
extremely vulnerable to disturbance and habitat
damage. In the past it has been assumed, however,
that many deep-sea species are broadly distributed
because there are few barriers to dispersal and little
obvious habitat heterogeneity. If this assumption
holds, then their vulnerability to extinction might be
reduced. At present, our understanding of how
quickly species turn over spatially is very limited,
particularly for some of the groups like nematodes
that have been least studied. With emerging molecu-
lar approaches, it is also becoming clear that species
that have been treated as cosmopolitan may, in
some instances, be species complexes.

Given that many deep-sea environments support
species that are either of no commercial Rshing in-
terest or are not sustainable, is there any reason to
exercise caution in how humans impact the deep
sea? There are, in fact, several compelling reasons to
be concerned. First, the deep sea represents one of
the few remaining pristine habitats on Earth. We
can say, with only a few exceptions, that deep-sea
communities have not been compromised by human
development. This attribute makes them one of the
last natural laboratories on Earth where the ‘chem-
icals’ have not been tainted. Because it is so very
diverse, the deep sea can provide a natural and
uncompromised laboratory in which to test ideas on
regulation of biodiversity. A second reason to exer-
cise caution is that the deep sea may represent one
of the largest species pools on Earth. From an ethi-
cal and esthetic perspective, it could be argued that
this characteristic alone is sufRcient motivation to
limit human disturbance. But from an economic
perspective, there is great interest among pharma-
ceutical companies in organisms with unusual
physiologies; the thermophilic bacteria that live at
hydrothermal vents, for example, have generated
tremendous interest for their bioactive compounds.
A third concern is with respect to remediation.
Although material dumped in the deep sea may
be out of sight and mind, any decision at a later
time to remediate (e.g. leaking radioactive waste)
would be prohibitively expensive, if it was possible
at all.

In summary, the deep sea is a vast and relatively
undisturbed habitat that may be very vulnerable to
human disturbances. Our current understanding of
the deep sea and its immense diversity is very
limited, but is nonetheless advancing steadily. A
precautionary approach will ensure that the unusual
attributes of the deep sea, including its rich
biodiversity, will not be inadvertently destroyed by
ignorance.
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Introduction

For the purpose of this article a deep-sea Rsh is one
that lives, at least for most of its life, at depths
greater than 400 m. The Rshes of the continental
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shelves are usually classiRed as either pelagic or
demersal. These categories are often further sub-
divided in the deep sea. The pelagic component is
comprised of the mesopelagic and bathypelagic
Rshes that live entirely in the water column and are
generally of small adult size. Mesopelagic Rshes,
e.g. lantern Rshes (family Myctophidae) and cyclo-
thonids (family Gonostomatidae), live beneath the
photic zone to a depth of approximately 1000m.
Bathypelagic Rshes live below 1000 m and are usu-
ally highly adapted to life in a food-poor environ-
ment. Examples are the deep-water angler Rshes
(family Ceratidae) and the gulper eels (family Eury-
pharyngidae).

Although the term demersal, referring to Rshes
living on or close to the bottom, is equally appro-
priate to the deep sea it has become customary to
divide these Rsh into benthic and benthopelagic spe-
cies. There is also a trend to refer to these as ‘deep-
water’ rather than ‘deep-sea’ Rsh, thus avoiding
the nautical use of deep-sea meaning distance
from land. Benthic Rshes are those that spend
most of their time on the bottom and include the
rays (family Rajidae), the SatRshes (e.g. family
Pleuronectidae) and the tripod Rshes (family
Chlorophthalmidae). The benthopelagic Rshes are
those that swim freely and habitually near the ocean
Soor and examples include the squalid sharks
(family Squalidae), the macrourid Rshes (family
Macrouridae) and the smoothheads (family
Alepocephalidae) (see Figure 1).

The long-held belief that deep-sea Rsh belonged to
old (in evolutionary terms) and archaic groups is no
longer tenable. The deep sea has been invaded many
times and there is little doubt that the specialized
pelagic fauna have undergone much of their evolu-
tion in the deep sea. On the other hand, the demer-
sal Rshes probably evolved mainly in the shallower
waters and secondarily invaded the deep sea and
therefore, although well-adapted for life at depth,
their special morphological features are usually less
well-developed than those found in the meso- and
bathy-pelagic Rshes. In some areas, such as the deep
Norwegian Sea, the colonization by demersal Rshes
appears to be of fairly recent origin.

Although there are very marked regional differ-
ences in the deep-water demersal Rsh faunas there is
also a degree of global similarity, and certain fami-
lies such as the macrourids and smoothheads are
dominant. Some species such as several deep-water
sharks and the orange roughy (Hoplostethus atlan-
ticus) are widely distributed on continental slopes.
Many abyssal species, of which the armed grenadier
(Coryphaenoides armatus), the blue hake (Antimora
rostrato), and the lizardRshes (Bathysaurus spp.) are

good examples, are cosmopolitan in their distribu-
tion.

Our knowledge of the deep-water demersal Rshes
ultimately depends on the sampling techniques. The
bottom trawl, beam or otter, has been the most
widely used sampling method. Each design of trawl
is selective for a particular spectrum of Rshes, and
on the upper continental slope } especially in areas
where there is commercial exploitation } a wide
range of trawls have been used that has resulted in
a better understanding of the Rsh assemblages. On
the lower slope and at abyssal depths fewer, more
specialized sampling gears have been utilized, and
the assemblages may not be adequately described.
Where the seabed is unsuitable for bottom trawling,
sampling by longlines and traps has been successful.
Advances in submersible technology continue to
provide information on the distribution and
behavior of deep-water Rshes.

Depth-related Changes in Abundance
and Biomass

The abundance, biomass, and usually the number of
species, decreases with increasing depth. This in
turn is related to the food supply which, with the
exception of a very small contribution of probably
(1% from chemosynthesis, is ultimately derived
from photosynthesis at the surface, see Figure 2.

Surface production is not uniform throughout the
world’s oceans, as it depends on the factors neces-
sary for photosynthesis such as light, temperature,
and nutrients. In general, it tends to be greatest at
higher latitudes where there is strong winter mixing
and in areas of upwelling. On the basis of this
production, the upper layer of the world’s oceans
can be divided into a series of fairly well-deRned
faunal provinces, which extend into the meso-
pelagic. These provinces have been well-deRned for
some groups such as the myctophid Rshes. Since the
demersal Rshes ultimately depend on the same en-
ergy supply it is not unreasonable to suppose that
such faunal provinces exist also for the demersal
Rshes, but with a few exceptions the level of samp-
ling has been insufRcient to identify their presence.
An indication that such faunal provinces may exist
and that they might be directly related to surface
production comes from some work on the deep-
water, abyssal Rshes of the north-eastern Atlantic.
The investigations were carried out in three main
areas, the Porcupine Abyssal Plain (c. 483N; 163W),
the Madeiran Abyssal Plain (c. 313N; 253W) and off
the west African coast (203N). All the stations were
at depths between about 4000 and 5550m. Striking
differences in species composition, morphology,
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Phycis blennoides

Aphanopus carbo

Bathypterois dubius Hoplostethus atlanticus

Coryphaenoides rupestris

Bathysaurus ferox

Synaphobranchus kaupi Sebastes mentella

100 cm

Figure 1 Some deep-water species to show different morphologies.

maximum Rsh size, feeding pattern, and reproduc-
tive strategies were demonstrated between the Rsh
catches of these areas. In the area of the Madeiran
Abyssal Plain, where there is a well-established sea-

sonal thermocline and surface productivity is rela-
tively low, the abyssal Rsh fauna is most diverse.
The individual Rsh tend to be of small body size and
adapted to life where the food supply is dispersed
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Figure 2 A diagram showing some of the pathways by which food reaches the deep-sea fish. Vertical migration is probably an
important food source for bottom fish at around 1000 m and could account for the increased biomass at this depth.

and limited. The stations off the African coast have
a distinct fauna, which is probably attributable to
higher productivity caused by upwelling along the
continental margin. Further north, where there is
a marked seasonal cycle of productivity, the fauna is
less diverse and the individual Rsh have larger body
sizes and are adapted to exploiting food sources that
tend to be patchily distributed. There appears to be
a general trend for decreasing diversity and increas-
ing body size from low to high latitudes. Overall,
the biomass at abyssal depths is low compared with
the continental slope and shelf. Another trend that
has been reported in the PaciRc is for a decrease
in Rsh biomass with increasing distance from
the continental land mass. This probably results
from increased surface productivity attributable to
terrestrial inputs.

The abyssal Rshes are dependent on the ‘rain’ of
detritus and associated bacteria and occasional large
food falls for their food supply and as these decrease
exponentially from the surface to the seabed, the
low biomass is easy to explain. However, at depths
of around 1000 m on the continental slopes or
around seamounts there is often an increase in de-
mersal Rsh abundance and biomass. It is this in-
crease in biomass that forms the basis of the
developing deep-water Rsheries. Most of the Rshes

at this depth are benthopelagic and studies of their
diets (see below) have shown that pelagic and be-
nthopelagic organisms dominate their diet. Many of
the prey organisms are vertical migrators, ascending
towards the surface at night to feed and descending
to a depth of about 1000m during the day, where
they form a deep-scattering layer. Where this scat-
tering layer impinges either vertically or horizontally
onto the slope, it provides a rich source of food for
the benthopelagic Rshes.

The Diet of Deep-water Demersal
Fishes

In situ investigations in the deep sea are difRcult and
inevitably this means that much of our knowl-
edge on feeding is derived from stomach content
analysis. This has many inherent difRculties, such as
the very high percentage of empty or everted stom-
achs due to the expansion of the gas during recovery
from depth in those species that have gas-Rlled swim
bladders. Very often all that remains are hard parts
such as vertebrae, squid beaks, and crustacean ap-
pendages that become trapped in the lining of the
stomach and which can lead to an overestimation
of these prey types. The problem of identifying
food items, often from fragments, can lead to bias

690 DEEP-SEA FISHES



especially when some prey taxa are poorly known,
as is often the case in the deep sea. Indeed in some
studies, the contents of the Rsh stomachs have been
considered as yet another method of sampling the
deep-sea fauna. For example, a signiRcant part of
the mesopelagic fauna of Madeira was described
from the stomachs of deep-water species such as the
black scabbardRsh (Aphanopus carbo) landed by the
commercial Rshery. Net feeding is also considered to
be a problem because of the long time the Rsh spend
in the net after initial capture. In some Rshes,
such as the Alepocephalidae, there is often a high
percentage of unidentiRed soft tissue that may result
from feeding on gelatinous plankton. The gelatinous
plankton is poorly sampled by nets but the deploy-
ment of cameras has shown that it can be abundant
and therefore it should not be neglected as a poten-
tially signiRcant food source. Indirect evidence of
feeding modes can be obtained from parasite load-
ings, presence of sediment in the gut, the morpho-
logy of the Rsh, and its associated sensory systems.
Stable isotope ratios are beginning to be used to
determine the level of the different Rshes in the food
chain. Direct observation from manned submers-
ibles, remotely operated vehicles, and baited camera
systems is a useful tool for understanding feeding
behavior.

The feeding strategies of the deep-sea Rshes cover
as wide a range as their shelf counterparts and, as
one might expect, reSect the habitat differences
(e.g. depth, bottom topography). The piscivorous
Rshes can broadly be divided into those that adopt
a sit-and-wait strategy, such as the lizardRsh
(Bathysaurus) and those that are active predators
such as some deep-water sharks and the black scab-
bardRsh. Many deep-water species, including the
macrourids, feed on a mixed diet of the larger
pelagic and benthopelagic crustaceans, cephalopods,
and small Rshes. Others feed on a mixed diet of
the smaller benthopelagic organisms and epifauna
including amphipods, mysids, and copepods. Again
this group can be divided into those that actively
forage, such as some of the smaller macrourid
Rshes, and those that sit and wait, such as the tripod
Rsh (Bathypterois spp.). Feeding directly on the
benthos, whether it is browsing at the surface, sifting
the sediment for infauna, cropping or even scaveng-
ing is relatively unimportant and reSects the rela-
tively low amount of energy that reaches the deep-
sea Soor.

Sensory Systems

Olfaction is well developed in some groups such as
the Gadiformes (families Macrouridae and Mori-

dae), some of the sharks, and the synaphobranchid
eels. It is probably mostly used for the detection of
food, but because it can be sexually dimorphic in
some species it may also be used for mate recogni-
tion. For example, many male macrourids have
larger nostrils than the female.

In general the eyes of the benthopelagic Rshes do
not have the wide range of adaptations to life in the
deep sea that are found in the meso- and bathy-
pelagic Rshes. The eyes tend to remain large and
functional and are probably used mainly to detect
bioluminescence. Relatively few of the bentho-
pelagic Rshes have photophores. Some families
have adaptations to maximize the incoming light. In
the Alepocephalidae there is a large aphakic space
which allows more light to reach the retina from
around the edge of the lens, even if it is less
focussed. In the squalid sharks and in some teleosts
there is a reSective tapetum behind the retina which
maximizes the stimulation resulting from the light
entering the eye. Some species such as the tripod Rsh
and the forkbeards (Phycis spp.) have developed
long Rn rays that are sensitive to touch and are used
for detecting prey. As may be expected in a dark
environment, the lateral line system for detecting
movements is particularly well developed in deep-
water species and in some species it is particularly
elaborate and extends onto the head as a series of
canals. The elongate body form of many species is
probably an adaptation to increase the sensitivity of
the lateral line.

In some deep-water species, including many
macrourids and gadids of the slope, the males
have drumming muscles on their swim bladders for
producing sound. This adaptation is absent in the
abyssal species.

Buoyancy

Fishes in general have evolved many different
methods of reducing the energy required to maintain
them in the water column and deep-water Rshes are
no exception. Gas-Rlled swim bladders are widely
used by the benthopelagic Rshes of the continental
slopes and also in some abyssal Rshes, such as the
macrourid Rshes, where it has been shown that
there is a direct relationship between the length of
the retia mirabila (the blood supply to the gas
gland) and the depth of occurrence. In some species
the swim bladder has become Rlled with low-density
lipid, such as wax esters as in the orange roughy.
Some gas-Rlled swim bladders also have consider-
able amounts of phospholipid and/or cholesterol,
although their role in buoyancy control is uncertain.
Reduction in body density can be achieved by
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Figure 3 An otolith (ear bone) of an abyssal macrourid
(Coryphaenoides rupestris) showing growth zones similar to the
annual rings in shallow-water fish. If these rings are annual then
this fish will be 6 years old.

having lipids distributed throughout the body. The
orange roughy has wax esters in a layer beneath the
skin and in vacuoles on the head. Density can also
be decreased by reducing the ossiRcation of the
skeleton and by having a high water content in
the tissues, such as in the alepocephalid Rshes.
The deep-water sharks have very large livers and
also generate hydrodynamic lift by their pectoral
Rns during swimming, as in their shallow-water
counterparts.

Longevity

The otoliths (earbones) of most deep-water Rshes
have well deRned opaque and transparent zones
typical of those found in shallow water where, at
least in temperate latitudes, they correspond to sea-
sonal changes in growth and hence can be used to
age the Rsh (Figure 3). In shallow water the broader
opaque zones are associated with faster summer
growth, but it is not so obvious why Rsh living in
the aseasonal deep sea should have changes in
growth rate, unless they are linked to seasonal
changes in food availability and/or quality. Although
otoliths, and sometimes scales, have been used
to estimate age of deep-water species on the
assumption that the rings are laid down annually
it has seldom been possible to directly validate
these age estimates except in juvenile specimens.
Radiometric aging, although controversial, has
tended to conRrm the generally held view that many
deep-water species are long-lived. The commercially
exploited grenadiers (Macrouridae) can live to
about 50 years and the orange roughy in New
Zealand waters lives to more than 100 years.

Reproduction

The benthopelagic Rshes have relatively few of the
more extreme reproductive adaptations, such as
parasitic males and hermaphroditism that are more
frequently found in the meso- and bathy-pelagic
Rshes. However, hermaphroditism does occur in
some groups such as the tripod Rshes and live-
bearing occurs in the Scorpaenidae (e.g., Sebastes
spp.) and in the deep-water squalid sharks. It was
a long held belief that the lack of seasonality in the
deep sea would result in year-round reproduction.
However, it has become increasingly apparent that
many of the deep-water species of the continental
slopes, especially in areas of the oceans where there
are marked seasonal cycles of production at the
surface, have well-deRned spawning seasons. At
greater depths year-round spawning or asyn-
chronous spawning is more common. It is also pos-
sible that some abyssal species, such as the armed
grenadier, are semelparous (spawn once in a life-
time). Many shallow-water Rshes begin spawning
before they reach full adult size, however there is
some evidence that some deep-water Rshes may not
mature until they reach adult size, thus partitioning
the energy supply Rrst for somatic growth and then
for reproduction.

There is a lack of information on the egg and
larval stages of many of the benthopelagic Rsh
species. For example, the eggs and larvae of the
commercially important black scabbardRsh are
unknown and the eggs of the roundnose grenadier
(Coryphaenoides rupestris) another widespread and
exploited species in the Atlantic, have only been
described from the Skagerrak. On the other hand,
the abundance of eggs of the orange roughy in the
South PaciRc has been used for stock assessments. It
is probable that the eggs of most species are pelagic,
but although there has been speculation about the
eggs rising and hatching in the food-rich waters
associated with the thermocline, there is little evid-
ence to substantiate this. Indeed, recent investiga-
tions suggest that the ornamentation of the surface
of the eggs of some macrourid species might be an
adaptation to restrict the ascent of the eggs through
the water column and avoid too wide a dispersal.

Life Histories

The relatively low level of sampling in the deep sea,
its restriction to a small number of areas and/or
depths, and a general lack of seasonal sampling
have all resulted in incomplete life history informa-
tion. Except where there are special physical fea-
tures, such as extreme temperature changes with
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depth (e.g. Norwegian Sea), there is little evidence
of zonation in the deep-sea Rshes. Instead each spe-
cies has a depth range which can extend over several
thousand meters, as in the cut-throat eel (Synaphob-
ranchus kaupi) or over a few hundred meters, as in
the tripod Rsh (Bathypterois dubius) (both examples
from the north-east Atlantic). The ‘bigger-deeper’
phenomenon is a common feature among the deep-
water demersal Rshes, although it might be more
correctly referred to as ‘smaller-shallower’. The
juveniles of many of the demersal Rshes of the
continental slopes live at shallower depths than the
adults. While in some regions the horizontal distri-
bution of a species can be well documented there
is little information on stock discrimination. With
present technology it is difRcult to tag, release, and
recapture deep-water Rshes and therefore there is
very little information on the movements of deep-
water Rshes. Some of the commercial deep-water
Rsheries exist because they often target spawning
aggregations, such as orange roughy in the South
PaciRc and blue ling (Molva dypterygia) in the
North Atlantic. Some of the shark species are often
found in single sex shoals, and in the exploited
leafscale gulper shark (Centrophorus squamosus) of
the North Atlantic the gravid females have never
been found. The juveniles of many demersal species
have never been found in trawl surveys, which sug-
gests that there are separate nursery grounds or that
they occur higher in the water column and are not
sampled by bottom trawls.

See also
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Introduction

Microbes are central to deep-sea ridge ecosystems.
Here, in the absence of light energy, the geo-
chemical energy is the primary energy source for
microbial growth. These microbes gain energy from

oxidation of inorganic compounds such as sulRde
and are referred to as chemolithotrophs. Chemo-
lithotrophy or chemosynthesis is the basis of the
primary productivity at deep-sea hydrothermal
vents, and its discovery challenged our traditional
view that all ecosystems were driven by light
energy and photosynthesis. The chemolithotrophic
microbes are found free-living as well as associated
as symbionts with the invertebrates. Additionally,
heterotrophic microbes are present that utilize the
abundant organic carbon available as a result of the
high productivity of these ecosystems.
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