparingly inhabited by life. But not only was life found in abundance
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at all depths, contrary to all expectations, the very idea of a lightless deep sea was also not
entirely correct. In the realization that there might be more than, quite literally, meets the
human eye, Rimicaris exoculata played an important role. First described by Williams and Rona
in 1986 (ref. 19), this species of shrimp forms dense populations at hydrothermal vent fields of
the Mid-Atlantic Ridge. Despite lacking eyestalks and compound eyes as normally found in
shrimp, this species is not entirely blind. Dorsally located under a thin transparent carapace is a
visual organ, a novel type of eye 20, 21. This eye is not an image forming eye, but rather a light
detection eye, which may possibly have evolved from an ancestral image-forming eye 22. The
reduction of the image forming capacity of the eye, such as the loss of a dioptric apparatus,
was a trade-off for extreme light sensitivity. Early calculation by Pelli and Chamberlain 23
showed that R. exoculata was capable of sensing the black-body radiation emitted by the 350 ˚C
vents, something that is invisible to the human eye. This finding suggested that there was at
least one source of light in the deep sea that was being used by organisms inhabiting these
regions, and spurred further investigations into the ambient light emitted from hydrothermal
vents 24. Although various sources of light have been found, including non-thermal sources, it
was not yet clear to what extent these contributed to the biologically relevant spectrum. Even
for the case of R. exoculata, it was not yet clear how well the shrimp could sense thermal
radiation, leaving the question of its biological relevance open to discussion.
The answer to this question came in 2005 with the discovery of Chlorobium
bathyomarinum. This obscure bacterial vent species is described in only one paper 25 and has
since then received little attention 26, despite its capacity to perform what had been taken to be
impossible: photosynthesis outside the reach of solar illumination. Samples of Chl.
bathyomarinum, initially named GSB1, were taken 50 centimetres above the orifice of a black
smoker located at the East Pacific Rise, at a depth of 2,391 metres. After testing a variety of
different enrichment media, GSB1 was eventually found to grow in a phototrophic, sulphur
bacterial enrichment medium under anaerobic conditions in the presence of light. GSB1
appeared to be a green sulphur bacterium, which had always been understood to be limited to
environments where sunlight was present. But now it seemed evident that they could also grow
at considerable depths beyond the maximum reach of sunlight. That this was indeed the case
was further substantiated by the presence of bacteriochlorophyll c, the bacterial light
harvesting pigment typical for green sulphur bacteria. Phylogenetic analysis too revealed a close
relationship to Chlorobium and Prosthecochloris. GSB1 was thus truly a green sulphur bacterium
that appeared to require anaerobiosis, light, H2S or elemental S, and CO2 in order to flourish. It
was a unique discovery. In the words of Beatty:
Regardless, the capture of GSB1 at a deep-sea hydrothermal vent, but not
from surrounding waters, indicates that geothermal light and associated
reduced S compounds are sufficient to at least enhance the survival of green
sulfur bacteria in the otherwise dark, oxygenated ocean depth. This
discovery expands the range of possible environments that could harbor life
forms which use light energy to drive endergonic biochemical reactions, and
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frees the thinking of the scientific community from the constraint that any
form of life that depends on light energy is necessarily limited to solarly
illuminated habitats. (25, Thomas Beatty).
The discoveries of Rimicaris exoculata and Chlorobium bathyomarinum made it evident that sources
of light other than the sun were also biologically relevant. As long as the right frequencies were
emitted for use by, for instance, bacteriochlorophyll c, there was no restriction on the location
of its use. This observation, in turn, as Beatty pointed out in the above quote, to reflect on
other possible evolutionary paths. For instance, the use of an eye such as found in R. exoculata
has led to a new hypothesis on the origin of photosynthesis as evolved from phototaxis 27,
which has been followed by a lively debate on the subject 28-30. Such discussions concern
events that have taken place at the deepest branches of the tree of life and touch the most
fundamental questions regarding the origin of life, a subject that will be discussed later in this
chapter.

LORICIFERA
The phylum Loricifera is also a relatively recent discovery. These microscopic meiofaunal
animals (Metazoa) can be up to 1,000 micrometres in size, but are usually found to be around
300 micrometres 31 (for a comprehensive overview of the phylum see 32). Although they are
not considered to be uncommon in the world’s oceans, it was not until 1983 that they were
first described by Danish biologist Reinhardt Kristensen 33. Since then the taxonomic
classification of Loricifera has been fiercely debated, but the current consensus is in favour of
maintaining Loricifera as a phylum 34.
In his description of Loricifera, Kristensen has proposed some explanations for their
late discovery, despite their apparent abundance. One of the reasons was that these benthic
animals required a different method of collection. This he discovered by accident when, while
pressed for time, he treated a large sample differently from his usual method of MgCl2
extraction, opting instead for an osmotic shock with fresh water and fixation with formalin.
When samples are collected the Loricifera adhere tightly to the substrate. However, the
osmotic shock from the fresh water forced the animals to release their grip. As a result,
Kristensen obtained a complete series of the organism, covering all stages of its life cycle.
Initially the discovery of Loricifera did not seem to provide ground-breaking new insights.
New phyla are continually added, especially in the field of marine biology, but a few years later
the Loricifera would contain species that did prove the phylum to be something special. A
fundamentally important discovery was revealed in 2010, when Danovaro et al. presented their
extraordinary discovery of three unidentified species of Loricifera that were capable of living in
permanently anoxic conditions 35.
The habitat of these species was formed by a basin of hypersaline brine in the
Mediterranean Sea, the L’Atalante basin, where water from oxygen rich layers was not being
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mixed in, which resulted in an anoxic environment. Increasing the hostility of the environment
even further were high concentrations of sulphide. This created an environment with three
significant physiological challenges to organisms: a high salt concentration, absence of oxygen
and the toxicity of sulphide. In the samples taken from the inner parts of the basin Danovaro et
al. found species of Nematoda, Copepoda and Loricifera. Up to then, findings of metazoan
species in samples taken from such an environment had been taken as organic detritus, rather
than living specimens. This was also the case for the Nematoda and Copepoda in the samples
taken by Danovaro et al. However, when staining the Loricifera with a protein-binding stain,
they found unexpected colour intensity. Such intensity indicated the presence of proteins,
which would have quickly degraded if the animals had not been alive very shortly before
sampling. Through a series of subsequent experiments it was shown that the animals could not
only survive in those conditions, but actually went through their entire life cycle there, and had
been adapted specifically to life in an anoxic environment. The Loricifera had hydrogenosome
fields known previously only from single celled obligate anaerobic eukaryotes.
Hydrogenosomes, like mitochondria, are organelles that supply the cell with energy.
Hydrogenosomes do not coexist with mitochondria due to their evolutionary relationship, and
this discovery constituted an absolute novelty for multicellular life forms. Additionally, there
appeared to be endosymbiotic prokaryotes (single-celled organisms lacking a nucleus) located
closely to the hydrogenosomes, something known only from protozoans (single-celled
organisms with a nucleus) living in anoxic conditions. All the individual lines of evidence
collectively indicated that Danovaro et al. had discovered the first multicellular organism fully
adapted to a permanent life without oxygen. Like the discovery of geothermal photosynthesis,
this discovery also had highly important implications for evolutionary biology. It now fixed the
attention on the presence of the hydrogenosomes, their evolutionary relationship to
mitochondria and its implications for the origin of Eukaryotes (all organisms of which the cells
contain a nucleus) and as such the early stages of the evolution of life on earth. Not only was
the term “anaerobic metazoan” no longer an oxymoron 36, but according to some authors the
order in which anaerobic biochemistry emerged was now completely reversed 37, 38.
While Danovaro et al. opt for the term ‘enigmatic’ in discussing the
evolutionary significance of their findings, we have a decidedly different
view. Given that anaerobic forms of mitochondria are widespread
throughout the eukaryotic world, we see eukaryotes in anaerobic habitats as
evidence for evolution in the Darwinian sense of descent with modification,
with the traits that support survival in anaerobic environments having been
conserved from earlier phases of Earth’s history. This view is underpinned
by what geologists and geochemists have been trying to tell biologists over
the last 10 years about the prevalence of anoxic and sulphidic environments
during the early phase of eukaryotic and metazoan evolution, but with the
biologists perhaps not taking as much notice as they should. (37, Marek
Mentel and William Martin).
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It now seems that even some true multicellular animals can live under
continuous anoxic conditions. Last year, Danovaro and colleagues reported
the first metazoan from a completely anoxic habitat. Currently, the tendency
is to dismiss ancestral eukaryotic anaerobic biochemistry by suggesting that
all of these eukaryotes are secondarily anaerobic and that they are derived
from “normal” aerobic eukaryotes. However, invoking continuous and
repeated secondary events might be scientifically questionable when a more
simple explanation exists: All eukaryotes may have been capable of
anaerobic biochemistry from the start. (38, Mark van der Griezen).
Such a reversal sheds a completely different light on the origin and evolution of life on this
planet and can possibly be informative about the chances of finding life on other planets 36.
Although the few species discussed here represent only a select set of examples, they
show that discoveries from the deep sea are influential at a variety of levels. They greatly
stimulate discussions about some of the most fundamental questions in biology concerning the
origin and required conditions of life, but they can also contribute to a wide variety of
applications. As a consequence, life in the deep sea is of growing interest to a multitude of
parties. This is possibly best illustrated by the advent of bioprospecting and the international
attention this development has been receiving. One of the results of this attention is a 2005
report from the United Nations University Institute of Advanced Studies (UNU-IAS) on the
scientific, legal and policy aspect of prospecting for genetic resources in the deep seabed 39.
This topic will be discussed in more detail in CHAPTER V where attention will be given to the
broader aspects of the developments throughout the history of deep-sea biological research
and its implications for modern and future research.

ORIGIN OF LIFE
On February 1, 1871, Charles Darwin wrote a letter to Joseph Hooker, which included one of
his most famous comments.
It is often said that all the conditions for the first production of a living
organism are now present, which could ever have been present. But if (and
oh! what a big if!) we could conceive in some warm little pond, with all sorts
of ammonia and phosphoric salts, light, heat, electricity, etc., present, that a
protein compound was chemically formed ready to undergo still more
complex changes, at the present day such matter would be instantly
devoured or absorbed, which would not have been the case before living
creatures were formed. (40, Charles Darwin).
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These speculations on the initial conditions for the origin of life have resonated among those
contemplating the origin of life. The warm little pond described by Darwin was an appealing
concept, most famously expanded upon by J.B.S. Haldane in 1929 (ref. 41), by Alexander
Oparin in 1924 (ref. 42) and 1936 (translated to English in 1938) (ref. 43), and by Stanley Miller
and Harold Urey in 1953 (ref. 44) and 1959 (ref 45). References to a “hot dilute soup” by
Haldane, discussions of organic substances dissolved in water by Oparin, and an experimental
setup of Miller and Urey that included electrical discharges, all appear to have been strongly
influenced by the principle proposed by Darwin. The central theme of the principle is that
organic molecules and the other ingredients required for life were present in solution before
the onset of life, and through long periods of time complexity increased until the first life
forms emerged. Oparin’s “coazervates”, colloidal sols (or coagulates) resembling non-living
proto-cells, arose by chance, combined with extremely long periods of time. This combination
made the result (i.e. life) a practical inevitability. Oparin concluded that because of such long
periods even the slowest or most unlikely of chemical reactions would have taken place at
some point.
It is impossible, incredible, to suppose that in the course of many hundreds
or even thousands of years during which the terrestrial globe existed, the
conditions did not arise “by chance” somewhere which would lead to the
formation of a gel in a colloidal solution. Such formation of aggregated
pieces of organic material floating freely in the boundless watery spaces of
the ocean which gave rise to them must certainly have occurred at some
time in the existence of the Earth. (42, Alexander Oparin).
Time, it seemed, was the crucial ingredient for the emergence of life on Earth. All that was
needed was a bowl of soup with the right ingredients and the result would be unavoidable
given enough time. This highly attractive idea has recently come under criticism, and some
have proposed to abandon it altogether, such as American botanist and molecular evolution
biologist William Martin.
The proposal that life arose through the self-organisation of preformed
constituents in a pond or an ice-pore containing some kind of preformed
prebiotic broth can be rejected with a simple thought experiment: If we
were to take a living organism and homogenize it so as to destroy the
cellular structure but leave the molecules intact, then put that perfect organic
soup into a container and wait for any amount of time, would any form of
life ever arise from it de novo? The answer is no, and the reason is because
the carbon, nitrogen, oxygen, and hydrogen in that soup is at equilibrium: it
has virtually no redox potential to react further so as to provide electron
transfers and chemical energy that are the currency and fabric of life. (46,
William Martin).

	
  

156

MODERN BASIC RESEARCH
The importance of Martin’s argument is that he points to a crucial element required for the
emergence of life: energy. Life is a process that happens far from a chemical equilibrium and
for life to sustain this state requires energy. Now we know that there is one place on this planet
where there is energy in abundance: at hydrothermal vents. This explains why, ever since their
initial discovery, these have played an important role in the discussion about the origin of life
on Earth.
In the years directly following the announcement of the discovery of hydrothermal
vents and the life forms associated with them in Science 47, John Corliss, together with John
Baross and Sarah Hoffman, published some initial ideas on the origin of life at such vents 48, 49.
Growing knowledge of hydrothermal vent systems and new models of the early ocean led
Baross and Hoffman to create an image of what the conditions were like at the time when life
first emerged 50. Their view of the beginnings of life was that 4.2 billion years ago, the Earth
was covered by an ocean with a maximum depth of 1,000 to 2,000 metres where hydrothermal
activity was at least five times more prevalent than at present. Oceanic ridges were also
between three and five times longer then today, during the period ranging from 3.5 to 4.2
billion years ago. Baross and Hoffman considered a combination of two elements to resolve
the shortcomings of earlier theories. First, there was the abundance of chemical energy in the
early oceans due to the high level of geological activity. Second came the contemporary
observations that various organisms could harness this energy. Hydrothermal vents thus
provided dynamic thermal and chemical gradients for an abiotic synthesis of organic
compounds and facilitated biologically catalysed reactions. This greatly reduced the importance
of time as a factor increasing the probability of the origin of life. Instead, the conditions at
hydrothermal vents greatly increased this probability.
The chemical, physical and geological conditions at hydrothermal vent sites offered
an attractive environment for the possible origin of life, although the conditions in the early
ocean were difficult to reconstruct. More recent models such as that proposed by Michael
Russell and Allan Hall in 1997 (ref. 51), suggested life to have originated four billion years ago
at a depth of around 4,000 metres where hot, reduced, alkaline and sulphide-rich waters mixed
with colder, acidic, oxygenated and iron-rich waters. Important for the further development of
this model was compartmentation, the concentration of processes within a confined space.
Hydrothermal vents have many such microcompartments that, in the logical of that model,
could have played a crucial role in the origin of the first cells 52. The discovery of off-axis
hydrothermal vent fields in 2000 (ref. 53) added new fuel to the discussion 54. These vents,
located several kilometres away from the spreading centres, are characterized by
serpentinization 55, a process producing H2, the most abundant source of accessible chemical
energy on Earth 56. In the effluent of the Lost City off-axis vents geochemical CH4 was found.
The relevance of this discovery was that its synthesis could shed light on early forms of
biological carbon fixation.
The changing focus on energy, rather than time, as the factor increasing the
probability of the origin of life as a consequence of the discovery of hydrothermal vents,
strikes at the heart of modern biology. It furthermore affects astrobiology, a science at the
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fringes of biology that considers the possibility of life existing elsewhere in the universe.
Research in this field is highly speculative and can expect to be met with considerable
scepticism as to its scientific validity. This was famously illustrated by George Gaylord
Simpson in a 1964 Science paper where he considered exobiology (the science of extraterrestrial
life) a science that had “yet to demonstrate that its subject matter exists” 57. Simpson, who was
critical of the developments connected to the space program, noted that evolutionary
biologists were underrepresented when questions turned to the origin and evolution of extraterrestrial life.
Another curious fact is that a large proportion of those now discussing this
biological subject are not biologists. Even when biochemists and
biophysicists are involved, the accent is usually on chemistry and physics and
not on biology, strictly speaking. It would seem obvious that organic
evolution has a crucial bearing on the subject, which is essentially a problem
in evolutionary systematics. Surely, then, it is odd that evolutionary
biologists and systematists have rarely been consulted and have volunteered
little to the discussion. [...] As an evolutionary biologist and systematist, I
believe that we should make ourselves heard in this field. Since part of our
role must be to point out “the checks and barriers of earthly realities,” we
may at times seem merely to be spoilsports, but we do have other
contributions as well. (57, George Gaylord Simpson).
Simpson’s insistence on the role of systematics and evolutionary biology came from the very
powerful analogy of the “tree of life”, used since the time of Darwin. All life forms were seen
as related to each other at some point in the evolutionary past, and this relationship could be
drawn out as the branches of a tree. Going back in time, the many branches come together in a
root called LUCA (Last Universal Common Ancestor). LUCA takes us to the origin of life on
Earth. With the advent of molecular biological tools such as gene sequencing, this concept of a
tree of life has been developed further and has proven its value to biology. The discovery of
the hydrothermal vents not only renewed the emphasis on physics and chemistry, redox
reactions and serpentinization, but this time the central concept of the tree of life also came
under fire.
While looking at hydrothermal vents to find new clues about the origin of life and
early evolution, attention naturally focuses on the biochemical reactions in, and the life cycles
of, microorganisms and their relation to the physical and chemical conditions surrounding
them. This way of looking effectively ignores systematics in just the way Simpson’s comment
above specifies. The research no longer proceeds by working down through the tree of life, but
rather by working up from the inorganic to the organic and eventually to life. This crucial
difference has led to an exposure of the problematic nature of the deepest branches of the tree
of life.
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As one phylogeneticist once optimistically put it “All the events of biological
evolution are played out somewhere along the branches of phylogenetic
trees” 58. However, those of us who are trying to understand topics like early
evolution, prokaryotic evolution and the prokaryote-to-eukaryote transition,
know that evolution among microbial genomes - our only source of genetic
evidence (there is chemical and geochemical evidence, too) for early
evolution - has more to it than just sorting out the order of branches. The
claim that all of evolution maps to a tree is not true, it only applies to
organisms visible to the naked eye, like in Darwin’s day. As it concerns our
understanding of the evolution of microbial genomes, acceptance of such
claims about universal trees upon which all of life’s events can be mapped or worse, belief in their truth 59 - is more likely to impair progress in
understanding early evolution than to promote it (for the evolution of
multicellular life, trees are fine). (46, William Martin).
This forceful protest, formulated in 2011, illustrates part of the debate that is currently going
on in the field of research into early evolution and the origin of life. These discussions, as we
have seen, have in part been stimulated by the discovery of hydrothermal vents, as they shed
new light on existing questions, as well as by the discovery of deep-sea photosynthesis, which
in turn sheds new light on the possibility of phototaxis playing a role in the evolution of
photosynthesis. Similarly, the discovery of deep-sea metazoa capable of living without oxygen
has spurred the debate about mitochondrial evolution and the origin of anaerobic
biochemistry. Discoveries from the deep sea thus continue to play the role of catalyst, forcing
us to review and re-adjust existing explanations and stimulating the formulation of new
scientific hypotheses.

CENSUS OF MARINE LIFE
Throughout the history of deep-sea biology, we find that there are particular events,
expeditions and discoveries that mark a point of change. We have seen that Edward Forbes
and the formation of the British Association’s Dredging Committee, the Challenger
Expedition, and the discovery of hydrothermal vents are such examples of historical events
that have resonated through the very fabric of deep-sea biology and also through the whole
field of biology. The closer we get to our own times, the more difficult it becomes to assess the
historical importance of such events and the more caution should be taken before proclaiming
a discovery, event or theory as truly historical. There are, however, certain events that clearly
deserve the predicate “historical” due to their massive scale and impact. At the start of the
twentieth-first century just such an event took place: the Census of Marine Life. This program,
which ran from 2000 to 2010, bears all the hallmarks of a contemporary incarnation of the
Challenger Expedition, because it incorporated all the tools available to modern scientists and
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their networks of communication in order to establish an unprecedented benchmark study of
life in the world’s oceans. It also epitomized the modern realization that the knowledge of the
oceans is severely lagging behind the anthropogenic influences exerted on them. The oceans
are becoming an increasingly important environment for mankind. Demands for mineral,
biological and food resources have been increasing especially fast during the last few decades
and the technological means to exploit such resources from the marine environment are
making it increasingly expedient to do so.
The idea for the Census of Marine Life started with the idea for a Census of the
Fishes, which was proposed in September 1996 by Jesse Ausubel, a program director for the
Alfred P. Sloan Foundation, in part, as a means of compensating for the general bias toward
research into commercially interesting fish species (60, p. 26-27). His proposal reflected a
growing realization that science was playing catch-up with commercial fisheries, a process well
illustrated by Tony Koslow in the chapter on the advent of deep water fisheries during the
1970’s in his book The Silent Deep published in 2007 (ref. 61, Chapter 10). In the ensuing years,
workshops attended by large numbers of scientists and organizations allowed the original
census idea to grow into a comprehensive program that went well beyond just fishes. In 1999,
the original proposal was renamed the Census of Marine Life (hereafter: Census) and centred
around three big questions:
What lives in the Oceans?
What lived in the Oceans?
What will live in the Oceans? 62
To the purpose of answering these questions, the Sloan Foundation approved seventeen field
projects and made available a ‘seed’ budget of US $78 million. Over the course of the decade
that the program ran, it acquired another US $550 million from around 600 partners and
sponsors (listed on the Census website 63), and engaged 2,700 scientists from over 80 different
nations. Some 540 expeditions uncovered over 6,000 potentially new species and produced
over 2,600 scientific publications 62. However, these figures do not do justice to the program,
as many of the partners would support the public availability of the data in databases such as
the World Register of Marine Species, the Catalogue of Life, or in open-access scientific
publications in PLoS ONE. Supportive networks were also involved, such as the Marine
Barcode of Life or the Ocean Tracking Network. The output was not limited to scientific
publications, as it also included books, films and policy documents. All in all, the Census
represented a huge global network of stakeholders involved in the oceans, illustrating the
importance of the oceans to science and industry, and at a political as well as societal level.
Interestingly, the distribution of topics addressed by the seventeen projects resembled the
distribution of life in the oceans more closely than was the case in previous efforts to explore
the biodiversity of the world’s oceans.
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Table IV, 2.
Distribution of the seventeen field projects of the Census of Marine Life in relation to the
depths on which the projects are predominantly focussed.
Census of Diversity of Abyssal Marine Life (CeDAMar)
Continental Margin Ecosystems (COMARGE)
Deep Sea
Mid-Atlantic Ridge Ecosystems (MarEco)
Global Census of Marine Life on Seamounts (CenSeam)
Biogeography of Deep-Water Chemosynthetic Ecosystems (ChEss)
Census of Antarctic Marine Life (CAML)
Arctic Ocean Diversity (ArcOD)
Various depths
International Census of Marine Microbes (ICoMM)
Gulf of Maine Area Program (GoMA)
Census of Marine Zooplankton (CMarZ)
Pacific Ocean Shelf Tracking (POST)
Census of Coral Reef Ecosystems (CReefs)
Surface
Natural Geography in Shore Areas (NaGISA)
Tagging of Pacific Predators (TOPP)
Ocean Biogeographic Information System (OBIS)
Other
Future of Marine Animal Populations (FMAP)
History of Marine Animal Populations (HMAP)
Five of the seventeen projects (listed in table IV, 2) were aimed predominantly at life at great
depths, while another five aimed at various depths, including the deep sea. Of the remaining
seven projects, four focussed predominantly on depths closer to the surface, while the last
three projects were land-based support projects. At least in terms of the number of projects,
emphasis had been more towards the deeper areas that encompass the largest part of the
marine environment. Notably, all five deep-sea projects were benthic, while no project
explicitly focused on the deep pelagic nekton, which could constitute a significant number of
unknown species. Only in the context of a specific area such as the Arctic and Antarctic did
the deep pelagic nekton feature. More was done in terms of research into deep pelagic
zooplankton, which was incorporated in the Census of Marine Zooplankton project, but by
2010 the Census’ Ocean Biogeographic Information System had been used to reveal a chronic
under-exploration of the deep pelagic realm in general 64. By constructing a baseline
measurement of global marine life the Census exposed more clearly the gaps in current
knowledge of the oceans and the bias in marine biological and oceanographic research for
studies of either the surface waters or the seabed. In other words, the water column between
the sunlit waters and the seabed, which constitutes the largest ecosystem on the planet, remains
virtually unexplored.
The importance of comprehensive baseline measurements was made all the more
clear by the work of the History of Marine Animal Populations (HMAP) project. This project
addressed the question of what lived in the oceans. Investigations employed tools of various
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disciplines such as history, palaeontology and ecology and combined them in order to
construct a history of marine animal populations throughout time as far back as was possible.
Important resources used were images and records from fisheries, and because of this much of
the work concentrated on commercially exploited species. The unique combination of
methods applied on a subject that had been studied before (the effects of fisheries on marine
animal populations) led to unexpected new insights. Although it had been known that fisheries
science suffered from shifting baselines (see for instance 65), that is a continuous adjustment of
what are considered baseline stock sizes of commercially exploited fish species, the extent to
which these baselines had shifted was not fully understood. This also meant that views on
when such stock sizes first started to change due to human activities such as fishing were
incompletely informed. Introducing the method now known as Environmental History into a
project (HMAP) as part of a program as large as the Census, helped to unearth a history of
anthropogenic change to marine animal populations that went much further back than had
been expected (see CHAPTER I and 66). It now became clear that major extractions of fish had
started 2,000 years ago, and that by the late nineteenth century, annual catches with primitive
equipment were at times higher than modern catches with the most modern equipment, as
illustrated by this example given from the Scotian Shelf.
The fishermen consistently removed 200,000 tonnes of live fish per year
through the 1850s. For example, in 8.5 months during 1855, the hand-lining
fishermen in 43 schooners from Beverly, Massachusetts, caught a little over
8,000 tonnes of cod on the Scotian Shelf, whereas in 15 months during
1999-2000 a total of just 7,200 tonnes of cod was extracted from the same
waters by the entire Canadian mechanized fishing fleet and fell short of the
full Total Allowable Catch by 11%, a comparison that points to a profound
change in cod abundance on the Scotian Shelf over the past 150 years. (66, p.
12-13).
Not only is this result indicative of profound changes in marine animal populations, it also
underlined the importance of constructing a comprehensive baseline. In this case historical
records of human activity had given insights into the changes over time in populations of
species closely tied to human cultures and thus visible in the historical records of those
cultures. Such methods can obviously not be applied to species outside daily human
experience, species such as those residing in the deep sea. Since records of deep-sea species
have been kept only since the emergence of deep-sea biology in the mid to late nineteenth
century, none can be found from before that time. Moreover, the records that have been
established since that time are few in number and represent only a very small fragment of
deep-sea biodiversity, not enough to allow changes in species populations to be inferred. This
circumstance has given extra weight to the Census program, because it represents the first
large-scale effort to create a baseline measurement for all species, not just those that have

	
  

162

MODERN BASIC RESEARCH
economic value. It also influenced the type of questions that were asked by the scientists
involved, as well as emphasizing their political and ethical responsibilities.
We recall from CHAPTER II, that during the late nineteenth and early twentieth
century, societal concerns about declining fish stocks motivated oceanographers to focus on
those aspects of oceanography that could help manage fisheries. This led to the creation of
ICES and the emergence of biological oceanography. At the start of the twenty-first century,
something similar happened which was expressed in the Census program: the growing
realization that there was a very real relationship between mankind and all parts of the oceans,
including its deepest regions, and that essential services were provided to all life, including
humans, by marine ecosystems, resonated in every project involved in the Census program.
Each chapter of Life in the World’s Oceans 66, the book in which all the major results from the
various projects are presented, includes comments on management of human interactions with
the oceans. This is exemplified by one of the concluding remarks to the Gulf of Maine Area
(GoMA) project chapter.
Understanding the inextricable links between human interactions and the
natural system is the basis of ecosystem management. Because EBM
[Ecosystem Based Management] regulates human activities, public literacy at
local, regional, national, and international levels is fundamental to its
implementation (Novacek, 2008). Biologist Rachel Carson's popular books
of the mid-twentieth century, The Sea Around Us (Carson, 1951) and Silent
Spring (Carson, 1962), helped create a societal shift toward support of the
environmental policies of the 1960s and 1970s. Scientists must convey to the
public and policy-makers the connection between biodiversity and the
sustainability of goods and services provided by ecosystems. To build an
ecosystem-literate public, one must first acknowledge that there is truly no
“general public”, but collections of individuals with varying backgrounds,
interests, and values. Now, more than ever in human history, societies
supported by marine ecosystems - in the Gulf of Maine region and around
the world - are made up of direct and indirect stakeholders with different
socio-cultural values, economic concerns, and perceived connections to the
natural world. Recognizing this human diversity is essential to building
public support for research and acceptance of indicated management
actions. (66, p. 59, Lewis Incze, et al.).
For the Census projects this larger socio-political context was important. Researchers involved
perceived their research as being not only of great scientific value, but also of great societal
relevance. For that reason the scientific questions that were proposed, were adjusted
accordingly.
The function of the GoMA project, which targeted a relatively well-studied area, was
to conduct an ecosystem pilot study in order to gain enough knowledge for Ecosystem Based
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Management (EBM). An important question in this context became: “When is a system
adequately described, and what are pragmatic standards and approaches for doing this?” (66, p.
48). This question was about more than simply understanding the system, it was about taking
into account the whole process of producing an understanding of a system within the practical
limitations that confined such research. The oceans, with their vast surface area and wide depth
ranges presented a three dimensional area of interest that was beyond practical exploration,
irrespective of the economical feasibility of such an undertaking. These limits had to be taken
into account when trying to implement EBM. For the GoMA project this meant taking into
account the unknowns.
In general, we know less about the diversity of organisms as they get smaller,
have softer bodies, inhabit more remote (deeper and offshore) places, and
live within, rather than on, the bottom. Although the number of unknown
species is impossible to estimate accurately, the more essential point is to
illustrate where knowledge is most deficient. From this perspective, we can
consider how these deficiencies affect our understanding of local
communities and marine ecosystem processes, and what strategies might be
used to understand better and conserve viable and functional populations of
these poorly known and unknown parts of the ecosystem. (66, p. 52-53,
Lewis Incze, et al.).
In other words, the projects of the Census did not only aim to produce new knowledge, but
were also trying to map the areas where knowledge was deficient or biased. Webb, Vanden
Berghe and O’Dor 64 did research on the chronic underexploration of the deep pelagic realm.
Examples of biased research can be found in the Arctic Ocean Diversity (ArcOD) and Census
of Antarctic Marine Life (CAML) projects where access to the research areas resulted in a
seasonal bias for the summer months (66, Chapter 10-11). A further potential problem area had
also been identified, one that might be illustrative of developments in biology in general. With
the advent of modern molecular biology, a powerful suite of tools became available to
researchers, especially to those interested in large-scale biodiversity mapping of the type done
in the Census program. Gutt, Hosie and Stoddart of the CAML project reflect on this.
Antarctica's biodiversity has two clear characteristics: there are only a few
large and charismatic species such as penguins and whales, but tens of
thousands of invertebrates. There are also legions of microbes, almost all of
which are unknown. For the last two groups, the quality of next-generation
biodiversity studies will depend upon how well we can identify species.
Traditional methods of species identification may be supplanted by genetic
methods, which may contribute to larger ecological and evolutionary
concepts. Barcoding must be as applicable in the future as traditional
methods are today (including the accessibility of information about the
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species described so far). The new genetic technology has a bright future if
existing knowledge is not wasted and if it does not remain an elitist tool for
geneticists. It must be a complementary method for use by all biologists as
they would use computers or microscopes today. Because ecological studies
depend on the biological species concept of interbreeding populations, it
must also be agreed that genetically defined species serve as good proxies
for the biologically defined species bringing the same degree of confidence
as morphologically defined species did in the past. In addition,
reconstruction of phylogeny demands the application and further
development of modern genetic techniques, for example a better
understanding of the “molecular clock”. Until these aims are reached,
traditional taxonomic work must continue to be supported including the
development of new strategies to speed up the publication of hundreds of
putative new species. (66, p. 216, Julian Gutt, et al.).
Precisely in the last-named field of traditional taxonomic work, biology had seen a reduction in
the number of experts. This reduction contrasted strongly with the increase in available
samples of marine organisms as a result of the Census, indeed several projects remarked on the
shortage of marine taxonomists. For the Census of Marine Zooplankton (CMarZ) this was a
reason to prioritize the training of a new generation of zooplankton taxonomists (66, p. 260).
Knowledge deficiency, research bias and the disappearance of more traditional tools
were all elements that were taken into consideration as a restraining context within which the
core of the business was conducted, namely the production of new knowledge and the
development of a more comprehensive understanding of life in the world’s oceans. The image
that emerged, especially for the deeper regions, was one of increased complexity, higher
productivity and closer connections to human activity.
If we travel from the coastal area of any nation towards the open ocean, we can
follow the continental shelf until we reach the continental break, a point at around 140 metre
depth where the seafloor experiences a suddenly increasing slope. The Continental Margin
Ecosystems (COMARGE) project (66, Chapter 5) focussed on the seafloor from this point to
around 3,500 metres deep. These deep continental margins were historically seen as
monotonous slopes. Instead it turned out that these slopes experience several transitions that
influence species distribution. Pressure increases at a significant rate along the slopes, light
availability is limited in the upper depth ranges and completely absent lower down, bottom
currents are decoupled from the upper ocean circulation and organic detritus becomes
progressively scarcer with depth. Such factors make the slopes heterogeneous and create a
clear bathymetric zonation pattern. The identification of these patterns by COMARGE is
reminiscent of the early attempts by Edward Forbes to relate species distribution to depth.
Through an analysis of the available scientific literature on continental margins, COMARGE
found that the number of identifiable zones increased as the depth range increased, indicating
continued zonation at all depths, although deeper zones showed increased faunal uniformity.
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Interestingly, zonation appeared to be more specifically bathymetric than horizontal. Where
species would occupy a restricted bathymetric range, their distribution at that depth range
could be basin-wide and did not appear to be related to temperature. Deep slope species did
not ascend towards the surface in the polar-regions and shelf species did not descend into the
warmer deep waters of the Mediterranean. These patterns and their heterogeneous nature
indicate that the slopes must be evaluated anew and that they do not lend themselves to the
extrapolation of findings from shallower waters onto the continental margins.
Moving through the ocean, the most prominent features of the deep sea are ridges
such as the Mid-Atlantic Ridge, the subject of the Mid-Atlantic Ridge Ecosystems (MarEco)
project (66, Chapter 6). These systems are often investigated for their hydrothermal vents and
their related unique biodiversity, but these enormous topographic features also house a more
common, photosynthesis-based biodiversity which has received much less attention. MarEco
found the Mid Atlantic Ridge to house a rich biodiversity consisting of many new species,
although in structure and composition its biodiversity did not differ fundamentally from the
adjacent continental slopes, and endemism was not exceptionally high. Some exceptions to the
similarity with slope distribution were found, however. Fish species distribution was as
expected, with the highest diversity in the upper mesopelagic layer (200-1,000 metres). In
contrast fish biomass was unusually distributed, as the ridge systems showed a peak in biomass
between 1,500 and 2,300 metres. More interestingly was the finding of indications that the Mid
Atlantic Ridge was being used as a spawning location for widely distributed (basin-wide) fish
species, a feature that could have implications for management of commercially important
species.
In order to also include the ridge vents, the Biogeography of Deep-Water
Chemosynthetic Ecosystems (ChEss) project (66, Chapter 9) aimed at investigating the
hydrothermal vent communities as part of a larger network of chemosynthetic ecosystems. As
discussed in CHAPTER III, hydrothermal vents were the first ecosystems discovered that were
based on chemosynthesis as the basic process for primary production. Since that time other
ecosystems have been found where chemosynthesis is a factor. Cold seeps, first described in
1984 (ref. 67), were found to be similar to hydrothermal vents but with lower temperatures, its
own unique fauna and fluids enriched in methane. Not in all cases does chemosynthesis have
to be linked to vents or seeps, the process can also derive its energy indirectly from
photosynthesis. Large organic falls such as wood (shipwrecks), large fish or whales can
function as the basis for chemosynthesis. ChEss set out to explain the global patterns of
biogeography in these systems. As each of these chemically reducing environments appears to
have a similar trophic ecology, it poses interesting questions about the relationship between
these systems and the dispersion of larva among them. Such larval dispersion might be taking
place hydrodynamically and can play an important part in colonization and recovery after a
system has been disturbed. The understanding of such processes are important as vent systems
as well as incidental organic falls represent geologically (and thus evolutionary) short-lived
ecosystems. This type of short-lived nature presents biology with a new and different type of
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dynamics that is only temporally stable when considered as a collective of geographically widely
dispersed sites.
Other features along the ridges besides vents are seamounts, large underwater
mountains that can rise thousands of metres above the seabed without rising above the surface
of the water. Located not just along the ridges, but also everywhere in the world’s oceans, they
have historically been seen as biodiversity hotspots. This view is possibly due to their being
targeted by deep-sea fisheries since the 1970’s. Seamounts presented new fishing grounds in
poorly regulated high seas where new commercially interesting species such as the Orange
Roughy (Hoplostethus atlanticus) could be trawled in abundance from the depths. The Global
Census of Marine Life on Seamounts (CenSeam) project (66, Chapter 7) aimed to improve
knowledge of seamounts by bringing together researchers as well as policy makers,
environmental managers and conservationists. Interestingly, researchers found no elevated
levels of species richness, nor could they confidently support the claims of high endemism, as
not enough deep-sea fauna has been identified. As the concept of seamounts being isolated
underwater islands proved to have little support, this also reflected negatively on the historical
perception of the deep sea as a sparsely populated desert. CenSeam also found that these
highly productive mounts are predisposed to recover over a timescale of decades or centuries
after human-induced disturbances, such as bottom trawling, increasing the urgency of
informed management of fisheries at such sites.
Continuing our journey away from the ridge and towards the poles, the ArcOD and
CAML projects (66, Chapters 10 and 11) looked at the Arctic and Antarctic oceans. These
oceans present particularly challenging environments to the investigation, as seasonal
influences can preclude expeditions in the cold season. With respect to the deep sea at the
Arctic Ocean, it should be noted that it is for a large part (53%) shallower than 200 metres.
The combination of seasonally limited access and primarily shallow waters meant that ArcOD
had to conclude that after a decade of exploration its deeper parts remained under-sampled.
Despite this, most of the new species discovered were from the benthic realm and most of
those from the deep sea. The use of Remotely Operated Vehicles (ROV) helped to gain a
significant amount of knowledge of the gelatinous groups. That much knowledge could be
gained of these groups was expected, as gelatinous animals have proven to be abundantly
present in the pelagic, which will be explained further below, in the section concerning to the
deep pelagic ocean. ArcOD estimated that there are possibly hundreds of species still to be
discovered in the Arctic deep sea and that the Arctic ridge systems require much more research
before conclusions may be drawn about their biodiversity. A reason why such research is
urgently needed comes from the effects of global climate change. As the Arctic seas become
increasingly ice-free, which is in itself a major concern, a future shipping-corridor might be
established between European and North Pacific industrial centres, as well as increased
resource exploitation in the area, affecting the natural habitats more severely than ever before.
In contrast to the Arctic Ocean, the Southern Ocean is generally much deeper,
meaning the CAML project had more emphasis on the deep sea compared to the ArcOD
project. An important feature of the Southern Ocean is the Antarctic Circumpolar Current
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(ACC), which connects the Atlantic, Pacific and Indian Oceans. Despite this link, the Antarctic
fauna is for a large part unique and contributes importantly to the world’s marine biodiversity.
Recognition of this contribution has increased as findings of CAML showed an extraordinary
species richness. The circumpolar benthos also proved to be far more heterogeneous in nature
than expected. Understanding this species richness and its heterogeneous nature is important
as the Antarctic flora and fauna can be used to investigate the effects of global warming with a
minimum of other anthropogenic influences complicating such analyses. Since Antarctica is
located far from direct human impact (cities, industry, etc.) and since its waters are protected
under the Protocol on Environmental Protection to the Antarctic Treaty, it represents the
most ‘unspoiled’ part of nature on the planet. Providing a benchmark of current biodiversity
such as done under CAML is important as a reference for changes resulting from global
climate change. Comprehensive knowledge of this unexpectedly high species richness and
heterogeneity limits the risk of underestimating changes in the future.
Heterogeneity proved to be a common theme in the results of the various Census
projects. While investigating the largest of the benthic marine ecosystems, the abyssal plains,
the Census of Diversity of Abyssal Marine Life (CeDAMar) project (66, Chapter 8) once again
found historical assumptions to have been mistaken. The abyssal seafloor proved not to be a
homogeneous plain, but instead a highly dynamic environment. Benthic communities were
found to change over time, contrasting strongly with the historical perception that evolution
would proceed at a slower pace in the deep sea due to the absence of seasonal influences (see
CHAPTER I). Although CeDAMar had undertaken the investigation of an area that by 2005 had
only been sampled to about 1.4 x 10-9 % (ref. 68), which was challenging enough by itself, the
heterogeneous nature greatly complicated investigations into this ecosystem because the very
large surface area did no longer lend itself to extrapolation of data from one site to another. It
is therefore not surprising that the results from CeDAMar are very preliminary in nature,
although they express a sense of urgency. As changes in the primary production in surface
waters are reflected in the abyssal plains, so too will the effects of global climate change reach
these depths. More alarming is the increasing economic feasibility of mining manganese
nodules as a source of copper, nickel and cobalt, materials in increasing demand as developing
nations are getting access to modern technologies. These mining activities, which will be
discussed in CHAPTER V, are considered among the greatest future anthropogenic threats to
deep seafloor ecosystems due to the size of the affected area and the time required for
recovery 69.
Having followed the seafloor on our tour throughout the world’s oceans, let us travel
through the water column to the deep pelagic domain where little research was performed
during the Census program. The main investigations into this realm were conducted as part of
the Census of Marine Zooplankton (CMarZ) project (66, Chapter 13). A Multiple
Opening/Closing Net and Environmental Sensing System (MOCNESS) were used during
CMarZ to allow samples to be taken at depths up to 5,000 metres. Combined with various
methods for observation, it allowed much more of the zooplankton biodiversity to be
uncovered than ever before. This was especially challenging as one had to take into account the
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fragile nature of abundant gelatinous species. Zooplankton species were found in every phylum
from Protista to Chordata, which are circumglobal in their distribution. Such circumglobal
distribution was especially more prevalent for deeper living species that exhibited the general
trend that increasing depth resulted in less endemism and a stronger likelihood of a widespread
distribution, thus strengthening the connections between deep-sea ecosystems that were
historically seen as independent ecosystems. The abundance of species found during the course
of the CMarZ project also suggested that deep-sea biodiversity had been significantly
underestimated.
The quick journey we have taken through the oceans, which followed the various projects
of the Census, should have documented how the Census has opened up the deep sea even
further, exposing a rich biodiversity, a heterogeneous composition of dynamic environments
and connectivity between these environments and environments in the surface waters. The
Census has shown that it has become increasingly more difficult to view environments as
isolated ecosystems and that instead one ought to think in terms of networks. This recognition
has led to the use of a typically contemporary and very powerful tool, namely a digital system
of data integration. The Ocean Biogeographic Information System (OBIS) (66, Chapter 17)
combined all the data of the individual projects as well as data from other sources, into a
single, multi-layer database. By combining all these records in such a system, this database
offers the chance to create something that is bigger than the sum of its individual parts.
Vanden Berghe, Stocks and Grassle list the advantages of data sharing as follows:
-

-

-

-

Sharing data is a way to avoid data loss related to institutional discontinuities or poor
archiving; the very fact of sharing data creates redundancy, and this will assist in recovery
of data after accidental destruction of a dataset.
Sharing data makes the data more visible, and so increases the opportunities to create
collaborative ventures with scientists outside the immediate environment.
It facilitates re-use of the data for purposes that they were not originally collected for;
every time a datum is used in some analysis or consulted through a website, society's
return on investment in collecting the data increases.
Not all countries are fortunate enough to have the expertise and/or the resources to set
up data management systems of their own; data sharing ventures can be the framework
for data repatriation to developing countries, and assist them in fulfilling their reporting
obligations in the framework of international conventions such as the Convention on
Biological Diversity.
Last but not least, by sharing data it becomes possible to create the large data systems we
need to support proper management of our natural resources.
(66, p. 334-335, Edward Vanden Berghe, et al.).

This type of data sharing might be an important factor in the struggle of science and policymakers to keep up with industries like fishing, mining, and oil drilling, just as it is a way to get
more mileage out of the limited resources available for research. The capacity to keep older
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data actively incorporated in current research, in order to render data more visible, more
versatile and more accessible, should contribute to the broadening of the foundations upon
which future research is conducted. It will in all likelihood also affect the way in which
scientific work is valorized, as OBIS is an open access source - a source whose contributions
are not yet always seen as a quantifiable form of academic output as it is more difficult to track
the distribution of data. In other words, it is more difficult to put a number to the impact a
certain dataset has. In this way the Census contributed to the broader discussions in science
about issues such as valorization and intellectual property rights.
As mentioned before, the Census of Marine Life has been a modern equivalent of the
expedition of HMS Challenger. Where the Challenger represented the emergence of
oceanography as a science, the Census represents an ever more holistic approach to studying
life on Earth and an ever increasing awareness of our human connections with, and our
influences and dependency on, even the most remote parts of the oceans. The context within
which even basic research is conducted is no longer limited to an academic exercise as
databases such as OBIS can incorporate that information instantaneously and make it available
and functional for a wide variety of purposes. This effectively shortens the time it takes for
new basic knowledge to trickle down to domains where it can be distributed and used. A wide
range of new questions arises as new tools are implemented to streamline knowledge
production. This type of modernization helps science to try and catch up with industrial
interests in the deep sea and helps to provide scientists as well as policy-makers with more
comprehensive information about the state of deep-sea biodiversity for conservation purposes.
At the same time this modernization of research pushes aside old-fashioned tools such as
taxonomy, even when there is a clear need for them. The Census has been a great program to
illustrate just how little is known about the oceans and the deep sea in particular, and how
much there is left to do before a solid baseline of biodiversity is established.

THE DEEP PELAGIC OCEAN
The Census of Marine life provided new insights not just into the natural world itself, but also
into how we are studying it - or in cases failing to do so. The deep pelagic ocean falls in the
latter category of neglect, as its exploration has been limited because of both the size of this
environment and the lack of technological means. In their 2010 analysis of the global
distribution of marine biological records, Webb et al. have shown this chronic underexploration of the deep pelagic realm by analysing the records of the OBIS database 64. By
comparing the records in relationship to depth, they have shown that between depths of 1,0004,000 metres and 4,000-6,000 metres the numbers of records were proportionately fewer
relative to the size of the area, while records between 0-200 metres were proportionately far
more abundant (see figure IV, 3).
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Figure IV, 3. Deep-sea records
Proportion of records from various depth ranges in
relation to proportion of ocean area as constructed
by Webb et al. using the OBIS database 64.

Ideally one might expect the distribution of records to be proportional across all depth ranges
if biodiversity is equally distributed throughout the world’s oceans. We recall from above, that
historically this was not considered to be the case. Charles Wyville Thomson proposed an
intermediate lifeless zone after analysing the early results of the Challenger Expedition (see
CHAPTER I), and although subsequent expeditions proved the existence of life at all depths and
distances from the seafloor, for a long time deep pelagic biodiversity was assumed to be scarce.
Webb et al. do not consider this presumed scarcity to correspond to the truth and find their
explanation for the low number of deep pelagic records in an under-sampling as a consequence
of the limited availability of the required technological means. Even though there had been
various efforts in the past to sample the deep pelagic such as those conducted by Prince Albert
I of Monaco or as part of the German Valdivia expedition (see CHAPTER II), the tools used
such as closing nets were inadequate for constructing a comprehensive view.
Among the most important recent developments for exploring the deep pelagic are
HOV (Human Occupied Vehicle) and ROV (Remotely Occupied Vehicle) platforms
combined with high resolution video systems. William Beebe had used his Bathysphere to
observe in situ in the 1930’s (see CHAPTER III) and more advanced HOV’s such as Alvin greatly
improved usability in pelagic waters as well as for benthic exploration. High-resolution video
and remote operation of deep submersibles after the Cold War, took in situ observation to the
next level. These platforms have been capable of showing that gelatinous animals constitute a
major portion of the deep pelagic fauna, something that could never have been discovered
with the use of nets, as these destroy the fragile bodies 70, 71. American mid-water expert Bruce
Robison of the Monterey Bay Aquarium Research Institute (MBARI), estimated in 2004 that
up to a quarter of the total pelagic biomass might be made up of gelatinous animals 70. This is
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indeed a significant part of deep pelagic biodiversity previously hidden from view. These in situ
observations also showed that gelatinous predators can have active or passive hunting
strategies, that they can have specific prey or broader diets and that their ecological structure is
complex and dynamic beyond what is currently understood 70. Such findings indicate that deep
pelagic biodiversity as well as biomass is much higher than previously estimated and might in
fact contain millions of undiscovered species 70. That many species were avoiding capture by
man was already noted to some extent in the nineteenth century by Prince Albert I of Monaco,
who used his private falconry of top marine predators such as sperm whales in order to find
those species that eluded capture by man. Unlike gelatinous animals, however, the animals that
Prince Albert I was after were not too fragile to be caught by nets, instead these simply evaded
capture. Most notable among these were the species of squid that constitute an important part
of the deep pelagic megafauna. The best-known examples are the giant squids of the genus
Architeuthis and the colossal squid Mesonychoteuthis hamiltoni. These squids can grow to very large
sizes with the colossal squid being the largest invertebrate on the planet with a maximumrecorded weight of around 500 kilograms 72. Although these species are very large and have
most likely been the basis for accounts of mythical monsters from the deep sea such as the
Kraken, they are rarely captured and it took until 2004 before the first observations were made
of a living giant squid 73. The general public had to wait until 2013 before it had a chance to see
for themselves what these animals looked like in their natural environment. A six-week
expedition funded by the Japan Broadcasting Commission (NHK) and the US Discovery
Channel managed to capture on film an extended encounter with a giant squid, showing them
to be quite strong and active animals 74, which possibly explained why they are rarely caught in
nets. Despite the rarity of human encounters it is generally thought, although still unproven,
that giant squid populations must be large as they are consumed in large quantities by sperm
whales 75. Interestingly, recent genetic research on a collection of 43 Archtiteuthis from around
the world, suggested that the large populations with an almost global distribution, might all be
part of a single, closely related species Architeuthis dux 75. The findings of an absence of a
phylogenetic structure at a mitochondrial level and an exceptionally low diversity at a
nucleotide level suggest it is a highly migratory species calling all the world’s oceans, except
those in the polar regions, its home. There is still no satisfactory explanation as to why its
diversity is so low, which would normally point to a considerable and, in evolutionary terms,
quite recent population expansion. Possible causes could in fact be the result of man, as both
whaling and fisheries of other marine top predators might have tipped the scales of
evolutionary competition in favour of squids 75. Whatever the cause may be, the giant squid
represents an example of how little we know of deep pelagic biodiversity, and such examples
are turning up more frequently, which is directly related to the interests of researchers.
Although not quite as large as the giant squid, one of the latest examples of newly
discovered deep pelagic megafauna is a squid that might possibly be of the family
Magnapinnidae 76. With an estimated length of up to seven metres, these squids are still very
large, widely distributed and yet completely unknown, as the researchers who discovered these
squids commented in Science.
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The inference from eight sightings within a few years of a completely
unknown deepsea animal at similar depths in the Gulf of Mexico and the
Atlantic, Indian, and Pacific oceans is that these squids are comparatively
common worldwide in the bathypelagic realm. That such a substantial
animal is common in the world’s largest ecosystem, yet has not previously
been captured or observed, is an indication of how little is known about life
in the deep ocean. (76, Michael Vecchione, et al.).
The indication that there are large numbers of megafaunal species widely distributed in the
world’s oceans and that those might be increasing in abundance as a result of human activity,
illustrates the importance of surveying even when an area, such as the deep pelagic, does not
appear to be particularly interesting at first sight. It also urges caution when interpreting data
that has been collected with the use of more traditional tools such as nets. Species might not
be found as the nets destroy them, or active swimmers might find it easy to evade capture.

CONCLUSIONS
Although deep-sea biology is a niche field within biology, addressing recent developments
from a historical perspective is a major challenge. The topics discussed here represent by no
means a comprehensive overview. They are, however, a meaningful start to such a
comprehensive overview and the examples that are given, although limited in number and
scope, are already providing us with much material for discussion. With the increasing costs of
evermore-specialized research, the already prohibitively expensive deep-sea biological
investigations will continue to find it difficult to justify such expenditures. However, the role
the oceans are understood to play has changed a lot since the early nineteenth century.
Especially in most recent times, a growing realization has set in that the oceans are vital to
human life, even their deepest parts. Not in the least part, life found in these remote regions
has adapted to what is perceived as an extreme environment, and as a result such organisms
help shed light on fundamental scientific questions, as well as providing new insights into
diseases and offering “organic” solutions to anthropogenic problems. As the deep sea is
opened up to a wider range of investigations, a treasure trove of unexpected adaptations and
biodiversity is being uncovered. Alvinella pompejana, capable of living at extreme temperatures
and dealing with equally extreme gradients, has proven to be not just a fascinating species by
itself, but source of new insights into metazoan evolution. Greatly complementing this species’
academically interesting characteristics were the practical uses of these characteristics. By being
able to function as an alternative model species for use in research into ALS, the “Pompeii
worm” functioned like a “tailored” model species. Much like recent developments in
personalized medicine, it could well be argued that the use of canonical model species such as
Drosophila melanogaster and Caenorhabditis elegans could be complemented by using model species
more specifically suitable for a certain disease. The practical use of unique characteristics found
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in deep-sea species such as the ApSOD protein in A. pompejana, have led to a growing interest
in prospecting the marine environment for unique proteins and genes for a wide variety of
applications. Extreme environments such as the deep sea and hydrothermal vents are
particularly interesting as those environments drive the evolution of unique traits in order to
deal with those conditions. As such conditions, like high pressure, high/low temperatures and
toxic environments, can also be present in industrial processes, life and biomolecules with
unique traits for functioning under such conditions are highly valuable. This can form the basis
for collaboration between industry and academic researchers and a justification for conducting
exploration research in the deep sea. This turns such exploration into ‘prospecting’ and
represents an appealing way forward, although it is not without consequences, as we will see in
the next chapter.
The other species discussed, Rimicaris exoculata, Chlorobium bathyomarinum and those of
the phylum Loricifera, were more closely linked to basic questions on the origin and early
evolution of life on Earth. These examples helped us illustrate how deep-sea organisms expose
biases in the current understanding of life’s origin. Like the earlier refutation of the assumption
that life could not flourish in the deep sea, Chl. bathyomarinum has exposed the misconception
that sunlight is the only biologically relevant type of light. So too did the Loricifera show
Metazoan species to be capable of living in permanently anoxic conditions. These examples are
like Karl Popper’s black swans, which falsify long-standing, well corroborated hypotheses.
That such results were possible despite the low level of exploration of the deep sea is indicative
how much may still be hidden in the depths of the world’s oceans. In a similar way, the
discoveries of hydrothermal and off-axis vents have contributed to a lively debate about the
possibility of the origin of life at sites similar to those found at such vents. Finding such places
where there is an abundance of naturally occurring chemical energy has been important in
overturning the popular hypothesis of a prebiotic soup as originally proposed by Charles
Darwin. The central factor of time as the requirement for increasing the possibility of life
emerging in Darwin’s hypothesized origin of life could be replaced by environmental factors
more suitable to catalyse chemical reactions unlikely to occur elsewhere in nature.
Of major concern in recent times are the nature and effects of human-induced
changes to this planet’s biodiversity, climate and health. In response to these concerns the
Census of Marine Life program attempted to establish a comprehensive baseline measurement
of global marine biodiversity. We have shown that because of its scale and impact, it can
readily be seen as a modern day equivalent of the Challenger Expedition. The seventeen field
projects combined to uncover a much larger biodiversity present in the oceans, a more
heterogeneous nature of communities and environments, and a more complex connectivity
between the different layers and ecosystems than previously expected. These findings have not
just come about through the sheer scale of the program, but are also due to a particular
emphasis on looking at the oceans in their entirety. This meant that the Census projects had to
cover a wide range of environments, with increased attention for deep-sea environments as
these form the largest ecosystems on the planet. This meant a shift in attention from those
areas interesting due to a particular application such as submarine warfare and the presence of
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commercially interesting species, to a more general view. The Census program also presented
an excellent opportunity for reflection on what is required for constructing such an overview.
This is not just in terms of knowledge production as such, but also in terms of how knowledge
was produced, which available tools were used, where knowledge production was lacking and
why, and how data was to be distributed to which stakeholders. The context within which
knowledge was produced became an important issue, as it was clear from the start that this
knowledge was extremely valuable for long-term conservation purposes. The eventual use of
that knowledge, its distribution and reception, also became an important issue, as the goal was
to reach out to as many people and institutions as possible. All this has caused the Census to
be a holistic program in terms of the societal embedding of science. It touched on virtually
every layer from the most fundamental scientific investigations to management advise for
governments. Awareness of this complex institutional and disciplinary context promoted extra
attention to the integration of data as exemplified by the OBIS database, which allowed more
mileage to be gained from the data as well as securing access to it for future generations.
It seems that the knowledge produced is being regarded as a valuable commodity for
mankind. This perception is in all likelihood due to a realization of the paucity of such
knowledge, even after a decade-long effort by a vast international community of experts. This
paucity is most clearly illustrated by looking at the knowledge of the largest marine
environment, the deep pelagic ocean. Very little is currently known about this domain, and the
little that is known, suggests that much of this planet’s biomass, if not biodiversity, is still
hidden from view and difficult to capture. Important advances have been made with the use of
HOV and ROV platforms that can be equipped with increasingly better quality cameras and
capabilities to capture and keep at constant pressure, small animals living in these realms.
These technological advancements have made it possible to uncover the hidden abundance of
gelatinous animals, which have proven to constitute a significant portion of the deep pelagic
fauna. They have also succeeded in capturing images of some of the most elusive animals on
the planet, the giant squids. Despite these recent successes, it is striking that it has been
possible for animals that can reach sizes beyond ten metres and which are almost ubiquitously
present in the world’s oceans to remain so well hidden from capture and cameras all this time.
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CHAPTER V

Deep-Sea Biology In Context

EEP-SEA biology is a science of extremes. Not just the object of its interest, deep-sea
life, or its technological challenges, but the scientific discipline itself has had to contend with
disbelief and amazement, traversing flourishing periods of global interest and periods of
general disinterest. Despite these fluctuations it is nowadays generally understood that the deep
sea represents the largest ecosystem on the planet, that it likely constitutes the largest reservoir
of biomass on earth and that a significant part of this planet’s biodiversity is still left there to be
discovered.
In CHAPTERS I to IV of this dissertation we traced the history of deep-sea biology.
These chapters form the background for a final reflection on the broader issues that follow
from the history of this discipline.
As far as its scientific contribution is concerned, we have seen that throughout its
history, deep-sea biology has produced a number of Popperian black swans. The
Austrian/British philosopher Karl Popper (1902-1994) used the discovery of the black swan,
Cygnus atratus, at the end of the seventeenth century as a way of illustrating his falsifiability
criterion 1. Before black swans were discovered in Australia, it was generally maintained that
“all swans are white” - a statement that could be falsified simply by producing the exemplar of
a swan that was not white, precisely as C. atratus. In our context, the term ‘black swan’ is used
in a similar sense, indicating discoveries that profoundly changed the views of what had
previously been considered possible in nature. The most obvious example was of course the
very discovery of life in the deep sea, which contradicted the then prevalent scientific model.
But the appearance of such falsificatory ‘black swans’ was not limited to the early period of the
pioneers, but is a recurrent phenomenon, which is due to the vastness and seclusion of the area
under investigation.
Questions arising from this progression concern the current state of knowledge and
the deep sea’s continued potential to alter our understanding of nature at a fundamental level.
The current paucity of knowledge, together with the vastness of the area concerned, also give
rise to questions on the role of the oceans in highly topical issues such as global climate change
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and declining biodiversity. Because of their sheer size, the oceans obviously play an important
role in these issues. But which exact role this is, is unknown and the time it will take before our
understanding will mature beyond its current embryonic state depends on the urgency with
which further deep-sea research is conducted. Unfortunately, because the deep sea is
commonly, but erroneously, perceived as topographically isolated and thus beyond
anthropogenic influences, there has been little attention for how the deep sea is affected by
human action. Similarly, because life found in the deep sea is perceived as alien, it doesn’t
attract the goodwill of the general public in the same way animals do that have a high
‘cuddliness’ index such as the giant panda. In this respect, one quickly ends up with ethical
issues: the primary motivation for the protection of deep-sea life will have to move beyond
emphasizing the utilitarian value and the functional importance, and also incorporate the
(generally unrecognized) intrinsic value of its life forms.
The issues just sketched are not unique to the deep sea, and parallels could easily be
drawn with the Amazonian rainforests. Yet, they do appear in an extreme form in the case of
the deep sea, the nature and size of which greatly amplify the dynamics at a number of levels.
Sure enough the rainforests are difficult to access for research purposes, and yet for the deep
sea this inaccessibility is considerably more forbidding and the costs involved much higher.
Layering in the rainforests is complex as biodiversity extends from the ground up to the peaks
of the highest trees. However, layering in the deep sea extends at the deepest trenches to nearly
11,000 metres from the seafloor to the surface waters. This water column is complex in its
physical characteristics, creating vertically limited ecosystems stacked on top of each other.
Further, in terms of their role in global climate change, the rainforests have been popularly
referred to as ‘the lungs of the earth’ due to their oxygen production and function as a carbon
sink. But yet again, for climate change the oceans might play a much bigger role as the global
thermohaline circulation, or ‘ocean conveyor belt’, as it is popularly known, is considered an
important factor in climate regulation as this circulation distributes warmer and colder waters
across the planet’s surface. The challenges of managing and protecting this environment are
also greater in comparison to the rainforest, although even there protection is difficult due to
the many resources found there. As for the deep sea, resources are plenty, although until
recently it has not been economically feasible to extract them. Especially petroleum and
various metals contained in manganese nodules and hydrothermal deposits are currently
becoming more attractive, as are biological resources uniquely evolved in deep-sea
environments. Legally and politically speaking, major challenges are constituted by the location
of these resources in international waters and the resulting ambiguities surrounding property or
extraction rights. Again, the contrast with the rainforests is telling: rainforests are all located on
land that belongs to a specific country such as Brazil, Peru or Colombia, whereas the deep seas
lie generally in international waters.
Thanks to all of these elements, deep-sea biology makes for a highly informative case
study. It illustrates the dynamics of a science working under the particular pressure of having
to find the right balance between knowledge production for the sake of scientific
understanding and knowledge production for practical purposes such as nature conservation,
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commercial applications and military interests. As deep-sea biology constitutes the only source
of knowledge about life in the deep sea that is currently available, it also presents an interesting
case study for nature conservation. Given that only professionals can enter the deep sea, rather
than amateur enthusiasts and volunteers (who might otherwise do work such as cleaning up or
counting species), conservation of deep-sea biodiversity depends exclusively on the efforts of
professionals. For this very reason, deep-sea biologists are faced with the difficult task to
balance the responsibility that comes with being the sole producer of knowledge of an
ecosystem that has potentially a vital role to play in the well-being of the planet, with the
pressure of finding a return on investment for the huge expenses their research incurs.

BLACK SWANS FROM THE DEEP
Throughout its two hundred year-history, one of the most notable traits of deep-sea biology
has been its potential to generate discoveries that resemble Popperian black swans. As
mentioned earlier, the term ‘black swan’ refers to scientific discoveries that falsify suppositions
based on immature data, hasty conclusions or mistaken generalizations - a phenomenon that
one commonly encounters in scientific practice and against which Robert Hooke already
warned in the seventeenth century (see CHAPTER I). Because of the various factors mentioned
earlier, even when care is taken not to make unreasonable extrapolations or draw premature
conclusions, the deep sea is still capable of generating new black swans. This inherent trait is a
direct consequence of the type and size of the environment it is. The latter is nicely illustrated
by the analogies with outer space still used today, the deep sea being described as ‘The
Universe Below’ 2 or an ‘Alien Ocean’ 3. These epithets indicate not only that the deep sea
constitutes a type of environment that differs greatly from the terrestrial realm we humans are
so familiar with, but also that the different evolutionary pressures active there have produced
an unfamiliar world, characterized by unfamiliar adaptations. In combination with the
variability and vastness of the deep-sea ecosystems, countless opportunities have arisen for life
to evolve in unique directions.
It is in fact reasonable to ask what these particular circumstances could mean for the
structure of important biological theories such as that of evolution. Although it has been clear
from an early point onward that life in the deep sea is constructed according to the same
blueprint as all other life forms, the extent to which it differs from them nonetheless has
exceeded all expectations. The discovery of these differences was not limited to the early days
of deep-sea exploration, but has continued up to today. As we have seen in CHAPTER IV,
discoveries continue to be made that stretch the known adaptability of life beyond expectations,
although they never introduce fundamentally new aspects into the blueprint of life. Quite to
the contrary, as we have discussed in CHAPTER IV, the deep sea may in fact have been the
location where life originated. Conditions at hydrothermal vents with their high energy supply
are (almost literally like a smoking gun) auspiciously suited for complex chemical processes to
occur naturally without the aid of a biological agent. Equally thought-provoking are the
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findings of deep-sea geothermal-based photosynthesis and metazoan species living under
permanently anoxic conditions. Both of these types of findings suggest that a possible revision
of the tree of life might be required, as the evolution of photosynthesis and mitochondria
might prove to be different from what is currently accepted.
The closest any discovery has been in recent years to introducing a potentially new
element into the blueprint of life has been the highly controversial claim of a bacterium
(GFAJ-1) allegedly capable of growing by using arsenic instead of phosphorus 4. Although not
a discovery from the deep sea, the conditions in Mono Lake, California, where the bacterium
was isolated, can be considered extreme due to a high salt content and alkaline nature. As such,
they exert a similar type of radical evolutionary pressure as the deep sea, and thus the example
of GFAJ-1 can be informative about what discoveries can be expected from there. GFAJ-1
was supposed to have made the substitution of arsenic for phosphorus in key building blocks
such as nucleic acids and proteins. Such a substitution had previously been proposed as a
theoretical possibility 5, based on arsenic’s position in the periodic table just below phosphorus,
which makes it a chemical analogue. This discovery appeared to prove the theoretical
possibility to be a practical reality. Its publication, which was heavily promoted by NASA, has
however been fiercely contested in a large number of both scientific and public responses,
which forced the authors, in particular its lead author, the American oceanographer Felisa
Wolfe-Simon, to calm the rising emotions in what had been intended to have been an open
scientific discussion 6.
The current state of the debate about the possibility that GFAJ-1 can use arsenic
instead of phosphorus seems to indicate that certain mistakes have been made in the initial
experiments, as GFAJ-1 does after all appear to be phosphorus dependent 7, and lacking in
detectably bonded arsenate 8, which would have indicated the incorporation of arsenic into the
DNA structure. Suggested reasons for the initial observations were provided by similar
experiments using Escherichia coli, one of the most commonly used bacterial species, which
provided similar results 9. If similar results could be obtained with common E. coli, then it
seemed impossible to conclude anything other than that the blueprint of life remained as it had
been before.
This case, although not a black swan, suggests that the evolution of life has followed
the generally accepted pattern, and that fundamental changes in the chemical composition of
the building blocks of life such as DNA are unlikely to have occurred. At the same time,
discoveries from the deep sea such as chemosynthesis-based ecosystems, life at extreme
temperatures and geothermal photosynthesis show clearly that the available building blocks of
life display an unexpected degree of plasticity. For the reasons adduced earlier, for our
understanding of this plasticity, deep-sea biology plays, and will continue to play a crucial role.
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EVOLUTION AND DEEP-SEA BIOLOGY
The theory of evolution itself has evolved ever since its eighteenth-century French foundations
and since its current foundations - the process of natural selection - were first cast in the
landmark paper by Charles Darwin and Alfred Russel Wallace in 1858 (ref. 10) and more
famously in Darwin’s 1859 book On the Origin of Species 11. Great advances were made when the
mechanism underlying inheritance became clearer with the re-discovery of the 1866 work by
Gregor Mendel 12 and, considerably later, when in 1953 the structure of DNA was uncovered
by James Watson and Francis Crick 13. These advances have led to an understanding of what
the building blocks of life are and that these are shared by all living organisms and even by
some non-living agents such as prions and viruses.
But whereas evolution is, as its name suggests, about variation and change, initially
the discoveries of genes and DNA led to a narrow and deterministic view of life, which is most
famously exemplified by the catchphrase: “One gene, one product.” This latter view soon
became problematic as more products, such as proteins, were identified than there were genes
coding for them. The plasticity of life became better understood thanks to insights into RNA
splicing and epigenetics, mechanisms that allow for variations in products without the need for
underlying differences in the DNA. The ensuing scientific developments have concerned the
universal building blocks and the basic mechanisms by which life on earth is generated and
reproduces. Given the plenitude of life forms on land, it seemed reasonable for data gathered
on land to be extrapolated to the deep sea without risking suppositions. However, it turned out
that the deep sea displays divergent evolutionary characteristics. In a manner that is
comparable to experiments that are designed to test the limits of the performance of a newly
developed piece of technology, nature too has its places where life seems to be tested to its
limit. In fact, the deep sea constitutes a collective of such places, a giant collection of
experiments aimed to test the ingenuity of life. Here, the phenotypic consequences can be
observed of exerting radical types of evolutionary pressure over long periods of time, and this
in turn can be highly informative about the workings of nature in general - which is of primary
interest to biologists.
Considering that global biodiversity consists for a significant part of deep-sea life
forms and that in this largest of ecosystems the ‘extreme’ tends to be the normal, the
contribution deep-sea biology may make to general biology can significantly affect how nature
is perceived. The effects of all this natural experimentation are twofold: first there is its
relevance for biology as a science, second there is its relevance for society. Scientifically, it
offers a chance to observe the long-term evolutionary effects of life being exposed to unusual
conditions, something that cannot be done in a laboratory, as the evolutionary process takes
place on a geological time-scale. Even relatively short-term evolutionary experiments of this
kind would take many human generations, as the adaptations involve considerable anatomical
and physiological changes. For deep-sea biologists, understanding the physical conditions that
constitute a specific deep-sea ecosystem is informative about the factors that steer the direction
of evolution. By looking at constraining factors such as hydrostatic pressure, which can cause
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protein instability, and identifying the specific adaptations that have evolved to overcome the
initial restrictions, it is possible to construct evolutionary lineages and identify the genomic
resources that have facilitated these adaptations. The more extreme such adaptations are, the
more informative they can be about the process of evolution. The ability for deep-sea
microorganisms to use geothermal radiation as a basis for photosynthesis, for instance,
presents a challenging phenomenon requiring explanation (see CHAPTER IV) and is moreover
far more important for an understanding of the process of evolution than findings that easily
fit existing evolutionary models. According to Popper 1, progress in science is obtained by
attempting to falsify hypotheses, theories and models. In the case of biology, progress is
achieved by searching for those species, genes or observations that defy explanations within
existing models - that is, precisely the aforementioned ‘black swans’.
On land or in surface waters such anomalous findings are made far less frequently, as
most ecosystems are already mapped. Exceptions to this might be microbial life in the Earth’s
crust or life hidden away under the permanently ice-covered parts of the Arctic Ocean. The
Amazonian rainforests, on the contrary, although potentially home to a large number of new
species, will likely not produce species of high significance for evolutionary biology, as the
environmental conditions do not exert unusual selection pressures.
As we have been able to see in our earlier chapters, where we investigated its history,
deep-sea biology has had a number of discoveries that were formative for modern evolutionary
theory. Among the earliest was Rhizocrinus lofotensis, the stalked crinoid that spurred the
discussion about the deep sea being a refuge for so called ‘living fossils’. The subsequent
discoveries contradicted this view and suggested a far more recent colonization of the deep sea.
As such R. lofotensis helped to place deep-sea life in an evolutionary context. As research
progressed towards the end of the nineteenth century, it became clear that although deep-sea
life differed considerably from more familiar life forms, its basic composition was not different.
As Carl Chun remarked, it was like an old familiar melody that returned in endless variations.
These findings helped to expose the evolutionary kinship between life on land and the
unfamiliar life forms in the depths, and they extended the perceived boundaries of evolutionary
plasticity. If we consider Popper’s black swan analogy, then this extended capacity of life to
adapt is the equivalent of the black colour of C. atratus. The adaptive plasticity of life was made
even clearer by the twentieth-century discovery of hydrothermal vent ecosystems that were
capable of supporting a high biomass based on chemosynthesis as a primary production
process. Discoveries continue to be made that stretch the limits of evolutionary theory - i.e. the
theoretical description of how far life has evolved and predictions about how far it can evolve and thus contribute at a foundational level to our understanding of what is possible in nature.
When we turn from the strictly scientific to the applied side of deep-sea biology, we
find many of the unusual environmental conditions encountered in the deep sea to be quite
similar to the physical conditions used in industrial processes. Many characteristics exist that
draw our attention from a practical point of view. The natural experimentation where these
conditions are found are providing biotechnological and biomedical solutions for a wide
variety of problems. Of course, the basic use of biological tools for practical purposes is not
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new. Yeast, for example, has been used for thousands of years in bread making and the
brewing of beer. Novel uses of biological tools came with the increased understanding of life at
a molecular level during the second half of the twentieth century, as proteins and other
molecules opened the door to far more advanced uses. The example of Green Fluorescent
Protein (GFP), given in CHAPTER III, and that of the protein SuperOxide Dismutase from
Alvinella pompejana (ApSOD), given in CHAPTER IV, illustrate how highly specific the tools have
become. GFP can be introduced with surgical precision into an organism in order to gain
specific knowledge about gene expression. Insights into ApSOD stability can provide a basis
for fighting Amyotrophic Lateral Sclerosis (ALS) at a key point in the progress of the disease.
For many challenges that humanity is faced with, nature has developed solutions, which can be
found with particular frequency in the deep sea. The increasing realization of this great
potential has motivated the further exploration of deep-sea environments. The latest type of
exploration is similar to exploring other natural resources such as gold or petroleum; it is called
prospecting, or - in the case of the search for biological substances - bioprospecting.

DEEP-SEA BIOPROSPECTING
Bioprospecting is one of the latest developments in deep-sea biology. It is difficult to
characterize as it contains both elements of basic exploration and applied exploitation. It is a
development that seems the logical continuation of the long historical development of deepsea biology. The traditional need of this scientific discipline to ‘hitch a ride’ with other interests
such as geology, fisheries and submarine warfare, is also present in bioprospecting. This
dependency has to do with the need to justify the considerable expenses in terms of the
provision of a potential return on the investments. As the return on investment in the case of
marine bioprospecting could be considerable, many nations are taking a keen interest in its
development, Norway standing out among them. Norway is an exceptionally well-positioned
country for an enterprise such as marine bioprospecting. Its shores span from the temperate
waters in the North Sea at the southern tip to the arctic conditions of its northern shores in the
Barents Sea and around Svalbard. Its territorial waters and Exclusive Economic Zone (EEZ)
thus span a wide diversity of marine habitats, where especially the arctic regions present a high
potential for the discovery of unique bioactive compounds.
Norway is not just located strategically; it also has a well-established marine
biotechnology sector. With the universities of Oslo, Bergen, Trondheim and Tromsø active in
marine biotechnological research, several well-established marine research institutes, large-scale
aquaculture stations and a large number of biotechnology companies, Norway has a
comprehensive infrastructure at all levels that are required for bioprospecting. This
infrastructure, according to a 2007 assessment for the Research Council of Norway 14, was
further strengthened by the 2002-2006 bioprospecting research initiative and the FUGEprogramme, the national program for research in Functional Genomics in Norway. These have
paved the way for Norway’s ambitious plans to develop Norwegian marine bioprospecting into
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an internationally competitive, and in certain cases world-leading, ‘Norway Bioprospecting AS’.
The locations of this state-owned innovation company were concentrated mainly around
Tromsø, home of the biannual International Conference on Marine Bioprospecting, as well as
in Trondheim, and it developed the business from concept to product. Its efforts were advised
to include two competitive programmes: I. Exploiting Arctic aquatic biodiversity discoveries,
and II. Bioprospecting from the extreme habitats of the Norwegian nature (including the deep
seas). Of importance to this commitment was a required compliance with the Convention on
Biological Diversity. The main motivation for pursuing marine bioprospecting at such a large
scale was, according to Minister of Fisheries and Coastal Affairs Helga Pedersen, to unlock the
“treasure chest of the sea” 15. Unlocking this treasure chest was expected to provide Norway
with “great potential for wealth creation,” in the words of State Secretary Rikke Lind of the
Ministry of Trade and Industry 15. What this initiative involved can be illustrated by a 2008
United Nations report on bioprospecting in the Arctic 16, one of the focal points of the
Norwegian bioprospecting efforts. The report lists five areas of interest.
I. Enzymes for industrial purposes, including the food industry
Arctic enzymes for the food industry are in increasing demand due to an increasing desire to
treat foods at low temperature. Enzymes, which are active or even at optimal activity at lower
temperatures, can improve the quality of a product (taste, nutritional value) and avoid spoilage.
For instance, in removing lactose from milk for people who are lactose intolerant, a specifically
cold-adapted β-galactosidase is used.
II. Bioremediation (pollution control)
Findings in the area of bioremediation are closely linked to human activity at the very sites
where they are discovered. Human activity in the Arctic sees pollution from petroleum
hydrocarbons and at several of these sites microorganisms have been discovered that are
capable of breaking down hydrocarbons at low temperature. Such organisms could for instance
be used to degrade crude oil or clean water from oil and other pollutants.
III. Anti-freeze proteins for food technology
In response to increasing demands for ‘light’ and healthy products, companies such as Unilever
have been searching for ways to control ice formation and structure in their edible ice creams
of brands such as Magnum and Ben & Jerry’s. Such control would allow a lower content of fat
and sugar, as well as a higher content of fruit. The solution was found in the blood of the
ocean pout. The anti-freeze protein identified in that fish was cloned into a food-grade baker’s
yeast, Saccharomyces cerevisae (VW strain) in order to have unlimited access to the protein for the
production of their ice cream.
IV. Dietary supplements with a particular focus on polyunsaturated fatty acids
For similar reasons polyunsaturated fatty acids are also in increasing demand. The potential
health benefits of the omega-3 fatty acids are widely known and appear in commercials which
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aim to convince people how much healthier they will be if they buy a product that has such
fatty acids. These have traditionally been extracted from fish oil, but dwindling fish stocks have
proven this to be an unsustainable practice. A recent alternative was found in Antarctic
bacteria (Shewanella and Colwellia), which have proven an alternative source of polyunsaturated
fatty acids. Most probably such organisms could also be found at Arctic sites.
V. Pharmaceuticals
While all of these areas hold the potential for generous profits, they pale in comparison to the
potential profits to be drawn from even one successful drug. Organisms adapted to extreme
environments (arctic cold, deep-sea pressures, hot springs temperatures) hold great potential
for finding new bioactive compounds suitable for drug development. Recently discovered
deep-sea species have, for example, spurred an interest in the possibility of extracting novel
bioactive compounds suitable for drugs against cancer 17. While developing and marketing a
drug is exceedingly expensive and time-consuming, often taking 15 to 20 years and costing up
to US $800 million 18, the eventual product, if successful, could generate annuals sales similar
to current cancer drugs such as Avastin (US $2.7 billion per year) and Herceptin (US $1.3
billion per year) 19.
As these financial figures illustrate, the return on investment is potentially very high, but
particular aspects of the pharmaceutical industry add another layer of complication to the need
for deep-sea bioprospecting. The pharmaceutical industry is a growing industry, the market of
which has nearly doubled since 2003 from US $502.2 billion (actual quarterly exchange rates)
to US $962.1 billion in 2012 according to an IMS Health market prognosis from June 2013 (ref.
20). It is a giant industry in which biotechnology is becoming increasingly important as a source
for new products. One of the major concerns in the development of new products, as can be
seen from an Ernst & Young biotechnology industry report for 2013, Beyond Borders 21, is how
to differentiate these products. With increasing healthcare costs and a crowded market it has
become increasingly difficult to market products, even in the case of products that offer certain
advantages over others. Unless its additional surplus value is overwhelmingly clear, a product
might not qualify for reimbursement as only one or two products are reimbursed for a given
area of care. This makes it difficult for companies to come up with products that are
differentiated enough to make them unique sellers and thus attractive to markets and insurance
companies alike. What are companies to do in response to this situation? They will obviously
look to places where unusual compounds are found - compounds such as uniquely evolved
bioactive molecules. This constitutes precisely the great attraction of the various deep-sea
environments for pharmaceutical industries. It is therefore in the interest of biotechnological
and pharmaceutical companies to look towards the deep sea and to fund the exploration of
new habitats. Recent improvements in technology have made such endeavours increasingly
expedient; examples of this are tools that allow screening in situ with mass spectrometry and
DNA microarrays coupled to ‘lab on a chip’ technology that can be used at considerable
depths 22. This has made otherwise laborious work possible ‘on site’ in the deep sea, allowing
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decisions concerning the suitability of samples to be made more quickly. This has greatly
improved efficiency as there is no longer any need to wait for samples to come back up on
deck and be analysed in an on-ship laboratory, or even less efficiently, back on land.
The combined effect of market pressures, as just detailed, and technological
developments is similar to that found in the petroleum and mining industries. As energy
demands are rising and more electronics are used in daily life, so too does the demand increase
for basic resources such as petroleum, gas and various types of metal. On land those resources
are being depleted, and companies have started looking to the oceans for new sources. The
improved technological means make it less expensive to get to those sources, while increasing
demands assure long-term profitability. There is thus a general movement towards marine
environments as a new source of resources for the benefit of consumers.
Since the 1960s, when the seaward move of the petroleum and mining industries set
in, there have also been developments at an international level to help guide this process in a
fair and equitable manner. We have briefly mentioned one of these important steps in
CHAPTER III, namely the establishment of the United Nations Convention on the Law of the
Sea (UNCLOS) in 1982. In 1994 this covenant was supplemented by the implementation of
what became known as Part XI of UNCLOS 23, which specifically deals with the exploration
and exploitation of resources in the “Area” 24. The “Area” is defined as the ocean floor and its
subsoil beyond the limits of national jurisdiction; the resources being “all solid, liquid or
gaseous mineral resources in situ [...], including polymetallic nodules” 25. With the
implementation of Part XI, we now have two legal regimes for international waters, namely the
Freedom of the High Seas and the covenant covering the Area.
In 1993, the increase in awareness of the social and economical value of biodiversity
resulted in the implementation of the Convention on Biological Diversity (CBD). This
convention, which was signed by 168 countries, aims at
... the conservation of biological diversity, the sustainable use of its
components and the fair and equitable sharing of the benefits arising out of
the utilization of genetic resources, including by appropriate access to
genetic resources and by appropriate transfer of relevant technologies, taking
into account all rights over those resources and to technologies, and by
appropriate funding. 26
The specific mention of ‘genetic resources’, that is the genes and proteins targeted by
bioprospecting, reflects an awareness of the potential value of these resources not just for
individual companies, but humanity as a whole. As could be expected, this new awareness has
led to questions regarding the legal status of deep-sea biological resources, be they genes,
proteins or entire species. Many such resources have been found at benthic sites such as
hydrothermal vents and must therefore be considered to belong to the Area. Yet, Part XI of
UNCLOS is limited to mineral resources. The high seas, by contrast, are governed by the
Freedom of the Seas. As a consequence, bioprospecting activities would therefore be subject to
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the laws and regulations of the state under whose flag the activity is taking place. However,
neither is unambiguously the case. This legal situation makes it difficult to regulate such
activities. The CBD itself limits its jurisdictional code to genetic resources present within
national jurisdiction and does therefore not cover genetic resources in international waters
either.
It is thus evident that deep-sea bioprospecting in international waters is a
development for which there exists no place within the available legal frameworks. At the
second Conference of the Parties (COP) to the CBD in 1995, a study was requested to evaluate
the status of genetic resources within the combined frameworks of UNCLOS and the CBD 27.
In 2003 it was established “that neither the United Nations Convention on the Law of the Sea
nor the Convention on Biological Diversity provides a specific legal regime for commercially
oriented activities relating to marine genetic resources on the high seas and in the Area” 28. In
response to this situation, the eighth COP (2006) adopted a decision which called for extra
attention to deep-sea biodiversity and its genetic resources 29.
In tune with these developments, the United Nations released a report in 2005 which
dealt specifically with the scientific, legal and policy aspects of deep seabed bioprospecting 30.
What is of interest about this report is not just the highly complicated issue of the legal status
of deep-sea genetic resources, but also the way it characterizes the deep seabed ecosystems. As
we have mentioned in CHAPTER IV, a large number of different habitats have been discovered
in the deep sea since the time of Edward Forbes. By the time the report was written, 26
distinct types of habitats were known of which the vast majority was benthic. Yet, the report
lists only three examples; hydrothermal vents, cold seeps and seamounts. Although this low
number may be due to the fact that these were at the time the only systems where genetic
resources had been found, it demonstrates the simplistic view of the deep sea that prevails at
the highest levels of international politics. This simplicity flies in the face of the clear awareness
of the importance of the deep sea, which is illustrated by a short section, in the same report,
dedicated to the hypothesis that life may have originated at deep-sea sites.
It is precisely in this respect that an important role is once again left to the deep-sea
biologist. As the primary producer of knowledge about the deep sea, the deep-sea biologist
finds her- or himself in a situation in which different responsibilities have to be weighed and
balanced out. On the one hand, deep-sea scientists need funds for their very expensive
investigations, and will in fact prefer a secure type of long-term funding. Biotechnological
companies seeking to prospect the deep sea fit this need nicely given their constant search for
new products to bring to the market. The economic and social importance of such products is
clear and gives the scientist an opportunity to promote the importance of deep-sea
bioprospecting. At the same time such a commercial perspective on the deep sea is evidently
biased - a bias of which lay people such as politicians, who have to make decisions based on
the advice of experts, may not be aware. The scientist looking for funds also has to take on the
role of the independent expert advising on the biological side of legal issues. Here, his role
becomes ambiguous as personal stakes are also involved, not so much on an individual level
where scientists might manipulate the picture they are painting to suit their personal research
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topic, but rather on the more general level of a science that needs to feed the source that will
finance it. Like fisheries science and submarine warfare in earlier decades, bioprospecting is
nowadays providing a rare opportunity to conduct research that would otherwise be impossible
to finance.
Bioprospecting, besides offering joint ventures with commercial partners, also
provides a research angle that allows for fundamental discoveries to be made and therefore
constitutes an exciting opportunity to revive interest in deep-sea life. However, precisely
because of the above-mentioned bias, caution is needed, as an exclusive focus on the few
habitats that have so far yielded discoveries might end up creating a simplified view of the deep
sea, which could be generalized by policymakers, and in turn could lead to disastrous long-term
effects due to poor management decisions. The deep-sea biologist has, as it were, to choose
between the devil and the deep blue sea. Deep-sea biology is faced with the difficult situation
that its scientific progress depends on external forces that have in turn to be guided by the very
scientists who are active in the discipline. The danger of a vicious circle is looming, where
wrong decisions can cause a negative spiral, putting added responsibilities on the shoulders of
the deep-sea biologists.

DEEP-SEA CONSERVATION
The year 2010 was the International Year of Biodiversity 31, and an important landmark year
for conservation efforts worldwide. Previously, in 2002, governments from all over the world
had set themselves a biodiversity target for 2010. At the World Summit on Sustainable
Development in Johannesburg it was decided
... to achieve by 2010 a significant reduction of the current rate of
biodiversity loss at the global, regional and national level as a contribution to
poverty alleviation and to the benefit of all life on earth. 32
On May 10, 2010 the Convention on Biological Diversity (CBD) released its comprehensive
Global Biodiversity Outlook 3 (GBO-3) report 33, which detailed the status of global
biodiversity. The report’s conclusions were clear. Not a single government had been able to
claim that its 2010 biodiversity goals had been met at a national level, no sub-targets were
completely achieved, most indicators were negative and direct pressure was either constant or
increasing. This failure was, it was assessed, caused by the implementation of measures that did
not address the underlying causes, were not considering the long-term benefits derived from
ecosystem services and failed to match the scale of the challenges to be addressed. During the
whole year, meetings were held to reassess the original approach and decide on a new strategic
plan that would mobilize increased (financial) resources, sufficient to avoid critical tipping
points being reached. Tipping points were defined as situations “in which an ecosystem
experiences a shift to a new state, with significant changes to biodiversity and the services to
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people it underpins, at a regional or global scale” (33, p. 72). To avoid such changes that cause
damages to ecosystems that are difficult or impossible to reverse, a vision for 2050 was decided
upon in combination with a mission for 2020, which was complemented by a set of 20 targets.
The vision was
... a world of living in harmony with nature where by 2050, biodiversity is
valued, conserved, restored and wisely used, maintaining ecosystem services,
sustaining a healthy planet and delivering benefits essential for all people. 34
The mission was
... to take effective and urgent action to halt the loss of biodiversity in order
to ensure that by 2020 ecosystems are resilient and continue to provide
essential services, thereby securing the planet’s variety of life, and
contributing to human well-being, and poverty eradication. 34
What is striking is that in all these proceedings the consequences of biodiversity loss in the
deep sea was almost entirely ignored. The GBO-3 report lists many habitats with specific
examples of their biodiversity and services, but the only brief mention of deep-sea ecosystems
occurs in the context of developments in deep-sea fisheries and the damage done by trawling
seamounts and cold-water coral habitats. There appears to have been no awareness of the
multitude of other threats affecting the deep sea. This gap in awareness can evidently only be
filled by deep-sea biologists. As the primary producers of knowledge of deep-sea life, they
carry the responsibility of raising general awareness that deep-sea biodiversity is equally under
threat. In CHAPTER IV we have seen for example that recent findings suggest that a tipping
point has already been passed in the case of Architeuthis dux, the giant squid whose population
has undergone a rapid expansion in very recent evolutionary times, and that this change may
be due to extensive whaling. Equally worrisome are other consequences of whaling such as the
reduction in the number of temporary whale-fall ecosystems. As whale populations have been
decimated, so too have the number of whale-fall ecosystems, and therefore the distance
between whale falls has quite certainly increased. What effect the increasing scarcity and
distance between whale falls has had on the colonization speed and biodiversity is unknown.
Further tipping points could have been passed already without anyone being aware of it.
If we study, from the point of view of the deep sea, the GBO3 report and the
explanations as to why previous goals have not been met, a dramatic picture starts to emerge.
While the GBO3 report largely ignores the deep sea, as we have already had occasion to
mention, it explains previous failures in other ocean-related domains in terms of an
underestimation of the scale of the problems and a lack of addressing underlying causes. But if
these are the reasons for past failures, the issue becomes even more dramatic in the case of the
deep sea, where biodiversity is incompletely understood and knowledge is fragmentary to start
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with. Whatever understanding there may be of existing ecosystems, it is - as we have been able
to gather from the very report - being diluted further as it moves up through the political chain
of command to the levels where important decisions are taken on the management of
biodiversity.
All of this turns deep-sea conservation into a very complicated issue with a
particularly difficult role to play for the deep-sea biologist who must at times act as the primary
producer of knowledge concerning deep-sea organisms, as the primary anchor point for public
perception, as the policy advisor and as eventual monitor of the success of the measures taken.
That awareness of these various important functions, and notably that of sensitizing the larger
public, is steadily increasing in the professional field is clearly illustrated by the Census of
Marine Life program, which was discussed in CHAPTER IV. The entire Census program was
approached in a multi-layered fashion, which involved the public as much as possible. To be
sure, capturing public attention as well as drawing on its support has been part of
oceanography and deep-sea biology from early on. As we have shown in earlier chapters,
expeditions such as that of HMS Challenger (1872-1876), the Valdivia (1898-1899) or the
Galathea (1950-1952) were also public affairs, and their results were deliberately presented in
books that were also accessible to the general public. But whereas in these historical cases,
information transfer was unidirectional in the sense that it was uniquely the scientists that
informed the public, the past years have witnessed a change in procedures. To be sure, the
Census still used the various available media to disseminate information, such as books,
websites, television documentaries and films; but it also implemented an open-source format
whereby information was freely accessible and easy to share. This measure has lowered the
threshold for cooperation between scientists considerably whereby transfer of knowledge is
not limited to a core of specialist scientists. Scientists from related fields are now able to
contribute whenever there happens to be something worth sharing. In principle this format
also lends itself to public participation, which could be a key contributor to creating something
more than a fleeting relationship with the deep sea on a societal level.
It is of course true that the deep sea is inaccessible to the general public and making a
hobby of it is definitely difficult when compared to, for instance, ornithology. Any person can
watch birds from the kitchen window, and more serious bird watchers will find ornithological
societies, meetings and public hides readily at their disposal. Amateur bird watchers also
frequently play a scientific role when large-scale counting of birds needs to be conducted. This
possibility of interaction helps to build not only a relationship between the public and the birds
around us, but also between professional and hobby ornithology. Until very recently such an
interaction was entirely impossible for the deep sea. This has somewhat changed with the
launch of the North-East Pacific Time-series Undersea Networked Experiments (NEPTUNE
Canada) in 2009. NEPTUNE Canada is a network of instruments off the coast of Vancouver
Island at depths ranging from seventeen to 2,660 metres, which are used for a variety of
oceanographic observations. The instruments are connected via a fibre optic cable to a central
data archival system at the University of Victoria. The project is planned to continue for 25
years during which the website will function as a hub for anyone interested 35. The website
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provides information about the project and offers a set of software tools that can be used after
opening a free account. When logged in, the website allows the user free access to all data and
tools. In the case of the underwater cameras used for observations, a schedule is given showing
at which day and time certain cameras will have their lights on (lights are generally kept off to
prevent light pollution in an otherwise dark environment). The cameras offer views from such
sites as the Barkley Canyon Axis and the Endeavour Vent Field. The user can log in during the
time the lights are on in order to observe live footage and is given the opportunity to annotate
any interesting observations made during that interval. Annotated footage can be viewed from
the archives at any given time. This makes the user an active part of the project and allows
enthusiasts from every background to build up a relationship with any of the sites being
observed.
The development of means within oceanography in general and deep-sea biology
more specifically, of adopting open-source platforms and interactively connect to a broader
audience has only been possible in recent times due to the required communications
technology. High-speed internet connections are key in opening up the deep sea to direct
observation in a similar way to bird watching. It allows a wider audience to get a sense for what
is usually hidden away and inaccessible. These developments are an essential step towards a
more sustainable human interaction with the deep-sea environments by considerably lowering
the threshold to exploring it. If we furthermore consider recent developments in underwater
technology, such as the availability of Autonomous Underwater Vehicles (AUVs), it is not a far
stretch for us to imagine that such vehicles could be used in a mobile version of NEPTUNE
Canada. An AUV could possibly be fitted with a camera for visual observation, various tools
recording environmental variables and solar panels to provide a sustainable energy source.
While underwater it could record whatever it encounters and as it rises up in order to charge its
batteries, it could send the video footage via satellite to an archive similar to that used at the
University of Victoria. If public access is granted to the archives, the number of observations
that could be made would be greatly increased and public help could be enlisted either
constantly or through more carefully organized events similar to annual garden bird counting
events. Of course observations need not be limited to observations of biodiversity and
environmental parameters. They could also include attention to more pressing issues such as
pollution and other anthropogenic impacts. Although these might be fanciful ideas,
considering the enormity of the deep-sea realm, it might well be the only practical solution to
improve our knowledge of the organisms that live there substantially.
But there is also a downside to such excursions. There is little reliable knowledge of
the effects of all the different human influences on deep-sea ecosystems, and we may speak in
this respect justly of a black box. In fact, there are many unfamiliar ways in which the deep sea
can be adversely affected - but all of them are insufficiently studied and understood. The most
notable among these are light and noise pollution. As for light, it is relatively easy to
understand that it will disrupt an ecosystem that is normally completely dark apart from the
weak bioluminescence emitted by certain animals themselves. Artificial light can startle animals,
disrupt bioluminescent communication and blind and disorient animals with highly sensitive
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eyes. As for noise pollution, our human experience does not help us to develop an
understanding of the consequences of human activities in an ocean environment. Sound travels
through water far more efficiently than through air, and marine animals have adapted to this by
using sound as their primary sense. It is involved in communication, orientation, hunting and
protection. Because water, rather than air, is the medium, sound is amplified in the marine
environment; it is in fact common to add 62 decibel when converting from air to water (36, p.
17-18). As a consequence, human activities that to us may not appear to cause much disruption,
such as shipping, marine construction or sonar, turn out to be highly disruptive, as recent
studies have shown 36. The extra care and attention that the oceans require with respect to
these sources of pollution must however yet be incorporated into conservation policies.
There have been few studies to date that have reviewed the various anthropogenic
impacts and possible prospects for the future. Adrian Glover and Craig Smith wrote one of the
more comprehensive papers on the subject in 2003 (ref. 37). The authors set out to review the
current state of knowledge of the deep sea in relation to human impact, and look ahead to
2025 in order to estimate the extent of this impact. Their study was, however, limited to
seafloor ecosystems; their conclusions could therefore not be informative about human impact
on deep pelagic ecosystems. Still, for the seafloor some interesting observations in relationship
to conservation have been made. By comparing the deep sea with more familiar shallow water
systems, Glover and Smith illustrated the sensitivity of the deep sea. They listed six broad
ecological characteristics and compared their respective sensitivity: productivity, biomass,
physical energy, species richness, size of the ecosystem and species distribution. The first three,
productivity, biomass and physical energy, were all lower in the deep sea compared to shallow
water systems, making the former more sensitive. Apart from the unusually productive
hydrothermal vent systems, deep-sea ecosystems are often quite barren compared to
ecosystems in surface waters. Here, species can have very long generation times as well as fairly
inactive lifestyles in order to keep energy expenditure low in the face of the scarcity of food. A
higher species diversity in deep sea compared to shallow water systems also made the deep sea
more sensitive as there was a greater number of species that could be extinguished, rather than
a few robust populations. The main strength of the deep-sea ecosystems was found to lie in
their size, which provides species with ample opportunities for recolonization, something that
we have above illustrated by the example of whale-fall ecosystems or those at hydrothermal
vents. Although these systems are not yet well understood, they have shown a surprising
resilience thanks to a highly dynamic strategy of colonization and recolonization 38, 39. In terms
of species distribution, the sixth characteristic, no conclusions could be drawn, as the evidence
from the deep sea was too poor to provide any indication of one being more or less sensitive
than the other. The overall picture that emerged from this analysis was that the deep sea
provides a different set of conservation challenges and that measures from shallow water
ecosystems could not simply be extrapolated to the deeper regions.
In their article, Glover and Smith move on to review a number of past, present and
future activities that affect the deep sea. In the past these included the dumping of various
wastes, presently they consist of deep-sea fisheries, petroleum and gas drilling and
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bioprospecting, and for the future CO2 sequestration, climate change and various mining
activities are discussed. Of the various activities treated, the potentially most damaging is the
mining of polymetallic or manganese nodules. These nodules are concretions of manganese
hydroxide, which contain metals such as nickel, copper and cobalt that are of increasing
economic importance. Glover and Smith estimate that manganese-mining activities might have
the biggest impact on the seafloor.
The awareness of the existence of these nodules goes back to the expedition of HMS
Challenger, by which they were first discovered, and their history contains some extraordinary
events such as the top secret CIA project Azorian 40. During that project, in 1974, the CIA
attempted to recover the Soviet submarine K-129 using a deep-sea mining vessel called the
Hughes Glomar Explorer, which on paper was owned by billionaire Howard Hughes. The
cover for the whole operation was a civilian research project into manganese nodule mining.
The true nature of the project was not known at the time, and the cover-up promoted a wide
interest in the viability of mining such nodules. Generally speaking, nodule mining was not
seen as economically viable and even in 2003, the year of Glover and Smith’s review, it was
listed as a future prospect not likely to occur for at least another ten to twenty years 37. This
prediction is highly illustrative of how quickly things can change because of political and
economic events. In the decade that has passed since the appearance of the review in question,
several developments have sped up the race to get to these resources. A main driving force is
the increasing demand for certain metals such as nickel and rare earth metals, which are used in
many modern appliances and gadgets. These are present in low concentrations in manganese
nodules; nickel ca. 1% and rare earth metals ca. 0.1% 41. The production of the latter is
nowadays mainly controlled by China, which mines about 95% of the world’s supply 42. At the
start of the twenty-first century China was seeking additional ways of growing as a global
economic superpower while an economic crisis hit predominantly Western nations. Whether
or not this was part of a Chinese political strategy is not clear, but on October 19, 2010 the
New York Times reported that China was halting shipments of rare earth metals destined for
the United States and Europe 42. Although the shipments were merely delayed, during the
subsequent political turmoil US Secretary of State Hillary Clinton urged policy makers to
address the issue of the strong dependency of the US on a single source for rare earth metals 43.
Among the available alternatives was evidently deep-sea nodule mining, and one
company had more experience in this field than all others, namely Lockheed Martin, the US
defence contractor who in 1974 helped develop the equipment to recover the K-129 (ref. 41).
Its UK affiliate, Lockheed Martin UK, announced in 2013 that it was going to explore nodule
harvesting in the Pacific Ocean 41. The UK government had sponsored Lockheed’s claim to an
area of 58,000 square kilometres where operations are expected to begin in five to six years’
time and to earn the UK economy an expected £40 billion over a thirty-year period.
Interestingly enough, both Glover and Smith are involved in the initial assessments of the
impact of the planned mining activities 41, 44. Their involvement shows once more the abovementioned delicacy of the situation of deep-sea biologists who must be expert and advisor at
once. Both authors expressed a clear concern regarding future mining activities in their 2003
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paper - but being among the few experts who are able to speak about the consequences of
mining for the highly specialized nodule fauna, they are also the only ones who can give advise
to the mining companies and government agencies. In such a case a pragmatic approach seems
inevitable, as there would be no worse course of action than to abstain complete from advising.
As the political and economical pressure behind these mining activities render them
unavoidable, experts must try as best they can to minimize the negative impact by working
together with Lockheed. Smith is quoted by the journal Nature as saying that mining will
happen at any rate. He added: “To manage the environmental impacts well we really need
excellent information” 41. In the same article, the prominent deep-sea biologist Cindy Van
Dover voices similar concerns; “I don’t think there are red flags but I do think there are yellow
flags” 41. The signs for what is to come and its possible consequences are clear and require a
concerted effort from governments, industries and scientists, who must work towards the
most sustainable option possible on the basis of the limited knowledge and tools that are
available.
The efforts of Lockheed in the UK and of other companies of various nations are
going to take place in international waters and as such fall under Part XI of UNCLOS, the
regime covering mineral extraction from the Area. This means that there are already certain
regulations in place that are governed by the International Seabed Authority (ISA), which is
located in Kingston, Jamaica. According to standard protocol, the ISA enters into a fifteen-year
contract with the interested party, which obliges the contractor to meet certain criteria. For
various resources there are specific regulations, including one specifically for polymetallic
nodule mining 45. Among these criteria are environmental impact assessments 46, including the
obligation to gather environmental baseline data. Under these regulations contractors are
given exclusive rights to an area of 150,000 square kilometres, an area roughly the size of
Bangladesh. At the time of writing this dissertation, the ISA has entered into twelve contracts
for polymetallic nodule mining, with one more to be signed. All except one, the Indian
government’s contract for the Indian Ocean, are contracts for the Clarion-Clipperton Fracture
Zone in the Pacific Ocean (see figure V, 1).
The UK contract, dated February 8, 2013, is listed under the name of a Lockheed
subsidiary, UK Seabed Resources Ltd., and is located in the eastern part of the fracture zone.
As is visible on the map (see figure V, 1), nine areas around the contract areas have been
designated as Areas of Particular Environmental Interest (APEI) in which scientific research is
encouraged 48. This constitutes the context within which deep-sea biologists have to work for
the benefit of science and conservation. That advising commercial parties in order to promote
conservation is possible and effective is illustrated by the existence of the nine APEI
themselves. These areas were first proposed after a workshop in 2007, which was organized by
Smith and the American oceanographer Tony Koslow. The aim of the workshop was to design
Marine Protected Areas (MPAs) around the Clarion-Clipperton Fracture Zone. These were
formed by dividing the zone into nine management areas and selecting areas of 400 x 400
kilometres within these management areas to act as Preservation Reference Areas (PRAs). The
adoption of this proposal by the ISA testifies to the importance of the sensitivity of deep-sea
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biologists to broader political and economic issues and to the need for them to develop the
necessary skills to make constructive contributions to the decision-making process.

Figure V, 1. Clarion-Clipperton Fracture Zone
Exploration areas for polymetallic nodules in the Clarion-Clipperton Fracture Zone 47.

Fortunately, the scientists are not the only party to worry about the future of the deep sea.
Various governments and Non-Governmental Organizations (NGOs) actively seek to protect
the deep seas. Although they are difficult to obtain, the creation of Marine Protected Areas
(MPAs) in waters within national jurisdiction has been a successful strategy. In contrast,
establishing an MPA in waters beyond national jurisdiction has until recently been considered
extremely difficult, if not impossible.
Notable results have, however, been obtained by the OSPAR commission in
cooperation with such NGOs as the World Wide Fund for Nature (WWF). The OSPAR
commission is a forum through which the contracting parties to the Convention for the
Protection of the Marine Environment of the North-East Atlantic (OSPAR convention)
cooperate for the sake of the protection and conservation of the North-East Atlantic. The
OSPAR convention has been ratified by fifteen nations located either on the Western coast of
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Europe, or having river connections to the Atlantic. The nations involved are Belgium,
Denmark, Finland, France, Germany, Iceland, Ireland, Luxembourg, the Netherlands, Norway,
Portugal, Spain, Sweden, Switzerland and the United Kingdom. The OSPAR convention of
1992 is a combination and extension of earlier conventions against dumping (Oslo convention,
1972) and managing land-based resources and the offshore industry (Paris convention, 1974).
It was further extended in 1998 to cover non-polluting human activities that could harm the
sea. The OSPAR convention covers a large area, which is divided into five smaller working
areas (see figure V, 2).

Figure V, 2. OSPAR map
Map of the OSPAR area and the five regions into which it is divided 49, reprinted with
permission.

One of the tools used for conservation is the establishment of MPAs. By the end of 2012
OSPAR had established 333 such MPAs covering 5.17% of the total OSPAR maritime area 50.
Of these, 324 are located within the national jurisdiction of contracting parties, and most of
these are in turn located in coastal regions. However, the Azores, a small island group
constituting an autonomous region of Portugal, was the first to establish deep-sea MPAs in the
North-East Atlantic when in 2007 it put under legal protection the Lucky Strike and Menez
Gwen hydrothermal fields. Both are active vent sites that have rich polymetallic sulphide
deposits and diverse biological communities 51. The proposal for establishing these MPAs and
their subsequent management were initiated by WWF's expert consultant dr. Sabine
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Christiansen 52. At around the same time, the WWF had been doing preliminary work on
exploring the legal aspects of establishing MPAs at locations beyond national jurisdiction as
part of the OSPAR network of MPAs 53. These efforts had led to the eventual establishment of
seven MPAs beyond national jurisdiction and two at locations where claims for an extended
continental shelf have been submitted, but not yet granted by the UN Commission on the
Limits of the Continental Shelf (CLCS). Of these, the MPA at the Charlie-Gibbs Fracture
Zone, established in 2010, is of particular importance as it is a large geological fault located in
the deep sea where polar and Southern currents meet to give rise to a particularly high species
richness. It was an important step for deep-sea conservation and set a first precedent for the
establishment of more MPAs in the high seas.
Reservations about the implication of these developments for conservation are,
however, called for. The OSPAR area is located relatively close to land and unites a number of
nations cooperating for a common goal. Although much of area V (see figure V, 2) covers
international waters, these are however close to coastlines. Nations are inclined to feel a certain
obligation with respect to the management of these waters. Such will not be the case for open
oceans such as the South Pacific, the vast expanses of which only contain a few small islands.
Conservation efforts here can only be successfully implemented if the international community
as a whole supports them. Herein lies a challenge of an even greater magnitude than
establishing the Charlie-Gibbs MPA, as it requires the alignment of a great number of nations
with widely differing cultures and interests. Due to the scale of the environment, much more is
needed than the well being of one or a few fish species of commercial interest to promote
comprehensive conservation efforts. There has to be a sense of urgency about protective
measures and a sense of the value of species, most of which are either unknown or otherwise
devoid of the cuddliness of the larger mammals.

DEEP-SEA ETHICS
Figure V, 3 represents a cartoon taken from The New Yorker Collection and probably comes
quite close to the core problem of our current human relationship with the deep sea in (see
figure V, 3). It wonderfully illustrates how tenuous, or indeed absent, the relationship is
between humanity and the deep sea. It shows that the issue is indifference rather than aversion.
The cartoonist takes aim at this indifference and the casual way in which we have become
aware of it, without feeling the need for any change. Whatever happens to the deep sea is far
too removed from everyday life to have any effect on our conscious. This state of affairs is
hindering the development of an ethical relationship with the deep sea, and a key requirement
to remedy this situation is, as we shall show here, basic scientific research.
It is not the aim here to develop a deep-sea ethic, but rather to explore what is
required before one can make such a step. Because this dissertation concerns deep-sea biology,
we will address this issue by considering the role science might play. This might not be a
conventional point of departure to take for an ethical discussion, but as our argument unfolds
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it will prove to have merits. Our first issue to address is the reason why ethical discussions do
not usually concern themselves with scientific knowledge. This is because a statement about
the role of basic scientific research in the development of an ethical relationship is liable to a
number of accusations. We refer to deriving “ought” from “is” (and that such a derivation
cannot be done), and to committing a naturalistic fallacy. These will be introduced more clearly
before continuing our discussion and showing how our approach is neither a naturalistic fallacy,
nor does it derive “ought” from “is”. It in fact never reaches the level where such issues
become relevant. We will borrow arguments from the discussion on naturalism in ethics and
find that irrespective of whether or not “ought” can be derived from “is”, there are compelling
reasons to conclude the “is” does influence the “ought”. As a result of this, basic scientific
knowledge has a role to play in any ethical relationship we build up with the deep sea, and thus
an understanding of the foundations of deep-sea biology as built up in the previous chapters
becomes an essential element of any ethical discourse.

Figure V, 3. Ladies at tea time 54.
© The New Yorker Collection 1983 Charles Saxon from cartoonbank.com
In modern philosophy, and in particular in ethics, naturalism is often treated with suspicion.
Two important works have contributed to this development. David Hume (1711-1776) first
proposed what is widely interpreted as an argument that “ought” cannot be derived from ”is”,
in his A Treatise of Human Nature of 1739-1740 (ref. 55). The “ought” in ethics refers to how
people ought to behave and thus is a normative argument. The “is” concerns statements of
fact that by themselves have no moral implications. Hume considered the two to be entirely
different from one another and concluded that the “ought” (or “ought not”) did not naturally
follow from the descriptive “is” (or “is not”). Similarly, G.E. Moore (1873-1958) presented the
concept of a naturalistic fallacy in his Principia Ethica of 1903 (ref. 56). According to Moore a
naturalistic fallacy is to consider natural properties such as desirability, which are connected to
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the quality of ‘good’, as being identical to good. The term ‘naturalistic fallacy’ is also often used
to describe an appeal to nature, or in other words, stating that because something is natural, it
is also necessarily good. The concept of ethical naturalism, which claims that ethics can be
understood in terms of natural science (as defined by Rachels 57), thus seems incompatible with
the divisions drawn up by Hume and Moore. The discussion about this philosophical fallacy is
well beyond the scope of this dissertation, but it does provide us with some insights that are
relevant to the development of a deep-sea ethic.
In his essay on ethical naturalism, published in The Blackwell Guide to Ethical Theory in
2000 (ref. 58), James Rachels (1941-2003) analyses the merits of ethical naturalism for moral
philosophy. Rachels understands naturalism to be about the identity of the property of
goodness (i.e. goodness is the same thing as the property of satisfying our interests). Rachels
draws inspiration for his arguments from the 1964 work of Max Black 59, who had proposed
the following example of a situation during a game of chess where “ought” is derived from
“is”:
Fisher wants to mate Botwinnik.
The one and only way to mate Botwinnik is for Fisher to move the Queen.
Therefore, Fisher should move the Queen. (59, Max Black).
The premises in this example only contain facts; Fisher does indeed want to mate Botwinnik,
and this can only be achieved by moving the Queen. These are “is”-statements. The conclusion
on the other hand moves from the descriptive “is” to the prescriptive “ought”.
The example given by Black appears to violate Hume’s rule, an issue that Rachels
addresses by means of another example.
Suppose I believe the room is on fire and I rush out. We might say that I left
because of that belief. This explanation, however, is incomplete. It must be
added that I didn’t want to be burned. If I did not have that desire, the fire
would have been a matter of indifference to me. Of course we may think it
is too obvious for words that I don’t want to be burned. But its obviousness
should not cause us to overlook its importance in the explanatory scheme.
Knowledge of facts together with appropriate attitudes prompts action;
knowledge of facts alone does not. (57, James Rachels, - emphasis in original).
In this example the apparent conflict between Black’s example and Hume’s arguments
becomes more intelligible. Attitudes play an important role. Rachels concludes that:
Indeed, it is probably better to express Hume’s view as the idea that we
cannot derive ought-judgments from facts about how the world is
independently of our desires and other attitudes regarding it. (57, James
Rachels, - emphasis in original).
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How then is this discussion relevant to the problem of our missing relationship with the deep
sea and the development of an ethic that incorporates it? This relevance follows from the fact
that people’s desires and attitudes are themselves sensitive to the pressure from a deliberative
process. As Rachels points out, attitudes prior to the deliberation of facts need not be the same
as afterwards. We now find ourselves constructing a sequence; facts can lead to moral
judgement only in conjunction with attitudes. Attitudes themselves are subject to a process of
deliberation of facts. This creates a sequence that is largely an internal process. Still, this
internal process is undeniably fed from the outside by available facts. Or, to return to the start
of this section, the “is” does influence the “ought”.
In the case of the deep sea, we now stumble upon a problem. Although we might be
interested in constructing a deep-sea ethic, or any other kind of ethic that incorporates the
deep sea, we are faced with a scarcity of facts to feed the process of constructing such an ethic.
Take dumping for example. On land we control the consequences of dumping wastes through
regulation as we have experienced and deliberated upon the consequences of uncontrolled
dumping and deemed them undesirable. We now consider it unethical to dump wastes
randomly, as that will lead to the spreading of diseases, the destruction of natural environments,
and will adversely affect the aesthetic value of the landscape. Yet for the oceans such
regulations are far less developed. Disposing waste in great quantities in international waters
has a long history, and appears to be accompanied by the mantra of ‘out of sight, out of mind’.
That the force of this mantra is still felt is clearly illustrated by recent proposals of
using the deep sea as a site for anthropogenic CO2 sequestration in an effort to combat global
climate change (see for instance 60-62). Originally proposed in 1977 by Italian physicist Cesare
Marchetti 63, CO2 dumping was suggested in an attempt to find a way to buffer atmospheric
CO2 levels and avoid peaks contributing to global climate change. At a low temperature and
great depth, the CO2 would become liquid and remain at the bottom, only slowly dissolving
back into global CO2 cycles. Today the idea continues to pop up as a way to counterbalance
excessive carbon emissions. It is of course a method that cures a symptom instead of
addressing the cause of high atmospheric CO2 levels. The point is, however, that it is the
remoteness of the deep sea that makes such an approach attractive in the first place. There are
now clear signs that such CO2 sequestration would create a mortality sink, that is, an area
where CO2 emanating from the liquid would cause a high mortality rate due to decreasing pH
levels 64. Why then do such proposals still pop up? This is because the consequences of the
anthropogenic increase of atmospheric CO2 levels, such as the decrease of coral reefs due to
ocean acidification would be transferred further away from our experience. This is an attractive
solution in the sense that it makes it easier to avoid reflecting on the consequences. In this
context, Rachels refers to Aristotle, who distinguished two types of knowledge. Knowledge
that is present, but without an understanding of its meaning, and knowledge that is present
after one has carefully thought about what one knows. When wastes are dumped on land we
will soon be confronted with the consequences and are obliged to reflect on them. When
wastes are dumped in the ocean, especially in the deeper parts, the consequences will be hidden
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from us, and we will not be forced to reflect on them. The point is, however, that reflection is
an essential step in the formation of ethical conduct, precisely because it shapes our attitudes.
Proximity to nature, both physically and intellectually, is an essential part in many
types of environmental ethics. See for instance the famous work by American activist and
environmentalist Henry David Thoreau (1817-1862), Walden; or Life in the Woods of 1854 (ref.
65). The book describes Thoreau’s experience of living in a cabin on Walden Pond, in the
Massachusetts countryside, where he pursued a simpler life in a more direct relationship with
nature. The value of such pursuits are, as follows from our argument above, found in the fact
that a close proximity obliges one to reflection, which is in turn enriched by a wealth of
immediate factual knowledge unhindered by technologies that would separate us from them.
Factual knowledge can come from many sources and does not necessarily have to
originate from scientific research. We will limit ourselves to science here as the subject of this
dissertation is after all deep-sea biology. It is also the only source of knowledge of the deep sea,
and as such no “Walden Pond” experience is possible for the deep sea. That scientific research
is generally helpful as a source of knowledge-based attitudes, is most clearly exemplified by the
work of American wildlife manager Aldo Leopold (1887-1948). Leopold is best known for his
highly influential essay The Land Ethic, published posthumously in 1949 as part of a collection
of essays in A Sand County Almanac 66. Although The Land Ethic has been very influential during
the early days of environmental ethics, the essay has also been criticized for being “more a
work of mature reflection than academic philosophy” (67, p. 65). This criticism could in part be
due to Leopold’s clear efforts to incorporate his scientific understanding into his ethic, which
of course puts him at risk of deriving “ought” from “is” and thereby committing the
naturalistic fallacy. But in the light of our previous discussion, we can see merit in his effort to
introduce scientific knowledge into an ethical discussion. Leopold focussed primarily on the
network structure of ecosystems where all parts, including water, soil and air, have an
important function. Disrupt any one of those and a cascade of effects will disrupt the whole
system. Translating science into ethics, Leopold called his land ethic a product of social
evolution, as it enlarged the boundaries of the community in such a way that animals, plants,
water and soil were considered relevant members and aspects of the community.
Leopold’s arguments worked from a desire to conserve wild nature and to manage it
intelligently. He was after all a pioneer in the field of wildlife management. But at the same
time he wanted to make it accessible and understandable for everyone. His most notable
demonstration of the application of his ethic was performed at his famous shack, in which he
and his family spent their weekends and days off. The shack, a chicken coop converted into a
simple home and designed for life in a close relation to the land, was located on an old farm
whose land had been worn out. It was an unproductive piece of land on which Leopold set out
to put his theoretical ideas into practice, by slowly turning the land back into a productive and
wild environment. The basic idea was that man had taken the land from wild nature and worn
in out by farming, and that Leopold would return it to its original state. A key element in the
practical application of his theoretical ideas was a comprehensive understanding of the role
that each element played in the ecosystem. The more a person knew about the ecosystem, the
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more informed a value-judgment would be about what actions would be good or bad for the
system. This is similar to the necessity of understanding the rules of chess and the game in
general before a statement could be made such as: “Fischer should move the Queen”.
Leopold’s land ethic presents us with an interesting proposition; step one is the
development of attitudes. “Fischer wants to mate Botwinnik.” “Leopold wants to turn his farm
back into a productive wild environment as it used to be before man had worn out the land.”
Leopold argued in favour of proximity to nature and of developing an understanding of the
history of a piece of land, as the way of bringing about this attitude. Step two follows from the
attitude that has been developed and concerns understanding the way in which to satisfy the
subsequent desires. “The one and only way to mate Botwinnik is for Fischer to move the
Queen.” “The one and only way to make the farm productive and wild, as it was before, is for
Leopold to restore the biotic community by managing the land in a specific way.” Here,
Leopold essentially argued in favour of a quantitative understanding of nature. An
understanding of the role that each and every component fulfils within an ecosystem makes it
possible to coax the whole system in a specific direction. However, this only works if one
allows the ecosystem to dictate what should be done, much like the rules of chess dictate what
Fischer should do. “Fischer should move the Queen.” “Leopold should manage in a specific
way.” What Leopold argues is that before one can work towards an ethical relationship with
the land, it is required to build up a scientific or empirical understanding of the functioning of
the land. As he concludes:
“A thing is right when it tends to preserve the integrity, stability, and beauty
of the biotic community. It is wrong when it tends otherwise.” (66, The Land
Ethic).
There are some aspects to the land ethic that are important to consider when using it in a
discussion about an ethic that incorporates the deep sea. Importantly, the attitudes developed
in step one are not universal. Not every person will develop the same desires. Maybe the farm
does not have to revert back to the state it used to be, but instead it is considered desirable for
a completely new type of wild character to develop. This could potentially undermine any
attempt at formulating an ethic. But this should not cause us to reject the land ethic outright, as
there are attitudes that are so widespread that they are nearly universal. A worn-out farm is
useful to neither man nor nature, and the conclusion one could draw is that the farming
practices that led to such a state of barrenness should not be practised in the future. As a
consequence there are situations where the land ethic presents a good starting point, especially
in cases where the consequences of certain actions (or inaction) can be negative for both man
and nature. Given the current circumstances (poor knowledge, increasing economic motivation
for exploitation), the deep sea presents us with such a case.
What we are obviously missing, however, is a sort of proximity to the deep sea, as is
so poignantly illustrated by figure V, 3. As Leopold rightly pointed out, “We can be ethical
only in relation to something we can see, feel, understand, love, or otherwise have faith in”
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(The Land Ethic, 66). The remoteness and nature of the environment of the deep sea prevents
such an emotional closeness. However, projects such as NEPTUNE Canada, which we have
discussed earlier in this chapter, can in this respect make a contribution, by opening up the
deep sea to more general observation. At least then a first step can be achieved, simply by
making it possible for people to see the organisms in the deep sea.
The effects of such initiatives will however be limited, as they require the initial
interest to come from the general public itself. Indeed, people must actively search before
finding the NEPTUNE Canada website. The most likely visitors will thus be people who are
already interested in the deep sea, while those who are largely indifferent to life in the deep sea
will not easily discover the website. To reach that particular audience, one will have to turn to
other forms of information such as television documentaries, such as those used during the
Census program or videos placed on online media websites such as YouTube, or as used by
the Discovery Channel to promote its documentary containing footage of the elusive giant
squid Architeuthis 68. These popular media render deep-sea life visible and thereby contribute to
the process of informing attitudes needed for the emergence of ethical conduct. Any form of
scientific exploration whereby the results are disseminated to a broad public, such as the
Census of Marine Life, will aid in this to some extent.
A crucial problem when we try to apply the land ethic to the deep sea, stems from the
fact that Leopold’s knowledge of what the original state of an area had been was an important
aspect of his philosophy. The history of the land and its use informed his decision of what the
best course of action should be. Leopold’s A Sand County Almanac contains an essay called Good
Oak, which describes his saw cutting through the eighty growth rings of a tree in a
chronologically reversed order, which details the history of the land from the tree’s perspective.
Despite this attempt to view nature from the point of view of a tree, Leopold’s awareness of
the history of the land is largely based on human accounts. This is of course impossible for the
deep sea, as there is no history to speak of as far as human awareness is concerned. We have
only scarce knowledge of life down there, and even less of the changes it underwent over time.
That particular knowledge still has to be built up. Fortunately, this is exactly what the Census
set out to do. The baseline established by the Census is thus an ethical baseline as well as a
scientific one. So although the land ethic is not yet suitable for projection onto a deep-sea
environment in an unaltered form, as knowledge progresses it will become more suitable.
Characteristic of Leopold’s approach, or Thoreau’s or, for that matter, of
contemporary environmental philosophers such as Arne Næss, is the intentional return to a
more primitive way of interacting with nature, leaving technology behind as far as possible. In
this respect we find another fundamental difference between the terrestrial realm, which is our
natural home, and the deep-sea environment, which is hostile to human exploration. William
Beebe and Otis Barton were the first humans to visit the deep sea, and they did so heavily
protected from the environmental conditions by their bathysphere. When compared to
Leopold’s efforts to abandon technology so as to experience the wilderness to its fullest, the
deep sea requires of course the complete opposite. In order to experience the deep sea more
directly, more and better technology is required. In fact, the very observation of, and
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interaction with, nature in the deep sea requires technologies that must be considered clumsy,
crude and causing disturbances and damages to the environment they are supposed to reveal.
In order to develop an ethical relationship with the deep sea, one must in fact embrace
technology, as it is quite literally the vessel through which deep-sea life is made visible and
through which we build up a relationship that is otherwise unattainable. This is not entirely at
odds with Leopold, as he himself was a keen hunter and enjoyed the use of hunting as a means
through which he could get closer to nature. In the sense that technology is an essential part of
deep-sea exploration, it is justifiable as it is the only way to increase the proximity to the deepsea environment.
That technology necessarily plays the role of facilitator can be seen in the efforts to
protect the deep-sea environment. These efforts are not motivated purely by a disapproval of
the exploitation of resources because we know what the consequences on land have been. The
means of visualization of the environment and its life has been crucial. Because of that, a face
and a name can be given to the organisms that are affected. They become independent entities
worthy of consideration. Visualizing how they are affected by our own actions, helps to form a
sense of responsibility that would otherwise not exist. The highly specialized hydrothermal
vent fauna that has now become an important reason to issue restraint in mining activities was
completely unknown until deep submersibles permitted their discovery. ‘Before’ and ‘after’
images (see figure V, 4) of the deep seabed during bottom trawling have become important
visual proofs for arguing against such practices due to their destructive nature.

Figure V, 4. Before and after bottom trawling 69.
Courtesy of prof. J Murray Roberts, Centre for Marine Biodiversity & Biotechnology,
Heriot-Watt University - Images from VICTOR-Polarstern cruise ARKXIX/3a, AlfredWegener-Institut für Polar-und Meeresforschung and the Institut Français de Recherche
pour l’Exploitation de la Mer.
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Similarly, in a recent study by the Monterey Bay Aquarium Research Institute (MBARI) we
find that submarine canyons act as conduits for debris from coastal areas to deep-sea habitats
70. The surprising abundance of such debris (see figure V, 5) was mapped by use of deep
submersibles and the annotation of video footage collected over a 22-year period. This
evidence adds urgency to the matter of cleaning up such debris and avoiding the dumping of it
in the marine environment.

Figure V, 5. Marine debris
Various marine debris observed on MBARI ROV dives. a) Plastic chip bag, 3506 metres
(Monterey Canyon). b) Aluminum can, 1529 metres (Axial Seamount). c) Rope crab pot “ghost
fishing”, 1091 metres (Astoria Canyon). d) Plastic bag wrapped, 2115 metres (Astoria Canyon).
e) Lost fishing rope, 999 metres (Monterey Canyon). f) Glass soda bottle, 1727 metres
(Davidson Seamount). g) Shoe, 472 metres (San Gabriel Canyon). h) Tire, 868 metres
(Monterey Canyon). i) Cardboard, 3950 metres (offshore of Santa Barbara) 70.

We see that Leopold’s land ethic is suitable for adaptation to the deep sea, despite certain landsea differences such as the lack of knowledge of the historical changes in the deep sea, which
for Leopold would be necessary to reconstruct a desired ecosystem through management. For
the deep sea we can only preserve the current state, as there is no basis of knowledge on which
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to reconstruct. A further difference is that technology is also a necessity for developing a bond
with the deep sea. Does this mean that the land ethic offers us a ‘complete package’, so to
speak? Certainly not, as there are aspects of Leopold’s reasoning that offer problems even at an
empirical level. His statement about the “integrity” and “stability” of the biotic community
presents the most notable problem. Nature, even when left to herself, does not maintain the
integrity and stability of biotic communities over long periods of time. Otherwise, there would
be no evolution. One needs to introduce at least an element of time into the equation. The
main cause of the devastation brought about by human action is that the speed and intensity
with which changes occur are too fast for nature to adapt or replenish. This can once more be
illustrated by the case of the proposed mining of manganese nodules. These nodules support
their own unique fauna, and nodule growth is a slow process taking geological periods of time.
Early experiments with nodule mining have indicated that recovery of the fauna after mining is
exceedingly slow, one long-term study showing no recovery of the nematode assemblages even
after a 26-year period 71. This research was carried out at the Clarion-Clipperton Fracture Zone,
the focal point of international plans for nodule mining. If we applied Leopold’s land ethic to
that Zone, the conclusions would have to be that mining activities are completely
unsustainable and therefore unethical. This would also be true, although to a somewhat lesser
extent, for deep-sea fisheries. Deep-sea fish live long lives and grow slowly. Commercial fish
such as the popular Orange Roughy (Hoplostethus atlanticus) can reach ages of 150 years,
reaching maturity only at around 32 years 72, 73. For Orange Roughy, any form of ecologically
sustainable fisheries would likely not be economically sustainable for the fishers themselves.
We are thus presented in several cases with economic value of deep-sea resources that might
only be economically viable if harvested in ecologically unsustainable ways. This is consistent
with Leopold’s statements about the stability and integrity of an ecosystem, whereby we are led
to consider deep-sea mining and fisheries to be unethical. However, naturally occurring
temporary ecosystems, such as sites of whale falls or hydrothermal vents, present us with a
completely different proposition. The individual ecosystems exist only for a short term, while
the collective of such ecosystems (i.e. whale falls or hydrothermal vents in general) do show
long-term stability. The effect of man’s action on one hydrothermal vent site might therefore
be extremely destructive, but at the same time be consistent with the integrity and stability of
that system because it doesn’t have a naturally occurring stability.
Where then do we have to look? We have to keep in mind the network structure that
was so important for Leopold. Although network structures exist within ecosystem, they also
exist between ecosystems. Although disrupting a hydrothermal vent site might not, in principle,
violate the stability of that particular ecosystem, it might very well affect the stability of
hydrothermal vent ecosystems as a collective by impeding migration from one site to the next.
More easily understood is the case of whale falls. Due to whaling these have become less
prevalent as whale populations have declined. An individual whale fall exists only for a short
period of time and affecting it might not appear to violate its stability. But because species have
to be able to migrate from one whale fall to the next, increasing the distance between them by
reducing whale populations, will affect whale-fall ecosystem integrity and stability on a general
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level. Whaling, therefore, can be considered unethical when considering its effect on whale
populations. Whaling can also be considered unethical in an indirect manner, because of the
effect it has on whale-fall ecosystems in the deep sea. The latter is a consequence of
understanding the network structures among ecosystem, which in this case link surface waters
with the deep sea. Here, we see again the advantage of incorporating empirical knowledge into
an ethical discussion.

THE CURRENT CHALLENGES OF DEEP-SEA BIOLOGY
If we consider what we have discussed in this chapter, what does that tell us about the
challenges that the science of deep-sea biology is facing at the moment?
The biggest challenge faced by deep-sea biologists, whether they are taxonomists,
physiologists, ecologists, microbiologists or any other of the multitude of specialists
investigating deep-sea life, has been and will be finding ways to conduct their research to begin
with. Nowadays, one finds that surveys, which used to be the core activity of early deep-sea
biology, are becoming more difficult to fund 74. Being a part of the much broader science of
oceanography, deep-sea biology will, in the short term, continue to depend on the creativity of
its practitioners who have to find ways of collaborating with other fields of science and
commercially interested parties, and to find their value in supporting efforts to create more
sustainable ways of exploiting the rich marine resources. Truly basic deep-sea biological
research will likely continue to be an incidental by-product of applied research for the time
being, with the occasional exception of expeditions or programs funded by philanthropic
sources. Although occurring only sporadically, philanthropy has been an important factor in
deep-sea biological research, and its occurrence can be expected to continue in the future.
Early pioneers such as John Murray, Alexander Agassiz and Prince Albert I of Monaco spent
much of their personal wealth on oceanographic research. Several marine biological stations
were founded through personal efforts, such as the important station in Naples, and through
generous donations, such as in the case of the Scripps Institution of Oceanography. A more
recent example of philanthropic support of deep-sea research is of course the Census of
Marine Life. Throughout history, people with a love of the oceans have given generously for
their exploration.
Important new tools for gathering support for deep-sea research can be found in
modern communication technologies such as the internet, television and mobile media. These
tools are capable of reaching a far greater audience than was previously possible. Adopting
these technologies as a means of creating public awareness of deep-sea ecosystems and our
effects on them can contribute to an increased awareness of the importance of deep-sea
research. This might contribute to the establishment of deep-sea biology as a far more
independent field of science. Programs such as NEPTUNE Canada and the Census of Marine
Life have presented new ways of going in that direction.
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While there can be no doubt that such technological means will play an important
role in the future of deep-sea biology, it is important not to embrace them at the cost of
ignoring more traditional methods. Molecular biology provides a basis for the development of
very powerful, high throughput tools for the mapping of biodiversity. DNA barcoding is the
most widely known example of this. Based on research published in 2003 (ref. 75), a
consortium was created under the heading of the International Barcode of Life project (iBOL),
which was formalized in 2010. It gave rise to various specialized projects, including the Coral
Reef Barcode of Life, the Fish Barcode of Life Campaign (Fish-BOL) and Marine Barcode of
Life (MarBOL). All of these projects are attempting to map biodiversity by using specific
sections of the genome that allow for the identification of species. This method is
comparatively fast, inexpensive and accurate, and as such it is an important new method for
dealing with the large numbers of species found on this planet.
Although the advantages of such barcoding methods are clear, there are a few
drawbacks that are particularly relevant for deep-sea species. First and foremost, DNA
barcoding works only for those species with which we are already familiar. Specific barcoding
protocols and standardized reference sequence libraries are required to make identification as
accurate as possible. For this very reason, we see different projects being carried out for bees,
mosquitoes and fruit flies, species that are part of the class of Insecta. Considering the large
number of unknown and unfamiliar species in the deep sea, DNA barcoding can at best
provide rough taxonomic estimates. Moreover, establishing a large genetic database of deepsea species still requires traditional taxonomic methods to make sense of all that data. Large
databases have already been established under the Census of Marine Life program, but the lack
of traditionally trained taxonomists (which was discussed in CHAPTER IV) means that much of
the data will be of limited practical use. For the future this means that there should be a
considerate and balanced approach that combines both high throughput methods and the
more labour-intensive hands-on approach.
That such a combination is absolutely essential can be clearly seen from the history of
deep-sea biology. As we have shown in our previous chapters, each method used has had its
strong and weak points. The ubiquitously used dredge is ineffective for capturing fast moving
species and cannot provide comprehensive information about population densities, whereas
the bathysphere used by William Beebe showed unexpectedly high population densities, but
only for small areas and limited time periods. Similarly, it is possible to get a lot of information
from genetic analysis, but an understanding of the barcoded species will require again different
methods. Too much emphasis on the genome will moreover risk a far too deterministic view
of life. This view has already proven to be inadequate for the species we are most familiar with,
namely ourselves. Genetic information by itself is inadequate for explaining what (in the most
general sense possible) an organism is. For unfamiliar species from the deep sea which
constantly prove more capable and more adaptable than was ever thought possible, the margin
of error in predicting traits of an organism based solely on genetic information is going to be
very large. As a method, it is no different from estimating species distribution in the deep sea,
based on knowledge of the terrestrial realm and surface waters, except that this time the
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extrapolation occurs on a genetic level. It thus remains essential for deep-sea biology to
become an independent science so that it has to rely less on extrapolation and analogy.

CONCLUSIONS
The deep sea is interesting and important for a number of reasons. For biology, much can be
learned from the curious adaptations of deep-sea organisms to an environment so radically
different from our own. The extraordinary adaptations to such challenging habitats have pulled
evolution in unexpected directions and are therefore highly informative as to the plasticity of
life. Our understanding of this property of life is greatly improved through deep-sea biological
research. As we have seen, the potential for ‘black swan’ discoveries that influence our
perspective of life on Earth is nowhere as high as it is in the deep sea.
This potential, which is so valuable for science, is also of great interest for the
application of scientific findings to technology. Life has found innovative solutions to the
extraordinary problems presented by deep-sea conditions. We too are often faced with
extraordinary problems caused by, for instance, the artificial creation of extreme conditions
during production processes. In some cases these artificial conditions resemble the natural
conditions in the deep sea, and we find that nature’s solutions for the deep sea also offer a
solution to our own problems. For this reason the biotechnological industry has started to
explore the deep sea for specific genes, proteins or even entire species. This exploration is a
growth industry that is stimulating interest in the deep sea. Although such a development is on
the face of it a positive one, it does bring with it a biased perspective that warrants caution. By
searching for whatever might be useful for a particular purpose, everything that is not useful
will be at risk of being ignored.
Slowly, but often unwittingly, the deep sea is being incorporated into the human
realm, as the human impact in the deep sea is increasing. It has become a place for dumping
wastes, a site for mineral, petroleum and gas resources, and for biological resources. But, as we
have seen, it is also becoming a domain filled with life to which we attribute rights. Some first
conservation efforts are taking shape in reaction to the industrial race to exploit the various
deep-sea resources. International regulations follow the same sequence of ‘economy first’, with
regulations governing the exploitation of mineral, petroleum and gas resources leading those
governing the exploitation of biological resource, followed at a distance by efforts to regulate
conservation in international waters.
Placed in a central position in these developments is the only available expert, the
deep-sea biologist, who has to wear a number of different hats due to their position as the
primary producer of knowledge of the deep sea. The deep-sea biologist has to produce such
knowledge as a scientist in search of answers to scientific as well as practical questions, as a
policy advisor to governments, NGOs and industry, and as the producer of knowledge that is
essential for the development of an ethical relationship with the deep sea. Since deep-sea
biology is a small field with few practitioners, they are forced to switch between roles as
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scientist, advisor and educator. How they balance these roles must evidently have a greater
effect on the future of the science and the deep sea itself than if it were a large field with many
contributors.
A major challenge we, as human society in general, are facing is how to deal with the
deep sea. Without knowledge of it, the choices we make in terms of conservation and
exploitation are based on extrapolations from, and analogies with, what we are most familiar
with (i.e. terrestrial life and surface waters). But our historical survey has shown that such
suppositions are always mere guesswork and rarely accord with the reality of the deep sea.
From our analysis of how to formulate a possible ethic that incorporates the deep sea, we find
that knowledge of what is actually there is a key component. It in fact is its necessary basis.
Without defining what our attitudes towards the deep sea should be, we have proven the
importance of deep-sea exploration for the establishment of an ethical discourse. Such a
discourse is impossible without the necessary scientific information that must define one’s
attitudes. For that reason, it is also imperative for deep-sea biology to establish itself as a
science that can function independently from oceanography at those times that the course of
oceanography is not fully aligned with it. For example, as we have seen in the case of early
twentieth century oceanography that focussed primarily on fisheries research.

REFERENCES
1.
2.
3.
4.
5.
6.

7.
8.
9.

	
  

Popper, K., Logik der Forschung (The logic of Scientific Discovery) 1935, Vienna: Verlag von
Julius Springer.
Broad, W.J., The Universe Below: Discovering the Secrets of the Deep Sea 1998, New York:
Simon & Schuster.
Helmreich, S., Alien Ocean: Anthropological Voyages in Microbial Seas 2009, Berkeley and
Los Angeles: University of California Press.
Wolfe-Simon, F., et al., A Bacterium That Can Grow by Using Arsenic Instead of Phosphorus.
Science, 2011. 332(6034): p. 1163-1166.
Wolfe-Simon, F., P.C.W. Davies, and A.D. Anbar, Did nature also choose arsenic?
International Journal of Astrobiology, 2009. 8(2): p. 69-74.
Pennisi, E. and F. Wolfe-Simon, Newsmaker interview: Felisa Wolfe-Simon Discoverer Asks
for Time, Patience Over Arsenic Bacteria Controversy. Science, 2010. 330(6012): p. 17341735.
Erb, T.J., et al., GFAJ-1 Is an Arsenate-Resistant, Phosphate-Dependent Organism. Science,
2012. 337(6093): p. 467-470.
Reaves, M.L., et al., Absence of Detectable Arsenate in DNA from Arsenate-Grown GFAJ-1
Cells. Science, 2012. 337(6093): p. 470-473.
Basturea, G.N., T.K. Harris, and M.P. Deutscher, Growth of a Bacterium That Apparently
Uses Arsenic Instead of Phosphorus Is a Consequence of Massive Ribosome Breakdown. Journal
of Biological Chemistry, 2012. 287(34): p. 28816-28819.

214

DEEP-SEA BIOLOGY IN CONTEXT

	
  
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.

29.
30.

	
  

Darwin, C. and A.R. Wallace, On the Tendency of Species to form Varieties; and on the
Perpetuation of Varieties and Species by Means of Natural Selection. Journal of the
Proceedings of the Linnean Society of London, 1858. Zoology 3: p. 45-50.
Darwin, C., On the Origin of Species by Means of Natural Selection, or the Preservation of
Favoured races in the Struggle for Life 1859, London: John Murray.
Mendel, G., Versuche über Pflanzen-Hybriden. Verhandlungen des naturforschenden
Vereines in Brünn, 1866. IV 1865: p. 3-47.
Watson, J.D. and F.H.C. Crick, Molecular Structure of Nucleic Acids - a Structure for
Deoxyribose Nucleic Acid. Nature, 1953. 171(4356): p. 737-738.
Unknown author, Possibilities for a Bioprospecting Commitment in Norway 2008 - 2020, An
Assessment by an International Expert Group. The Research Council of Norway, 2007.
Unknown author, New Strategy for Marine Bioprospecting, in Press release No. 85/2009, 0809-2009, Regjeringen.no.
Leary, D., UNU-IAS Report - Bioprospecting in the Arctic, 2008, United Nations
University, Institute of Advanced Studies: Yokohama.
O'Hanlon, L.H., Deep-sea creatures yield treasure trove of cancer drugs. Nature Medicine,
2005. 11(7): p. 698-698.
Background Paper no.10 On Marine Biotechnology - Supplement to the Green Paper on Maritime
Police, 2006, European Commission.
Unknown author, An Update on Marine Genetic Resources:Scientific Research, Commercial
Uses and a Database on Marine Bioprospecting, 2007, United Nations Informal
Consultative Process on Oceans and the Law of the Sea - Eight Meeting: New York.
Unknown author, Total Unaudited and Audited Global Pharmaceutical Market, June 2013,
IMS Health.
Unknown author, Beyond Borders - Matters of Evidence, in Biotechnology Industry Report,
2013, Ernst & Young.
Ruth, L., Gambling in the deep sea. Embo Reports, 2006. 7(1): p. 17-21.
Agreement relating to the Implementation of Part XI of the United Nations Convention on the Law
of the Sea of 10 December 1982, 1994: New York.
United Nations Convention on the Law of the Sea - Part I, Article 1(3), 1982.
United Nations Convention on the Law of the Sea - Part XI, Article 133, 1982.
Convention on Biological Diversity - Article 1. Objectives, 1993.
Convention on Biological Diversity, COP 2 Decision II/10 (12), 1995.
Convention on Biological Diversity, Study of the relationship between the Convention on
Biological Diversity and the United Nations Convention on the Law of the Sea with regard to the
conservation and sustainable use of genetic resources on the deep seabed, in Marine and Coastal
Biodiversity: Review, Further Elaboration and Refinement of the Programme of Work, 2003,
Subsidiary Body on Scientific, Technical and Technological Advice.
Convention on Biological Diversity - COP 8 Decision VIII/21, 2006.
Arico, S. and C. Salpin, Bioprospecting of Genetic Resources in the Deep Seabed: Scientific, Legal
and Policy Aspects, 2005, United Nations University Institute of Advanced Studies.

215

CHAPTER V
31.
32.
33.
34.
35.
36.
37.

38.

39.

40.
41.
42.
43.
44.
45.

46.

47.
48.

	
  

United Nations General Assembly - Resolution 61/203, 2007.
Sixth Meeting of the Conference of the Parties to the Convention on Biological Diversity - Decision
VI/26, 2002: The Hague, The Netherlands.
Global Biodiversity Outlook 3, 2010, Montréal: Secretariat of the Convention on
Biological Diversity.
Tenth Meeting of the Conference of the Parties to the Convention on Biological Diversity – Decision
X/2, 2010: Nagoya, Aichi Prefecture, Japan.
http://www.neptunecanada.ca.
Götz, T., et al., Overview of the Impacts of Anthropogenic Underwater Sound in the Marine
Environment in Biodiversity Series 2009, OSPAR Commission: Online.
Glover, A.G. and C.R. Smith, The deep-sea floor ecosystem: current status and prospects of
anthropogenic change by the year 2025. Environmental Conservation, 2003. 30(3): p. 219241.
Tunnicliffe, V., et al., Biological colonization of new hydrothermal vents following an eruption on
Juan de Fuca Ridge. Deep-Sea Research Part I-Oceanographic Research Papers, 1997.
44(9-10): p. 1627-&.
Lundsten, L., et al., Time-series analysis of six whale-fall communities in Monterey Canyon,
California, USA. Deep-Sea Research Part I-Oceanographic Research Papers, 2010.
57(12): p. 1573-1584.
Redacted, Project Azorian: The Story of the Hughes Glomar Explorer (C05301269). Studies
in Intelligence, 1985 - Declassified 01-04-2010: p. 1-50.
Schrope, M., UK company pursues deep-sea bonanza. Nature, 2013. 495(7441): p. 294-294.
Bradsher, K., China Said to Widen Its Embargo of Minerals, in New York Times, 2010.
Dow Jones Newswires, Hillary Clinton Warns on Rare Earths Supply in The Australian,
2010.
Werth, C., Deep Sea Mining: Economic Bonanza or Environmental Boondoggle?, in Pri's The
World 2013.
International Seabed Authority Decision of the Council of the International Seabed Authority
Relating to Amendments to the Regulations on Prospecting and Exploration for Polymetallic
Nodules in the Area and Related Matters in ISBA/19/C/17, I.S.A. Council, Editor 2013:
Kingston.
International Seabed Authority Recommendations for the Guidance of Contractors for the
Assessment of the Possible Environmental Impacts Arising from Exploration for Polymetallic
Nodules in the Area, in ISBA/16/LTC/7, I.S.A.L.a.T. Commission, Editor 2010:
Kingston.
International Seabed Authority, Polymetallic Nodules Exploration Areas in the ClarionClipperton Fracture Zone 2012, Central Data Repository: Kingston.
International Seabed Authority Decision of the Council Relating to an Environmental
Management Plan for the Clarion-Clipperton Zone in ISBA/18/C/22, I.S.A. Council, Editor
2012: Kingston.

216

DEEP-SEA BIOLOGY IN CONTEXT

	
  
49.
50.
51.
52.
53.

54.
55.
56.
57.
58.
59.
60.
61.

62.

63.
64.
65.
66.
67.
68.
69.
70.

71.

	
  

OSPAR, 2010. Quality Status Report of the North‐East Atlantic (publication number:
497/2010). 176pp. ISBN 978–1–907390–38–8 www.qsr2010.ospar.org.
OSPAR Commission, Status of the OSPAR Network of Marine Protected Areas in 2012,
2013: ospar.org.
InterRidge, InterRidge Vents Database Ver.3.2: vents-data.interridge.org.
Note: Lutter, S., Personal communication, 2009, WWF’s North-East Atlantic
Programme.
Owen, D. and F. Chambers, The Powers of the OSPAR Commission and Coastal State
Parties to the OSPAR Convention to Manage Marine Protected Areas on the Seabed Beyond 200
nm From the Baseline., A. Ernst, Editor 2006, WWF Germany: Frankfurt am Main.
Charles Saxon, Ladies at tea time, 1983 The New Yorker Collection: The New Yorker.
Hume, D., A Treatise of Human Nature 1739-1740, London: John Noon.
Moore, G.E., Principia Ethica 1903, Cambridge: Cambridge University Press.
Rachels, J., Naturalism, in The Blackwell Guide to Ethical Theory, H. LaFollette, Editor
2000, Blackwell: Oxford.
LaFollette, H., ed. The Blackwell Guide to Ethical Theory. 2000, Blackwell: Oxford.
Black, M., The Gap Between "Is" and "Should". The Philosophical Review, 1964. 73(2): p.
165-181.
Haugan, P.M. and H. Drange, Sequestration of Co2 in the Deep Ocean by Shallow Injection.
Nature, 1992. 357(6376): p. 318-320.
House, K.Z., et al., Permanent carbon dioxide storage in deep-sea sediments. Proceedings of
the National Academy of Sciences of the United States of America, 2006. 103(33): p.
12291-12295.
Goldberg, D.S., T. Takahashi, and A.L. Slagle, Carbon dioxide sequestration in deep-sea
basalt. Proceedings of the National Academy of Sciences of the United States of
America, 2008. 105(29): p. 9920-9925.
Marchetti, C., Geo-Engineering and Co2 Problem. Climatic Change, 1977. 1(1): p. 59-68.
Barry, J.P., et al., Effects of direct ocean CO(2) injection on deep-sea meiofauna. Journal of
Oceanography, 2004. 60(4): p. 759-766.
Thoreau, H.D., Walden; or Life in the Woods 1854, Boston: Ticknor and Fields.
Leopold, A., A Sand County Almanac 1949, Oxford: Oxford university Press, Inc.
Curry, P., Ecological Ethics - An Introduction 2006, Cambridge: Polity Press.
Shrope, M., Giant squid filmed in its natural environment. Nature 2013.
doi:10.1038/nature.2013.12202.
Koslow, T., The Silent Deep - The Discovery, Ecology, and Conservation of the Deep Sea 2007,
Chicago: The University of Chicago Press.
Schlining, K., et al., Debris in the deep: Using a 22-year video annotation database to survey
marine litter in Monterey Canyon, central California, USA. Deep-Sea Research Part IOceanographic Research Papers, 2013. 79: p. 96-105.
Miljutin, D.M., et al., Deep-sea nematode assemblage has not recovered 26 years after
experimental mining of polymetallic nodules (Clarion-Clipperton Fracture Zone, Tropical Eastern

217

CHAPTER V

72.

73.

74.
75.

	
  

Pacific). Deep-Sea Research Part I-Oceanographic Research Papers, 2011. 58(8): p.
885-897.
Fenton, G.E., S.A. Short, and D.A. Ritz, Age-Determination of Orange Roughy,
Hoplostethus-Atlanticus (Pisces, Trachichthyidae) Using Pb-210-Ra-226 Disequilibria. Marine
Biology, 1991. 109(2): p. 197-202.
Smith, D.C., et al., Age-Determination and Growth of Orange Roughy (Hoplostethus-Atlanticus)
- a Comparison of Annulus Counts with Radiometric Aging. Canadian Journal of Fisheries
and Aquatic Sciences, 1995. 52(2): p. 391-401.
Gilbert, J., R. O'dor, and T. Vogel, Survey data are still vital to science. Nature, 2011.
469(7329): p. 162-162.
Hebert, P.D.N., et al., Biological identifications through DNA barcodes. Proceedings of the
Royal Society B-Biological Sciences, 2003. 270(1512): p. 313-321.

218

GENERAL CONCLUSIONS

EEP-SEA biology presents us with a fascinating history of the gradual incorporation of a
remote and hostile domain into the horizons of human knowledge. What was initially
perceived as a barren and lifeless realm, turned out to be teeming with life and to house some
of the most extraordinary creatures ever encountered. This reversal of how the deep sea was
perceived, as detailed in CHAPTER I, came about through a stepwise process that was in tune
with the developments in biology in general. Naturalists such as Edward Forbes sought to find
the laws that governed living nature, much like the laws that had been established in physics in
the seventeenth and eighteenth centuries. In Great Britain during the early nineteenth century,
the hunt was on for the ‘Newtonian’ laws of biology, and through these efforts standardization
and systematic analyses were introduced. These methods were ideally suited for addressing
questions arising at the time in a different field, namely geology. The work of Charles Lyell
introduced questions regarding the distribution of marine species in relationship to depth. The
combination of marine biology and geology led to the exploration of increasingly deeper
regions of the world’s oceans and to the formulation of the first empirically substantiated
hypothesis on the distribution of life in the deep sea. Forbes’ hypothesis of a lifeless zone
beyond 300 fathoms served to create what we would now recognize as a modern scientific
discussion. The 300 fathoms limit served to stimulate critics, such as Norwegian naturalist
Michael Sars, to build up of empirical data that proved the opposite. This in turn led to the
development of the field of oceanography, the definitive start of which was embodied by the
expedition of HMS Challenger during 1872-1876.
Deep-sea biology, as part of oceanography, went through a period of rapid expansion
in the decades following the Challenger expedition. As detailed in CHAPTER II, field research
was complemented by experimental deep-sea biology and a large number of marine biological
stations was established in order to provide a base from which to work. This period, marked
by a vivid interest in all aspects of life in the oceans, including the deep sea, was followed by a
period of stagnation and decline towards the end of the nineteenth century. In fact, by the
early twentieth century interest in deep-sea biology had faded away almost completely, as is
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poignantly illustrated by the discontinuation of the work of Paul Regnard. Questions in deepsea biology were now no longer answered for their own sake, but became susceptible to the
changes in emphasis within the overarching field of oceanography. Due to the relatively low
number of people involved in oceanographic research, their choices resonated throughout the
entire field. When key figures such as John Murray and Johan Hjort moved the emphasis to
fisheries research, there were simply not enough funds, resources and people available to
continue the promising deep-sea biological work of the nineteenth century. This general trait
of the relationship between oceanography and deep-sea biology can also be observed in
subsequent developments such as the emergence of submarine warfare during the middle of
the twentieth century (discussed in CHAPTER III), and of bioprospecting (discussed in CHAPTER
V) during the early twenty-first century. Both exerted an influence on deep-sea biology by
dictating the primary focus of the research. Research in areas of the deep sea unrelated to these
focal points, such as the deep pelagic ocean, have therefore been neglected.
This general trend became more problematic in an era when the deep sea was being
incorporated into the human realm in a more practical and direct way, as questions emerged
about our impact and our responsibilities. To begin with, thanks to the advent of submersible
technologies, detailed in CHAPTER III, man was for the first time capable of descending into the
deep sea and to observe and manipulate much more directly. For deep-sea biology this meant
an important epistemological change, as it was no longer required to rely exclusively on the
interpretation of samples that were being brought up and which were subject to the luck of the
draw. But when it became possible to move around in the deep sea with purpose and direction,
it also became possible to target its resources with greater precision. Since the development
and use of the technology to do so is extremely expensive, it has naturally drawn the parties
possessing the knowledge and techniques, science, and those possessing the funds, industry,
together. Such partnerships have recently begun to focus on mineral resources, such as in
manganese nodule mining, and on biological resources, such as bioprospecting. This forces the
deep-sea biologist into a difficult dilemma, as we have seen in CHAPTER V. How to balance
their part in causing an impact in the deep sea, for example, by being advisor to mining
companies, with the production of knowledge that could help reduce that impact? In the case
of deep-sea mining, the physical impact is so big that some deep-sea biologists feel compelled
to involve themselves in order to try and minimize the inevitable damage. In the case of deepsea bioprospecting, the dilemma is more complex and might not yet be recognized. The unique
adaptations to life in a deep-sea environment have great scientific value as they provide insights
that cannot be gained from life on land and in the surface waters. Choosing which species to
investigate further, on the mere basis of their perceived potential to produce commercially
attractive products, can compromise the scientific potential that might otherwise be realized
through deep-sea research. Deep-sea biology always produces knowledge, irrelevant of the
context within which it is working. But it is also important to consider what type of knowledge
is being produced and whether or not that knowledge is in line with the scientific purpose of
deep-sea biology.
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Human impact on deep-sea environments also raises questions concerning the
equitable sharing of the benefits, issues of conservation and ultimately our ethical relationship
with the deep sea. It is clear that the efforts to exploit deep-sea resources are leading the race,
when compared to the legal aspects and conservation efforts. As yet, there is no legal
framework to govern the exploitation of biological resources in areas beyond the limits of
national jurisdiction. In fact, it is not even clear what the status of such resources is within the
existing legal framework. The same species that are associated with the ocean floor can also
actively or passively travel through the water column, and the ocean floor and water column
are governed by different legal regimes. Lagging even further behind are conservation efforts.
The absence of a clear legal framework makes it especially difficult for conservationists to find
ways of protecting specific ecosystems. Complicating such conservation efforts even further is
that the type of impact can differ in the deep sea when compared to land. In an eternally dark
environment, the strong lights used by researchers can have a negative impact. Even more
prominent is sound pollution caused by shipping and other human activities. Some limited
progress in conservation has been made, as the less familiar types of pollution are becoming
more widely acknowledged and the first deep-sea conservation areas located in international
waters have recently been established.
What is holding conservation efforts and environmental protection back? In
CHAPTER V we have argued that it may be the lack of an ethical relationship with the deep sea.
Because of the remoteness of the deep sea, its very recent exploration and the slow pace at
which knowledge about this realm is being built up and diffused to the larger public, there exist
no positive or protective attitudes towards the deep-sea ecosystems. Most people are
completely indifferent because so little is known about it, which means there is no basis for
reflection and action. We cannot believe that something is desirable or undesirable if we do not
know what that something is, and, in the case of ecosystems, what functions they perform in
relation to our own ecosystem.
For this reason, fundamental science has also to take up the role of lobbyist for the
deep sea, thus ending up in an unusual ethical domain. Science is the almost exclusive producer
of knowledge of the deep sea, and is therefore a key element of the foundation of any ethical
discourse. The responsibility for conducting this discourse once again lands on the shoulders
of deep-sea biologists, as it is imperative that they can be trusted to provide the right type of
knowledge if the ethical debate is to become fruitful. As we have discussed in CHAPTER IV,
there are examples of science taking the lead in conducting such a discourse. The most notable
of these is the Census of Marine Life, which set out to produce as much data as possible for
future reference. Although not perfect in its approach, the deep pelagic realm once again being
largely neglected, it constitutes a basis of knowledge that can support the first tentative
reflections, which in turn can help to form the first attitudes towards the deep-sea environment
and its life.
This dissertation has set out to explore the history and current challenges of deep-sea
biology, a niche in biology that concerns itself with the biggest ecosystems on Earth. Many of
the issues raised here are, much like the deep sea itself, still underexplored and worthy of more
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consideration by a wide range of academic experts. Those can be (general) biologists, historians
of science, philosophers of biology, as well as environmental ethicists. The connection to
experts outside of the academic setting is easily made, as policy and conservation issues leap to
mind. It is fertile ground for an interdisciplinary approach that crosses the boundaries between
science, the humanities and society.
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SUMMARY

HE deep sea forms the largest part of our biosphere, it is the largest reservoir of biomass
on the planet, and is likely home to the largest number of undiscovered species. As significant
as this realm may be, it also holds the most underexplored and unfamiliar ecosystems on our
ironically named planet ‘Earth’. Our increasing impact on deep-sea ecosystems and our lack of
understanding the consequences, is reason for us to look more closely at deep-sea biology, as it
is the almost exclusive producer of the knowledge required for a sustainable interaction with
the deep sea. This thesis explores the history of deep-sea biology from the early efforts at the
start of the nineteenth century to the latest developments, in order to gain insight into the
challenges we are faced with as the deep sea is gradually being incorporated into the human
realm.
Starting in the early nineteenth century, the exploration of the deeper parts of the
oceans was not a natural step to make (CHAPTER I). The general consensus was that the
environmental conditions in the deep sea prohibited the existence of life. The exploration of
deeper waters by naturalists came about by a serendipitous coming together of three factors:
The geological principles proposed by Charles Lyell in his Principles of Geology (1830-1833),
which presented naturalists with a motivation to start exploring marine species distribution in
relationship to depth. The establishment of the British Association for the Advancement of
Science in 1831, which presented naturalists with a means of funding explorations that would
exceed the personal budget of the ‘gentleman naturalist’. Finally, the British naturalist Edward
Forbes (1815-1854) would be the driving force behind the systematic exploration of the
distribution of marine species by means of the dredge. This led to the exploration of depths
beyond the reach of sunlight (~200 metres), which could be termed ‘soft’ deep-sea biology.
Forbes formulated the first empirically constructed hypothesis on the distribution of
marine species, concluding that life was limited to a maximum depth of 300 fathoms.
Incidental discoveries of life recovered from greater depths motivated critics of Forbes’
hypothesis to explore deeper regions in a similar systematic manner. The discovery of a living
fossil named Rhizocrinus lofotensis, less than a decade after Charles Darwin’s publication of his
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On the Origin of Species (1859), eventually led to the inception of the famous Challenger
Expedition (1872-1876) and the definitive start of modern deep-sea biology, which explored
life beyond 1,000 metres.
The last three decades of the nineteenth century (CHAPTER II) represented a ‘golden
age’ for deep-sea biology as many governments felt an obligation to send out expeditions of
their own. Like all other fields in biology during this time, deep-sea biology branched out into
different disciplines such as comparative anatomical studies in Germany, thalassography in the
United States, and experimental deep-sea physiology in France. Contrary to what could be
expected from a science that appeared to be flourishing, the interest in deep-sea biology did
not last very long. As marine biological stations were being built around the world,
predominantly in Europe, a shift in the overarching discipline of oceanography occurred.
Stocks of commercially important fish started to decline noticeably and oceanographers saw
themselves as ideally placed to help solve these problems. The marine biological stations
offered an institutionalization of oceanographic research and the problems with fisheries
presented an economic justification for conducting expensive research. The interest in deepsea biology was lost.
At the start of the twentieth century (CHAPTER III), deep-sea biology was once again
the pursuit of inspired individuals such as American naturalist William Beebe (1877-1962),
who, together with engineer Otis Barton (1899-1992), pioneered the use of deep submersibles.
This technology resulted in a major revolution in oceanographic research, as for the first time
direct observations could be made of the deepest parts of the oceans. As the Cold War broke
out between the United States and the Soviet Union, the technology found a practical use as
well, and deep-sea biology became interesting again as submarine warfare involved questions
about the organisms in the deep sea. During this time the most famous of the deep
submersibles was constructed, DSV Alvin, which became instrumental in the discovery of
hydrothermal vents and their associated ecosystems. These highly productive ecosystems were
unique, as they used chemosynthesis as the process for primary production, which contrasted
with all previously known ecosystems where primary production was based on photosynthesis.
During the second half of the twentieth century an interest developed in the
physiological adaptations of organisms living in the extreme deep-sea environment. Deep-sea
physiology, which had not seen a continuation since the end of the nineteenth century, became
a topic of interest for mainly practical reasons. It was found that some of the conditions
created in industrial processes were similar to the conditions in the deep sea, and that as a
result deep-sea organisms contained proteins useful for application in such processes. The
deep sea thus became interesting for another type of resources: biological resources. These are
the organisms themselves, or parts of the organism such as genes or proteins, that can be used
for industrial or medical purposes.
That the deep sea is an abundant source of bioactive compounds suitable for a wide
variety of applications stems from the unique nature of the environment, which has resulted in
the unique evolution of deep-sea organisms (CHAPTER IV). Even today deep-sea organisms are
discovered that challenge the general consensus such as the requirement of sunlight for
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photosynthesis. This is both important on a scientific level, by stimulating scientific progress,
as it is economically important, by providing a biological basis for innovation. In CHAPTER IV
some of the science that is currently being undertaken is reviewed, with special attention for
the Census of Marine Life program (2000-2010), a decade-long effort to create a baseline
record of global marine biodiversity. Like a modern-day Challenger Expedition, it has greatly
improved our knowledge of marine life and especially deep-sea life, but it has also exposed
how limited our knowledge is. In some cases, such as that of the deep pelagic life, knowledge is
virtually non-existent and no comprehensive efforts appear to be made to remedy this.
Exploitation of deep-sea mineral and biological resources is picking up speed and in
CHAPTER V we review the consequences of the disparity between the production of knowledge
for the sake of exploitation and the production of knowledge for the sake of conservation. The
role of the deep-sea biologist proves to be a difficult one, as they are the source of knowledge
for all those interested in the deep sea. Commercial parties will knock on the same door as
governments and non-governmental organisations, despite the fact that their aims can be
conflicting ones. Because deep-sea biology is a relatively small field, only a small number of
people will have to make decisions about what the rest of us learn of the deep sea. To
complicate matters further, choices cannot be made completely independently, as they depend
on those with the financial means to fund the expensive research.
In order to evaluate what the consequences of this situation are for developing a
sustainable interaction with the deep sea, an ethical analysis is made in CHAPTER V. Through
this analysis we have shown that the production of independent, unbiased knowledge of life in
the deep sea is an essential prerequisite in working towards the development of some sort of
ethical relationship with the deep sea. This is not just important for conservation, but because
we as yet have no idea of the consequences of our impact on the deep sea, it is also part of a
precautionary approach to the exploitation of deep-sea resources, as it might affect essential
services provided to us by these ecosystems.
We conclude that many of the topics raised in this thesis are as yet underexplored and
warrant more attention as the deep sea is gradually being incorporated into the human realm.
Creating awareness is an important first step towards a sustainable interaction with the deep
sea.
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ET grootste deel van onze biosfeer ligt in de diepzee, het vormt het grootste reservoir
aan biomassa op onze planeet en bezit naar alle waarschijnlijkheid het grootste aantal nog niet
ontdekte soorten. Ondanks dat dit gebied zo betekenisvol is, herbergt de diepzee de minst
onderzochte en minst bekende ecosystemen op onze ironisch genoemde planeet ‘Aarde’. Onze
steeds groter wordende impact op ecosystemen in de diepzee en het tekort aan kennis over de
gevolgen, is een belangrijke reden om de diepzeebiologie eens nader te bekijken. De
diepzeebiologie is immers vrijwel de enige producent van de kennis die nodig is om op een
duurzame manier om te gaan met de diepzee. Dit proefschrift onderzoekt de geschiedenis van
de diepzeebiologie vanaf de eerste pioniers die de diepzee onderzochten aan het begin van de
negentiende eeuw, tot aan de allerlaatste ontwikkelingen, om op die manier inzichten te krijgen
in de uitdagingen waar we mee worden geconfronteerd nu de diepzee steeds meer een
onderdeel aan het worden is van de menselijke leefwereld.
Aan het begin van de negentiende eeuw was het geenszins logisch om de diepere
wateren van de oceanen te onderzoeken (HOOFDSTUK I). Over het algemeen waren de
verwachtingen dat de omgevingscondities in de diepzee zo extreem zouden zijn dat er geen
leven mogelijk was. Dat naturalisten toch de diepere wateren onderzochten kwam door een
toevallige samenkomst van drie factoren: De geologische principes zoals Charles Lyell deze in
zijn Principles of Geology (1830-1833) uiteenzette, wat de naturalisten motiveerde om de relatie te
onderzoek tussen de verspreiding van marine soorten en de dieptes waarop deze voorkomen.
De oprichting van de British Association for the Advancement of Science in 1831, welke
uitermate geschikt was om naturalisten te voorzien van de financiële middelen om onderzoek
te doen dat grootschaliger was dan de individuele naturalisten zich konden veroorloven. Als
laatste de Britse naturalist Edward Forbes (1815-1854), hij was de belangrijkste drijfkracht
achter de introductie van een systematische methode om soortenverspreiding in kaart te
brengen met behulp van een sleepnet. Deze samenkomst leidde er naartoe dat naturalisten
onderzoek deden op diepten groter dan het bereik van het zonlicht (~200 meter), iets dat
mogelijk als ‘zachte’ diepzeebiologie omschreven zou kunnen worden.
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Forbes formuleerde een empirisch onderbouwde hypothese over de verspreiding van
marine soorten en concludeerde dat het leven in de oceanen beperkt is tot een maximale diepte
van 300 vadem. Deze hypothese stimuleerde de naturalisten, die op basis van incidentele
ontdekkingen van leven op grotere diepten, kritisch waren over het maximum dat gesteld was
door Forbes. Zij gingen op een vergelijkbare systematische manier te werk om de hypothese te
kunnen weerleggen. Het was uiteindelijk de ontdekking van een levend fossiel genaamd
Rhizocrinus lofotensis in de jaren kort na de publicatie van On the Origin of Species (1859) door
Charles Darwin, die zou leiden tot de beroemde Challenger Expeditie (1872-1876). Dit was de
definitieve start van de moderne diepzeebiologie die het leven bestudeert op diepten groter dan
1,000 meter.
De laatste drie decennia van de negentiende eeuw (HOOFDSTUK II) waren een
hoogtepunt voor de diepzeebiologie omdat er bij veel naties een gevoel heerste dat het een
verplichting was om eigen expedities te organiseren. Net als bij alle andere onderzoeksvelden
binnen de biologie, ontstonden er binnen de diepzeebiologie verschillende subdisciplines. In
Duitsland floreerde de op diepzeedieren gerichte vergelijkende anatomie, in de Verenigde
Staten ontstond thalassography, de studie van oceaanbekkens, en in Frankrijk pionierde men
de experimentele diepzeefysiologie. In tegenstelling tot wat men zou verwachten van een
florerende wetenschap, bleek de interesse in de diepzeebiologie maar van korte duur. Terwijl er
wereldwijd, maar voornamelijk in Europa, marinebiologische onderzoeksstations werden
gebouwd, ontstond er een verschuiving van de aandacht binnen de overkoepelende discipline
van de oceanografie. De voorraden van commerciële vissoorten liepen sterk terug en
oceanografen zagen zichzelf als de meest geschikte onderzoekers om deze problemen aan te
pakken. De marinebiologische onderzoekstations vormden een goede basis voor de
institutionalisering van het oceanografisch onderzoek en de problemen binnen de visserij
maakte het economisch verantwoord om het van nature dure onderzoek uit te voeren. Als
gevolg verdween de eerst zo florerende interesse in de diepzeebiologie.
Aan het begin van de twintigste eeuw (HOOFDSTUK III) was de diepzeebiologie
wederom het rijk van avontuurlijk ingestelde mensen zoals de Amerikaanse naturalist William
Beebe (1877-1962). Samen met technicus Otis Barton (1899-1992) was hij een pionier in het
gebruik van een bemande diepzeeduikboot voor wetenschappelijk onderzoek. Deze
technologische doorbraak veroorzaakte een belangrijke omwenteling binnen de oceanografie
omdat het voor het eerst mogelijk werd om directe observaties te doen in de diepste regionen
van de oceaan. Door het uitbreken van de Tweede Wereld Oorlog en later de Koude Oorlog
tussen de Verenigde Staten en de Sovjet-Unie, kreeg de technologie een belangrijk praktisch
doel. Omdat bij oorlogsvoering met duikboten het ook van belang was om kennis te hebben
over het leven in de diepzee, kreeg de diepzeebiologie weer een impuls. In deze periode werd
ook de beroemdste diepzeeduikboot ontwikkeld en gebouwd, DSV Alvin. Die roem was
voornamelijk te danken aan de rol die de onderzeeër speelde bij de ontdekking van de
hydrothermaalbronnen en de ecosystemen die rond deze bronnen zijn ontstaan. Deze
bijzonder productieve ecosystemen zijn uniek doordat ze chemosynthese gebruiken als basis
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voor primaire productie, iets dat geheel anders was dan alle andere daarvoor bekende
ecosystemen die allemaal fotosynthese als het basisproces voor primaire productie gebruikten.
In de tweede helft van de twintigste eeuw ontstond er interesse in de fysiologische
adaptaties van organismen die leefden onder de extreme omstandigheden in de diepzee. De
diepzeefysiologie, die niet direct een vervolg was op het onderzoek uit de negentiende eeuw,
werd interessant om voornamelijk praktische redenen. Men vond dat tijdens bepaalde
industriële processen er omstandigheden ontstonden die vergelijkbaar waren met de
omstandigheden in de diepzee, en dat als gevolg daarvan diepzeeorganismen eiwitten bevatten
die toepasbaar waren binnen dergelijke industriële processen. De diepzee werd dus interessant
voor een nieuwe soort grondstof: biologische grondstoffen. Deze worden gevormd door de
organismen zelf, of bepaalde delen van het organisme zoals genen of eiwitten, die vervolgens
gebruikt kunnen worden voor industriële of medische doeleinden.
Dat de diepzee een bijzonder rijke bron is voor biomoleculen die geschikt zijn voor
een grote verscheidenheid aan toepassingen, komt door de unieke eigenschappen van de
omgeving, die vervolgens weer unieke evolutionaire adaptaties voort brengt (HOOFDSTUK IV).
Zelfs vandaag de dag nog worden er diepzeeorganismen ontdekt die algemeen geaccepteerde
beelden van de natuur lijken te tarten, zoals dat zonlicht noodzakelijk is voor fotosynthese.
Deze ontdekkingen zijn belangrijk op zowel een wetenschappelijk niveau, door het stimuleren
van wetenschappelijke vooruitgang, als economisch, door het leveren van een biologische basis
voor innovatie. In HOOFDSTUK IV wordt hedendaags wetenschappelijk onderzoek bekeken,
met speciale aandacht voor het Census of Marine Life programma (2000-2010), een tien jaar
durende onderneming om een basisinventarisatie te maken van de biodiversiteit die de oceanen
rijk zijn. Als een soort modern equivalent van de Challenger Expeditie, heeft het programma
enorm bijgedragen aan de verrijking van onze kennis van het leven in de oceanen en vooral
ook de diepzee, maar het maakte ook duidelijk hoe beperkt onze kennis is. In sommige
gevallen, zoals in dat van het diep pelagisch leven, is onze kennis vrijwel afwezig en wordt er
ook geen aanstalten gemaakt om deze kennis alsnog op te bouwen.
De exploitatie van (biologische) grondstoffen uit de diepzee groeit in een versneld
tempo en in HOOFDSTUK V bestuderen we de gevolgen van de onbalans tussen de productie
van kennis die met als doel heeft de uiteindelijke exploitatie van de diepzee, en de productie
van kennis met conservatiedoeleinden. Binnen deze ontwikkelingen is de rol van
diepzeebiologen problematisch omdat zij de belangrijkste bron van kennis zijn voor iedereen
die interesse heeft in de diepzee. Commerciële partijen kloppen dus aan bij dezelfde persoon
als overheden en non-profit organisaties, ondanks dat hun individuele doelen conflicterend
kunnen zijn. Omdat de diepzeebiologie ook nog eens een relatief klein veld is, is een klein
aantal mensen verantwoordelijk voor wat wij gezamenlijk leren over de diepzee. Om de zaken
nog ingewikkelder te maken, zijn diepzeebiologen niet geheel vrij in de keuzes die ze maken
omdat ze direct afhankelijk zijn van partijen die de financiële middelen hebben om het dure
onderzoek mogelijk te maken.
Om te evalueren wat de gevolgen zijn van deze situatie voor het ontwikkelen van een
duurzame interactie met de diepzee, wordt in HOOFDSTUK V een ethische analyse gemaakt.
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Aan de hand van deze analyse wordt geïllustreerd dat het voor het ontwikkelen van enige
ethische verhouding tot de diepzee, het van essentieel belang is dat er onafhankelijk en
onvooringenomen kennis over het leven in de diepzee geproduceerd kan worden. Dit is niet
alleen van belang voor conservatiedoeleinden. Omdat we nog geen idee hebben over de
gevolgen van onze invloed op de diepzee, is het ook onderdeel van voorzorgsmaatregelen bij
de exploitatie van grondstoffen. We kunnen namelijk nog niets zeggen over mogelijke gevolgen
voor essentiële diensten die deze ecosystemen ons leveren.
We concluderen dat veel van de onderwerpen die dit proefschrift naar voren heeft
gebracht, vooralsnog onderbelicht zijn en dat meer aandacht aanbevelenswaardig is nu de
diepzee steeds meer een onderdeel wordt van de menselijke leefwereld. Het voortbrengen van
een groter bewustzijn van het leven in de diepzee is een belangrijke eerste stap in de richting
van een duurzame interactie met de diepzee.
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