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Abstract

Patterns of abundance, biomass, and species richness are reviewed for deep-
sea ecosystems. Long-term monitoring studies have indicated that deep-sea
ecosystems are sensitive to climatic variability through its influence on the
quantity and quality of surface primary production. The potential impacts
of climate change, through its effects on primary production and through
changes in the temperature, pH, and oxygenation of the deep ocean are
explored. It is concluded that deep-sea ecosystems are likely to be highly
sensitive to changes in food supply and the physical environment driven
by global climate change. As a result, ecosystem services will be negatively
impacted with likely positive feedbacks to atmospheric CO; levels. It is a
matter of urgency that baselines are established for diversity, abundance, and
biomass of deep-sea ecosystems, particularly for the pelagic realm and that
a mechanistic understanding is developed of how food supply and physical
parameters affect community structure and function.
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THE DEEP SEA

What Defines the Deep Sea?

The deep sea is defined here as the ocean lying below 200 m depth, generally beyond the depth
of continental shelves and with insufficient light for net primary production by photosynthesis
(Figure 1). It is the largest ecosystem on Earth, with a mean depth of 4.2 km, a volume of
>1.19 billion km?*, and a seabed area of ~434,386,264 km? (1, 2). Life is found throughout the
water column (the pelagic realm) and across the seabed (the benthic realm), down to the deepest
ocean depths of nearly 11,000 m in the Challenger Deep, Marianas Trench (3). Microorganisms
sustained through chemosynthesis have even been found as deep as >2,000 m below the seafloor
(4). Despite the ubiquity of life, the deep sea may be viewed as an extreme environment, with an
absence of sunlight below 1,000 m in depth, low temperatures (average <4°C), and high pressures
(average >400 atmospheres) (1). In places where high surface productivity coincides with poor
ocean circulation, conditions can be hypoxic or even anoxic [e.g., extreme oxygen minimum zones
(eOMZs), such as the northern Arabian Sea and Black Sea] (5), whereas at deep-sea hydrothermal
vents, fluids reach temperatures of >400°C with low pH and high concentrations of potentially
toxic chemicals, such as hydrogen sulfide (H,S) and heavy metals (6, 7). Life in the deep sea shows
a range of physiological adaptations to the extreme physical parameters of these environments at
the molecular level as well as behavioral adaptations. As can be seen in the sidebar Zonation of
the Deep Sea, it can be divided into depth zones corresponding to changes in physical conditions,
which form a gradient from shallow to deep and drive changes in biological communities.

Abundance, Biomass, and Diversity

Obtaining representative samples to ascertain patterns of spatial and temporal variation in deep-
sea ecosystems is complicated by the enormous volume and area of the deep ocean, the distance
from land, and the depth from the surface. As can be seen in the sidebar Sampling the Deep,
much sampling is still undertaken using surface-deployed gears (Figure 24,b,d), some of which
are largely unchanged from the heroic age of deep-sea exploration of the nineteen century. There
is a trend of increasing use of technologically advanced remotely operated vehicles (Figure 2¢),
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Figure 1

Division of deep-sea benthic and pelagic ecosystems. Note that different schemes are widely employed in the scientific literature,
especially below 2,000 m. Photos (© A.D. Rogers, International Union for Conservation of Nature Seamounts Project,
http://www.iucn.org/about/work/programmes/marine/marine_our_work/marine_governance/gmpp_ocean_governance_
projects/seamounts/; O. Ashford, University of Oxford; P. Tyler, University of Southampton.

autonomous underwater vehicles, and cabled observatories. Here, current knowledge on the
abundance, biomass, and diversity of deep-sea ecosystems is reviewed, but a recurring theme is
the current lack of reliable baseline data.

Patterns with depth. Abundance and biomass of both pelagic and benthic communities tend
to decline with depth in the ocean (10-13). This is a direct result of food limitation; deep-sea
ecosystems are largely dependent on primary production in the epipelagic zone, and this organic
material is rapidly consumed and recycled in upper water layers (10-13). Exceptions to this general
pattern have been found, particularly in pelagic ecosystems. For example, sampling of the pelagic
fauna over the Mid-Atlantic Ridge found a maximum fish biomass at depths of 1,500-2,300 m (14).
Sampling of the deep-pelagic fauna of Monterey Canyon in the northeast Pacific also showed a peak
in abundance between depths of 1,500 and 2,000 m (15). For the pelagic realm, understanding
the distribution of the biota is severely hampered by inadequate sampling effort and sampling
methodologies. As described in the sidebar The Deep Pelagic Fauna, animals are either highly
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ZONATION OF THE DEEP SEA

The pelagic realm of the deep sea is divided into zones by depth (Figure 1). The mesopelagic zone lies between
200 m and 1,000 m depth, where sunlight is detectable but is insufficient for photosynthesis. Decreasing light
with depth in this zone has driven the evolution of adaptations in vision, camouflage, and use of bioluminescence
for defense or for prey capture. Below the mesopelagic zone is the bathyal zone, which extends down to about
2,000 m depth. Temperatures are low (4-10°C), food supply is poor, and the animals are slow growing with long
life spans and slow reproductive cycles. The abyssopelagic zone is defined by the 4°C isotherm, and generally lies
from 2,000 m to 6,000 m depth (8). Below 6,000 m depth is the hadopelagic zone, which lies in trenches that are
semi-isolated bodies of water with a unique fauna. The benthic fauna is also classified vertically into the bathyal
zone, from 200 m (the shelf break) to 2,000 m depth, the abyssal zone from 2,000 m to 6,000 m, and the hadal or
ultra-abyssal zone within ocean trenches below 6,000 m depth (9). Both in the pelagic and benthic realms, these
zones are not set by strict boundaries but reflect regional or local differences in marine ecosystems.

Infaunal animals:
animals or
communities of
animals living in the
sediment of the seabed

mobile (e.g., fish) or extremely delicate (e.g., gelatinous zooplankton); both present significant
problems in quantitative studies. For example, the overall biomass of mesopelagic fish has been
estimated at 1 x 10” tonnes (16). However, analysis of acoustic data collected simultaneously with
net sampling indicates that this may have been underestimated by an order of magnitude because
of avoidance of sampling gear by the fish (17). Nets are also unsuitable for sampling gelatinous
animals and other delicate invertebrates in the deep water column, which may form the majority of
organisms at bathypelagic or abyssopelagic depths numerically and up to a quarter of the biomass
(18). The deep pelagic realm, therefore, is the largest part of the deep sea and yet is the most
poorly sampled, with large tracts of this region lacking any biological records (19).

As can be seen in the sidebar Deep-Sea Benthos, the animals living on or in the seabed can
be classified by size. Trends in body size also generally show a decrease with depth in infaunal
communities of the benthic realm, although this pattern varies both regionally and with taxon
in the macrofauna [animals retained in a sieve with a mesh size of 1 mm, but sieve sizes as small
as 0.3 mm have been used (Figure 5)], and meiofauna (animals smaller than 1 mm but retained
in sieve sizes down to 50 pum) (20). Exceptions have been observed with, for example, mollusks

SAMPLING THE DEEP

Sampling the deep seabed is achieved in a number of ways. Semiquantitative samples of the benthic megafauna
and even the macrofauna can be obtained with trawls, epibenthic sledges, or dredges (Figure 25). Quantitative
sampling of the macrofauna or meiofauna is undertaken using spade box cores or tube-like multicorers (Figure 24).
The latter can be deployed from a ship or from an underwater vehicle. These are subsampled and sieved once
returned. Remotely operated vehicles can undertake a wide range of sampling activities, including coring, suction
sampling, image-based surveys (using video and still cameras), water sampling, and multibeam acoustic mapping
(Figure 2c). Submersibles have a similar range of tools but tend to be less flexible for sampling. Free-fall baited
camera traps or cameras can be used for surveying some elements of the fauna. The pelagic fauna is sampled using
opening and closing nets (Figure 24 ). These come in a variety of mesh sizes to target specific elements of the fauna.
Multibeam acoustics can be used to survey the location and abundance/biomass of animals, which reflect acoustic
energy (Figure 2e). Remotely operated vehicles are increasingly used to survey elements of the pelagic fauna that
cannot be sampled using nets, such as the gelatinous zooplankton.
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Figure 2

Sampling equipment employed for deep-sea research. (#) Spade box corer used for quantitative sampling of a
set 50 x 50—cm area of soft sediment. () Epibenthic sledge, used for semiquantitative sampling of deep-sea
macrofauna and megafauna. (c) Remotely operated vehicle Isis. The vehicle is capable of diving to 6,500 m
and has two manipulators for sampling and undertaking experimental operations at depth. It also employs a
suction sampler and carries water bottles and a range of high-definition video and still cameras. It can be
used to map the seabed using multibeam bathymetry. (d) Macrozooplankton trawl. This is a multiple
opening and closing net that can be used to sample the meso- and macrozooplankton at specific depths. The
net is operated with acoustic signals. (¢) Example of a trace during dawn of the upper ~700 m of the water
column taken with a multibeam scientific echo sounder. Increasing strength of acoustic signal return is
denoted by color (blue, green, yellow, red from low to high; white is no return). The movement down into deep
water of a layer of diel vertically migrating organisms can be seen in the trace. Photos (©) A.D. Rogers &

M. Taylor, University of Oxford.
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THE DEEP PELAGIC FAUNA

The pelagic fauna comprises a diversity of groups, including Protozoa, Cnidaria, Ctenophora, Chaetognatha,
Polychaeta, Mollusca, Crustacea, Urochordata, and fish (Figures 3 and 4). They are divided into classes by mo-
bility, plankton, drifters with poor locomotor ability, and nekton swimmers. They are also divided by size: fem-
toplankton (0.02-0.2 pm), picoplankton (0.2-2.0 pm), nanoplankton (2.0-20 pm), microplankton (20-200 pm),
mesoplankton (0.2-20 mm), macroplankton (2—20 cm), megaplankton (20-200 c¢m), micronekton (2—-10 cm), and
nekton (>10 cm). As with the benthic fauna, the deep-sea pelagic fauna is food limited. However, many groups
of micronekton, nekton, and plankton in the mesopelagic and upper bathypelagic zones undergo diel vertical
migration, moving up to shallow depths in the ocean to feed at night and migrating down at dawn to avoid vi-
sual predators (Figure 2e). This may explain the difference in patterns of biomass and abundance with increased
depth compared to elements of the benthic fauna. The gradients in light intensity and spectral range between
200 and 1,000 m depth have required a wide range of adaptations to increase vision sensitivity and for cam-
ouflage (cryptic coloration, transparency, silvering, bioluminescent countershading) (Figures 3 and 4). Many of
these species use bioluminescence for prey capture or for defense. A significant element of the pelagic fauna com-
prises gelatinous zooplankton groups, including medusae, siphonophores, ctenophores, salps, and chaetognaths
(Figure 3).

from the northwest Atlantic showing a parabolic pattern of body size with depth or no trend
being detectable at all (21). Pelagic organisms show an increase in body size to at least 1,000 m
depth (22); however, it may be that they show a parabolic pattern if the depth of sampling is
increased. Decreasing body size and environmental temperature with depth would be consistent

with a reduction in metabolic rate as it scales with the former parameters (metabolic theory of

ecology) (23) and may be adaptive to reducing food supplies moving from the shelf break to abyssal

depths. However, for some groups of organisms, competing selective factors may shift groups of
organisms away from size optima predicted solely on the basis of energy supply (21). For example,
in fish with a scavenging life style where individuals rely on encountering food falls, such as the

carcasses of organisms or algal or plant debris from shallow water or the land, there is a trend of

increasing body size with depth (24). This is thought to be an adaptation to the decreasing density

of food falls with increasing depth meaning that a scavenger must store increasing amounts of

food to survive from one meal to the next (24).

The species richness of deep-sea benthic ecosystems has been found to be extremely high, par-

ticularly in the infaunal macrofauna and meiofauna. For example, in a seminal study on the species

richness of macrofaunal communities of the northwest Atlantic slope at 1,500-2,500 m depth, on

average 100 species were found in a 0.09 m* area represented by the nine central subcores of a
0.25 m? box core, comprising on average 400 individual animals (25). A total of 798 species were
identified from 90,677 individuals from 233 box cores (25). Extrapolation of the species accumu-
lation curve generated by this study suggested that conservatively there may be 107 species in the
deep ocean (25). It was soon realized that such extrapolations were not realistic and that local

species richness was driven by processes at multiple temporal and spatial scales (26, 27). Small-

scale habitat heterogeneity, especially given the small size of deep-sea infaunal organisms, resulting
from periodic physical and biological disturbance of the seabed might generate a mosaic of patches
whose successional stages are temporally chaotic. Over time, evolution may have promoted com-

plementarity among the deep-sea fauna allowing partitioning of seabed resources (27). This may

explain why, for example, the diversity of sediment grain size in the deep sea is positively cor-

related with species diversity (27). Food limitation might assist the occurrence of high diversity,
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Gigantocypris sp. Acanthephyra sp. Lycoteuthis lorigera

Figure 3

Examples of the mesopelagic fauna, including Scyphozoa (Ato/la), Urochordata (salp), Ostracoda
(Gigantocypris), Decapoda (Acanthephyra), and Cephalopoda (Lycoteuthis). Examples of the use of transparency
and red-cryptic coloration (appears black in deep water) can be seen. Ato/la can produce startling defensive
bioluminescent displays. The large photophores (bioluminescent organs) are visible on Lycoteuthis. Photos ©
International Union for Conservation of Nature Seamounts Project, http://www.iucn.org/about/work/
programmes/marine/marine_our_work/marine_governance/gmpp_ocean_governance_projects/
seamounts/.

coupled with the slow rate of processes in the deep sea, by reducing opportunities for competitive
exclusion. At larger scales, larval dispersal for small species, which have limited fecundity as a
result of food limitation, may also contribute to source-sink dynamics and may explain why so
many singletons occur in deep-sea samples (25, 27). The neutral theory of species diversity may
also come into play if many species are functionally equivalent (27). Over geological timescales,
continental margins might accumulate high numbers of species if patterns of species origin and
extinction are different from those in shallow water (27).

Deep-sea communities generally show a parabolic pattern of species richness with depth, espe-
cially in the benthic realm (9, 27) but also in pelagic communities (12). In some cases, for example,
with deep-sea fish, a trend of continual decrease in species richness has been detected with in-
creasing depth, attributed to increasing food limitation (28). The unimodal pattern of diversity
with depth may be largely explained by the macroecological relationship between productivity (in
this case availability of food) and species richness (27). As overall primary production decreases, as
can be seen in comparing different ocean regions, the peak of the unimodal relationship shifts to
the left (peak diversity occurs in shallower water) until diversity simply declines with depth in the
most food-limited conditions (27). Other factors also shape this relationship, including sediment
heterogeneity and levels of hydrodynamic disturbance (27). Sediment heterogeneity has a positive
relationship with diversity, whereas increasing current strength or exposure to benthic storms
depresses diversity probably through homogenization of sediment as well as direct disturbance
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Allee effect: a decline
in individual fitness at
low-population
size/density; in the
deep-sea context,
reproductive failure at
low-population
densities

Diaphus effulgens Astronesthes sp.

L d

Cryptopsaras couesii Argyropelecus aculeatus

Figure 4

Mesopelagic fish. Adaptations to the twilight zone include silvering (Diaphus and Argyropelecus) or use of
black pigmentation (Cryptopsaras, Astronesthes). Both of the latter species also use a bioluminescent lure to
attract prey. Note Argyropelecus has light-sensitive upwardly pointing tubular camera eyes used for hunting
prey by detecting silhouettes in downwelling sunlight. Photos (© A.D. Rogers & International Union for
Conservation of Nature Seamounts Project, http://www.iucn.org/about/work/programmes/marine/
marine_our_work/marine_governance/gmpp_ocean_governance_projects/seamounts/.

and burial (27). The decline in diversity for many macrofaunal groups from midbathyal depths to
the abyssal plain has been explained as resulting from diminishing food and decreasing population
densities. As populations thin out, Allee effects come into play, and abyssal populations may
effectively become sink populations (27). Evidence for this comes from studies that indicate that
ranges of a subset of bathyal species do extend into the abyssal zone (27), and recent analysis of
nestedness (29) in benthic communities along the depth gradient suggest that this increases with
greater depth, supporting the bathyal source and abyssal sink hypothesis (30). Not all taxonomic

DEEP-SEA BENTHOS

The benthic fauna is divided by size into the meiofauna (animals retained in a 50-pm sieve), macrofauna (animals

retained in a 1-mm sieve) (Figure 5), and megafauna (animals big enough to see in a camera; Figure 6). The fauna
can be sessile, attached to the seabed, or mobile. They are also classed into the infauna, animals living in sediments,

or epifauna, animals living on the surface of the deep seabed. The meiofauna are diverse with the nematodes and

harpacticoid copepods being the most diverse and abundant groups. Many other phyla are represented, but the

polychaetes, bivalve mollusks, and groups of crustaceans, such as tanaids and cumaceans, can also be common. The

macrofauna are dominated by the polychaete worms, peracarid crustaceans (amphipods and isopods), and mollusks

(Figure 5). The benthic megafauna is also very varied and includes echinoderms, cnidarians (sea anemones, corals,
sea pens, hydroids), sponges, ascidians, and fish, along with more exotic groups, such as giant foraminiferans and
xenophyophores (Figure 6). Some of these animals can form biogenic structures on the seabed, which may be

associated with a high diversity of associated species (e.g., stony corals) (Figure 6).
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Figure 5

Examples of deep-sea macrofauna. Note the nematodes are usually meiofaunal and are the most abundant
and diverse group in deep-sea meiofaunal communities. Polychaete worms and peracarid crustaceans
(amphipods, isopods, tanaids, and others). Photos © O. Ashford & J. van der Grient, University of Oxford.

groups show low diversity in the abyss; some, such as holothurians (sea cucumbers), appear well
adapted to the conditions at these depths (27). Modeling of larval dispersal suggests that the
bathyal source and abyssal sink hypothesis are unlikely to solely explain how abyssal macrofaunal
populations are sustained (31). Instead, macrofaunal populations in abyssal areas with higher
organic input probably also act as larval sources for more food-limited sink populations (31). The
combination of these hypotheses offers a more plausible explanation of how abyssal populations
are structured by food supply.

Hot spot ecosystems. The deep sea does not simply consist of the continental slopes and abyssal
plains. There are a variety of large-scale geological features that may be hot spots of faunal
abundance and/or diversity or endemism. These include canyons, which occur on the continental
slope or slopes of oceanic islands; seamounts; submerged plateaus; trenches; and chemosynthetic
ecosystems.

Canyons. Globally there are estimated to be 5,849 ocean canyons, and these can be divided into
three types: shelf incising connected to a river, shelf-incising and blind canyons manifesting only
on the continental slope (32). River-connected incising canyons are more common on active
continental margins where oceanic and continental plates are colliding and shelves are narrow,
but such canyons are absent from Australia and Antarctica (32). Shelf-incising canyons are most
common on the shelves of Antarctica and Southeast Asia, whereas blind canyons, the most common
type, form the highest proportion of canyons in Australia on island slopes and submarine plateaus
(32). Canyons are extremely heterogenous and so generalizations regarding their ecology are
difficult given the level of study to which they have been subjected. They interact with current flows,
generating upwelling, downwelling, internal waves, and strong cascading flows from the shelf into
the deep sea (33). The mixing of the water column as well as the trapping of organic material

www.annualyeviews.org o Change in the Deep Sea
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Figure 6

(@) Solenosmilia variabilis, a deep-sea reef-forming coral. Here a cold-water coral reef is located at 1,000 m on
the Coral Seamount, Southwest Indian Ridge. Such habitats are likely to show a contraction in their vertical
and geographic range as a result of acidification and other effects of climate change. (b)) Echinoid on the
summit of Atlantis Bank Seamount on the Southwest Indian Ridge. Echnoids and holothurians are common
deposit-feeding megafauna in deep-sea ecosystems. (c) Orange roughy, H. atlanticus. This species is
associated with seamounts where it spawns. It lives to ~150 years old and is highly vulnerable to
overexploitation through fishing. (¢) Part of a hydrothermal vent chimney on the East Scotia Ridge,
Southern Ocean. Visible is Valcanolepas scotiaensis, a barnacle with episymbiotic bacteria on its feeding
appendages. The actiniarians are predatory and not yet described. Photos are from the Natural Environment
Research Council (NERC) Royal Research Ship Fames Cook Cruise JC66 (a—c) and JC42 (d), © A.D. Rogers
NERC NE/F005504/1 and NERC NE/D010470/1.

from continental shelves, coupled with the presence of hard substrata and habitat heterogeneity
at <10 m scales, all act to enhance biological activity at canyons for both benthic and pelagic
communities (34, 35). The benthic fauna can occur at very high densities and biomass, orders
of magnitude higher than surrounding continental slope environments at similar depths (34).
Cetaceans have been found to associate with canyons probably because they are zones of enhanced
primary production (as a result of water mixing) and aggregation of prey because of elevated food
and hydrodynamic and topographic phenomena (35).

Seamounts and plateaus. Seamounts are another surprisingly ubiquitous habitat in the deep
ocean, but as with canyons, they are poorly studied with only 0.4-4% having been sampled (36).
They are mainly associated with mid-ocean ridges, island arcs, and intraplate hot spots where
chains of seamounts may be generated (e.g., Hawaii). Data based on ship soundings and satellite
gravity mapping indicate that there are >33,000 large seamounts (elevation >1,000 m, 4.7% of the
seafloor) and >138,000 smaller features (16.3% of the seafloor) in the ocean (37). Aggregations of
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pelagic predators are associated with these features, including whales, sharks, seabirds, seals, and
large predatory teleosts such as tuna (38-40). Seamounts are also associated with aggregations of
benthopelagic or demersal fish species such as orange roughy (Hoplostethus atlanticus) (Figure 6c),
alphonsino (Beryx spp.), and oreos (Oreosomatidae) (41). Aggregations of pelagic and demersal
fish around seamounts are thought to relate to the concentration and trapping of prey or to
the availability of prey advected over elevated topography by the prevailing current (36, 41, 42).
Mesopelagic migratory micronekton (fish and crustaceans) (Figures 3 and 4) may become trapped
by the elevated topography of seamounts, preventing these organisms from completing their daily
migration into deep water as the sun rises (42). Other hydrodynamic mechanisms may also act to
concentrate prey (42). Benthic communities on seamounts can exhibit a higher biomass than those
of the surrounding deep sea or nearest slope (seamount oasis hypothesis) (43) and a high species
richness (44). Communities can show an inventory of species similar to nearby continental slopes,
although they may be structured very differently with a high prevalence of sessile suspension
feeding taxa, such as corals, some of which can form an extensive biogenic habitat with high
diversity (Figure 6a) (43, 44). Elevated topography receives a higher supply of food per unit area
by virtue of being closer to the epipelagic zone where primary production takes place. However,
topographically induced currentacceleration brings higher supplies of particulate organic material
for the benthos, and strong benthopelagic coupling through other mechanisms (e.g., forays into the
water column by benthic organisms, trapping of pelagic fauna, etc.) is also likely to enhance food
supplies. Submarine plateaus occur in several parts of the global deep ocean and are a particular
feature of the Indian Ocean (e.g., the Mascarene Plateau). These have not received much research
attention but are likely to share ecological attributes with seamounts.

Trenches. The ultra-abyssal or hadal zone is defined by depths greater than 6,000 m and mostly
comprises trenches, located on active continental margins (e.g., Peru Trench) or next to island
arcs associated with subduction zones (e.g., South Sandwich Trench). Like the habitats described
above, trenches suffer from a lack of investigation but perhaps more so because their extreme
depth has severely limited opportunities for sampling using modern equipment (45). Trenches are
much like other abyssal environments with the exception that they are subject to greater pressure.
Temperatures, like elsewhere in the deep ocean, are low, although adiabatic heating causes a
reversal of the usual trend of declining temperature with depth after about 4,000 m (45). Food
limitation is likely to play an important role in the ecology of trench systems, even though there
is some suggestion that food may actually accumulate, thus increasing in concentration, along the
axis of the deepest parts of these features (45). The fauna includes fish, holothurians, polychaetes,
bivalves, gastropods, isopods, amphipods, and actiniarians, and gigantism occurs among some of
these groups possibly as a result of relying on sporadic food supply or as a response to other
ecological drivers (45). It is estimated that ~56% of the trench fauna is endemic, but 95% of
these are restricted in their distribution to a single trench (46). The non-endemic fauna mainly
resembles that of the surrounding abyssal zone and suggests that trench faunas generally evolve
in situ (46). Such figures must be treated with caution as sampling has been limited (45).

Chemosynthetic ecosystems. Most primary production in the oceans comes from oxygenic pho-
tosynthesis in the epipelagic zone, whereby light is used as an energy source for the fixation of
inorganic carbon (CO,) through the Calvin-Benson-Bassham (CBB) cycle (47, 48). However,
different groups of microorganisms fix carbon in the oceans using a range of alternative energy
sources and biochemical pathways (47, 48). This complexity has only been fully appreciated in the
past 10 years or so (47), and it has been realized that chemoautotrophy and chemoheterotrophy
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have greater importance in the carbon and other nutrient cycles than formerly understood. There
are several alternative carbon fixation pathways:

B The CBB cycle uses energy obtained from the oxidation of reduced chemicals or geofuels
(e.g., from oxidation of H,S) instead of light.

®  The reductive tricarboxylic acid (' TCA) cycle synthesizes acetyl coenzyme A from two CO,
molecules through a reverse Krebs cycle.

®  The reductive acetyl coenzyme A pathway, or Wood-Ljungdahl pathway, generates acetyl
coenzyme A by direct combination of two CO, molecules.

B The 3-hydroxyproprionate (3-HP) bicycle for CO, fixation involves two cycles, one whereby
two molecules of bicarbonate are fixed and glyoxalate is formed and the other whereby
glyoxalate and propionyl coenzyme A are disproportionated to pyruvate and acetyl coenzyme
A.

8 The 3-HP/4-hydroxybutyrate cycle bears similarities to the 3-HP bicycle but involves dif-
ferent steps involving different enzymes and is likely to have evolved independently.

B The dicarboxylate/4-hydroxybutyrate (DC/4-HB) cycle (48) utilizes enzymes/steps from
both the rT'CA cycle and the 4-HB part of the DC/4-HB cycle, but additional enzymes are
used to convert acetyl coenzyme A to oxaloacetate.

These chemosynthetic pathways form the basis of primary production at several hot spot ecosys-
tems in the deep ocean, including hydrothermal vents, seeps and large food falls (wood, whale
carcasses). Their phylogenetic distribution is different with the CBB and rT'CA cycles occurring
in various groups of Bacteria; the Wood-Ljungdahl pathway is found in various groups of Bacteria
and Archaea; the 3-HP cycle takes place in Chloroflexaceae; the 3-HP/4-hydroxybutyrate cycle
occurs in the Sulfolobales with variants possibly occurring in the Crenarcheota; and the DC/4-HB
cycle is found in the Crenarcheota (48).

Hydrothermal vents. Hydrothermal vents form along ocean spreading centers or mid-ocean
ridges, places where new oceanic crust is formed by the upwelling of magma from the mantle
(49, 50). They also occur at subduction zones associated with submarine volcanic arcs, back-arc
spreading centers, and mantle hot spots, such as the Hawaiian Islands and associated seamounts
(49, 50). In these settings, seawater penetrates the crust and usually comes into contact with hot
basalt associated with a magma chamber. The water is heated, and a complex chemical exchange
occurs with the rock, stripping the seawater of oxygen, magnesium, and sulfate, usually making
it acidic and enriching it with hydrogen sulfide, methane, hydrogen, CO,, and various metals
(49). Heated water is buoyant and as a result rushes upward through the crust toward the seabed,
where it exits the seafloor as high-temperature black smokers (>300°C and as high as ~500°C)
(6, 49), as lower-temperature white smokers (100-300°C), or as lower-temperature diffuse flow.
The appearance of black smokers is a result of the hot chemical-rich clear vent fluid coming into
contact with cold seawater, and at this point metal sulfides precipitate, forming dense black clouds
of particles. White smokers have a different chemistry because of their lower temperatures and
precipitate silica, anhydrite (CaSOy), and barite (BaSO4) (49). Chimneys (Figure 64) form rapidly
around black smokers, initially by the high-temperature precipitation of anhydrite, which then
insulates hydrothermal fluids from seawater, allowing the deposition of chalcopyrite (CaFeS,)
and other metal sulfides including zinc, copper, iron, lead, cadmium, and silver, as well as other
minerals. Black smoker chimneys can be large (up to >40 m high) (51) and very complex. The
largest known vent chimneys (>60 m) are formed of carbonates as a result of unusual chemistry
(the reaction of seawater with peridotite rather than basalt) at a site, located on the flanks of the
Mid-Adantic Ridge, called the Lost City (52).
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Hydrothermal vents provide a rich source of reduced chemical energy (49, 50), which is ex-
ploited by chemoautotrophic bacteria and archaea to fix carbon. The most energetic reaction
fueling chemoautotrophy is the oxidation of hydrogen sulfide, followed by iron oxidation and
methanotrophy, with sulfate reduction and methanogenesis occurring at higher temperatures.
The dominant pathways for carbon fixation are the CBB cycle and the rCBB cycle with other
pathways also present (48). Microbial primary production at vent sites is locally very high, and
there can be spectacular abundances (up to >6,000 individuals m~2) (53) and biomass (up to 70 kg
m~?) (54) of megafauna specially adapted to life in such ecosystems, either grazing or suspen-
sion feeding on bacteria and other microorganisms, harboring internal endosymbiotic or external
episymbiotic chemoautotrophic bacteria, or living as predators (Figure 6d) (e.g., 55). Vent species
must be able to tolerate extremes of temperature, pH (generally acidic), hypoxia, the presence of
toxic chemicals (such as H,S) and heavy metals, as well as the usual high pressures associated
with the deep sea. Their tolerance of such conditions generally determines their vertical and hori-
zontal distribution around hydrothermal vent chimneys and other areas where fluids are emanat-
ing, leading to a distinct zonation along the steep environmental gradients present (53). Because
the extreme conditions of these environments have driven the evolution of a highly adapted biota,
communities comprise species with a high level of endemism (>70% species are not found outside
of vent ecosystems). Thus, they are significant in terms of biodiversity and are sources of unique
genetic diversity.

At regional and global scales, it is largely the interaction of the physiology and life history of
the vent biota and the physicochemical manifestation of hydrothermal venting that determines
patterns of distribution and community structure. Vents show a great deal of heterogeneity in
terms of their physical manifestations, temperatures, and chemistry thatreflectunderlying geology.
For example, vents associated with island back arcs in subduction zones can be subject to high
levels of volcanic disturbance, and vent fluids tend to be rich in volatiles [e.g., H,S, SO,, H,O,
CO,, hydrogen chloride (HCI), and hydrogen fluoride (HF)] (56). Along mid-ocean ridges, the
longevity and distribution of individual hydrothermal vent fields and their chemistry depend on
their underlying geology (57). On ridges with fast-spreading rates, the vents occur every few dozen
kilometers along the ridge, and they may have a relatively short life, perhaps only tens of years
before the flow of vent fluid shuts off or volcanic eruptions occur that obliterate a hydrothermal
vent site (58). They are also basalt hosted; in other words, hydrothermalism is associated with
magmatic injection into the underlying ridge, and vent fluids, as a result, are generally rich in H,S
and metals (59, 60). Vents on slow-spreading ridges tend to be much longer lived, are physically
larger, and are a further distance apartalong the ridge, perhaps separated by hundreds or thousands
of kilometers (58). They also originate from a more diverse underlying geology, with vents either
hosted in basaltic rock or in ultramafic rock associated with an uplift of the mantle. The latter
may be associated with vent fluids that have relatively high concentrations of methane (CHy4) and
H, and low concentrations of metals (59, 60). The differences in vent chemistry influence the
composition of microbial communities at the vents as well as the major metabolic pathways for
energy generation and carbon fixation (60). This, in turn, coupled with physiological tolerance
for such conditions, determines what megafauna can survive at a particular set of vents. The
dispersal abilities of the vent fauna, largely determined by their life history, interact with the spatial
distribution and longevity of vents to determine their community structure and dynamics (58).

Individual vent sites cover a relatively small area of the seabed, so carbon production at deep-sea
vents has been estimated at only 0.005 gigatonnes C year~! (48). Since these figures were published,
it has been estimated that globally there may be as many as 1,000 active deep-sea hydrothermal
vents (57, 61). However, the discovery of vents in off-axis ridge locations and/or on slow- and
ultraslow-spreading ridges means that this number may be considerably underestimated (6). Even
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taking this into account, it is unlikely that carbon fixation directly associated with hydrothermal
vents is more than a minor contribution to ocean primary production.

Cold seeps. Cold seeps are areas of the seabed where fluids rich in methane, CO,, H, S, nitrogen,
and other hydrocarbons, such as oil or asphalt, leak from beneath the surface (50). They are often
associated with specific geological structures on the seabed, including mud volcanoes, pockmarks,
gas chimneys, hydrate mounds, and carbonate slabs, sometimes with gas actively bubbling out
of sediment (62, 63). Significant deposits of gas hydrates may lie under these structures, zones
where the low temperature and high pressures associated with deep-sea environments cause the
formation of frozen methane. Seep sites are associated with active and passive continental margins
from 15 m to 7,400 m deep (62). Although they are generally associated with the continental slope,
they have also been found near trenches, ridges, and seamounts, especially where the latter are
associated with subduction zones. Mass wasting associated with seismic activity, tsunamis, or other
forms of large-scale disturbances may also expose reducing sediments and be close to seepage (62).

The most conspicuous faunas of cold-seep ecosystems are large symbiont-hosting vesicomyid
clams, bathymodiolid mussels, siboglinid tubeworms, and cladorhizid and hymedesmiid sponges
(62, 64). As with hydrothermal vents, the abundance and biomass of megafaunal communities
may be very high for the deep sea (e.g., >1,000 individuals m~2 for seep clams and 10-30 kg m~>
biomass) (62). Additionally, like vents, a concentric zonation in the distribution of the fauna around
seep sites may be observed, again reflecting steep gradients in environmental conditions (62). Many
species appear restricted in distribution to one or two seep sites, although at higher taxonomic
levels, genera and families are widely distributed. The biological diversity of seeps is in general
more poorly understood than that of deep-sea hydrothermal vents, although they are probably
more species rich than hydrothermal vents (62, 64). Some general trends in the diversity of seep
habitats have been identified, but the lack of knowledge concerning these systems means that
generalizations are difficult. The occurrence of symbiont-hosting species tends to decrease with
increasing depth, and the endemicity of the fauna increases (62, 64). In general, higher species
diversity is encountered in sediment seep systems rather than those with a high cover of hard
substrata (64). The diversity of seep communities is generally thought to reflect the age of a seep
site, with continual seepage in some regions going back >10,000 years (e.g., Gulf of Mexico) (65).
The meiofauna of seeps is very poorly studied, whereas different patterns of community responses
to seepage have been found in the macrofauna, with the density of individuals either enhanced or
impoverished compared to surrounding deep-sea sediments (62). Deeper communities, and those
associated with elevated H, S, appear to have higher densities compared to surrounding sediments
(62). In some cases, sulfidic sediments may be associated with a reduced diversity (62).

Organic food falls. When large carcasses of whales sink into the ocean, they are stripped
of flesh very quickly, but the skeleton is left behind (66). This is lipid rich and can lead to the
development of a chemosynthetic community. The decomposition of whale bones generates H,S
through anaerobic sulfate reduction (oxidation of the lipids). This provides nutrition for mats
of bacteria and for megafauna associated with chemosynthetic environments, such as the clam
Vesicomya and gastropods, e.g., Provanna, some of which are also found on vents or seeps. A group
of siboglinid worms, known as zombie worms (Osedax spp.), specifically inhabit whale bones.
These have a ramifying set of tubes that penetrate the marrow of the whale bones and contain
bacteriocytes. The bacteria are known as a group involved in the heterotrophic breakdown of
complex organic molecules, and they sustain the zombie worms as endosymbionts (67). Wood
falls also generate chemosynthetic communities in a similar manner.
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Biogeography of the Deep-Sea Biota

As with understanding local patterns of biodiversity, describing and explaining regional and global
biogeography are hampered by the lack of data. At the largest scales, studies of components of the
deep-sea fauna indicate a latitudinal gradient in estimated species richness, with higher diversity
at low latitudes and reduced diversity at the poles (e.g., in the gastropods, isopods, cumaceans,
and foraminiferans of the Northern Hemisphere) (27) as in shallow-water marine organisms
(68). This pattern, however, is much less obvious in the Southern Hemisphere, where there is
greater regional variation than in the Northern (27). For some groups of organisms, a statistically
significant gradient of species richness with latitude appears absent in the Southern Hemisphere
(e.g., isopods) (27). Such patterns reflect the integration of environmental influences on species
distribution [temperature, particulate organic carbon (POC) flux, seasonality] with the historical
processes of speciation and extinction. For example, an explanation of the depressed diversity
of mollusks in polar regions has been a higher species origination rate in the tropics since the
end-Cretaceous extinction (68).

Understanding regional patterns of biogeography in the deep sea has been subject to study
for at least a century (69). In general, it has been considered that the deep-ocean fauna is not
cosmopolitan but varies at least between the major oceans and also regionally (69). In some cases,
it has been proposed that the deep-sea fauna becomes more homogenous with depth, reflecting
greater homogeneity of physical conditions, whereas in others, it has been suggested that the fauna
tends toward more regional endemicity with increasing depth as the ocean basins become more
divided up by mid-ocean ridges and other topographic features (69). The latest efforts to derive
a biogeography for the deep ocean (below 800 m depth) have been based on a characterization
of the deep sea on the basis of depth, temperature, and POC, with verification based on existing
knowledge of faunal distribution (69). This suggests 14 lower bathyal provinces (800-3,500 m
depth), 14 abyssal provinces (3,501-6,500 m depth), and 10 hadal provinces (>6,501 m depth)
(Figure 7) (69). This scheme largely replicates an earlier bioregionalization effort (70) with a
few minor differences in the Pacific. Because, the upper bathyal provinces were thought to likely
resemble those of the continental shelf, these are not specifically analyzed in this study. The
study provinces are divided approximately along latitudes, with high latitudes in the Southern
Hemisphere showing the broadest provinces by longitude, and provinces becoming divided by
the continents and mid-ocean ridges further north.

Such a scheme fits well with recent observations on the distribution of elements of the deep-
sea fauna. For example, the deep-sea ophiuroids off of Australia and New Zealand appear to form
latitudinal bands of similar fauna, fitting well with the bathyal scheme suggested (71). Whether
the scheme is generally applicable needs much more verification.

Deep-sea hydrothermal vent analyses of faunal records of vent biota, using multivariate re-
gression trees, suggested that a model comprising 11 faunal provinces best fit the data (55). These
include Atlantic, Indian, and Southern Ocean provinces, with the Pacific Ocean divided roughly
by latitude into four eastern provinces and into four western provinces (55). These appear to fit
quite well with the scheme for deep bathyal bioregionalization (69, 70). No such classification has
been attempted for seep environments.

Environmental Variation in the Deep Sea

Visual observations of the rapid arrival at the deep seabed of phytodetritus from the surface in the
1980s provided the first evidence that seasonality in primary production may lead to intra-annual
variation in food supply and biological activity at bathyal and abyssal depths (72). Long-term

www.annualyeviews.org o Change in the Deep Sea

15



NORTH
ATLANTIC ‘@8

NORTH
ATLANTIC |

EQUATORIAL PACIFIC

FCHILE, PERU)
GUATEMALA
BASINS

ARGENTINE
BASIN

-

ANTARCTIC EAST

ANTARCTIC EAST C ol
—— ANTARCTHEEAST

. Lower bathyal . Abyssal . Hadal
(800-3,500 m) (3,500-6,500 m) (>6,500 m)
Arctic Arctic basin Aleutian-Japan
Northern Atlantic boreal North Atlantic Philippine
Northern Pacific boreal Brazil basin Mariana
North Atlantic Angola, Guinea, Sierra Leone basins Bougainville-New Hebrides
SE Pacific ridges Argentine basin Tonga-Kermadec
New Zealand-Kermadec Antarctic East Peru-Chile
Cocos Plate Antarctica West Java
Nazca Plate Indian Romanche
Antarctic Chile, Peru, Guatemala basins Puerto Rico
Subantarctic South Pacific Southern Antilles (includes
Indian Equatorial Pacific South Sandwich and South
West Pacific North Central Pacific Orkneys trenches)
South Atlantic North Pacific
North Pacific West Pacific basins

Figure 7

Map showing biogeographic regions of the deep sea after Watling et al. (69). Lower bathyal biogeographic regions (800-3,500 m
depth) are denoted in red text. Abyssal biogeographic regions are denoted in yellow text (3,500-6,500 m depth). Hadal biogeographic
regions are denoted in dark blue text (6,500 m depth and deeper). Note we have renamed the Romanche hadal region as the Romanche
Gap and moved it further south than indicated by Watling et al. (69). The depth zones are different from those given in Figure 1
because this scheme used physical oceanographic proxies to delineate depth zones along with some biological information on species
distributions. As stated in the caption for Figure 1, different schemes are employed across different studies. Modified with permission
from Watling et al. (69).
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monitoring studies of deep-sea benthic communities, coupled with analysis of surface primary
production in the northeast Atlantic and northwest Pacific, have conclusively demonstrated that
interannual variation in surface primary production can have a dramatic effect on the diversity
and abundance of abyssal communities at depths >4,000 m (73, 74). Changes to the food supply
to the seabed have been detected in terms of periodic increases in the quantity and possibly
quality of phytodetritus (73, 74) as well as in amounts of other organic material, including dead
gelatinous zooplankton, such as salps (74), known to rapidly sink through the water column (75).
In the northwest Pacific, changes in organic flux have been followed by complete changes in
communities from sessile suspension-feeding-dominated to mobile-fauna-dominated states with
increases in faunal density but decreases in diversity (74). In the northeast Atlantic, changes have
included large increases in the density of several holothurian species (thought to result from
large-scale recruitment events) (73) as well as changes in the macrofauna (polychaetes) (76) and
meiofauna (metazoan and protozoan components) (77, 78). In both cases, the rate of processing
of organic material on the seabed by the benthic fauna changed with increases in flux along with
changes in levels of bioturbation and probably burial of organic material (73, 74). Changes in
the POC flux that drive alterations in diversity and abundance of these deep-sea communities
have been correlated with decadal-scale climatic variations in the northwest Pacific. This has
clearly demonstrated the linking of environmental variation, primary production, and upper-
ocean processes with the diversity, abundance, and ecological functions of deep-sea communities
(79, 80).

Given that climate change associated with CO, and other greenhouse gas emissions is likely
to affect the patterns and magnitude of surface primary production, it would seem reasonable to
assume significant changes will also take place in deep-sea biota (80). Looking back in the geological
record suggests that past episodes of global climate change have led to significant changes in
marine ecosystems, including the deep sea. Over millennial timescales, switches between cool
ocean states, where the global thermohaline circulation maintains an oxygenated deep ocean, and
warm ocean states, where salinity-induced sinking of water at low latitudes leads to warm and
saline deep water with poor circulation and lower concentrations of oxygen (halothermal ocean)
(81, 82), appear important in the context of the deep sea. A warmer ocean has been associated
with widespread ocean hypoxia or even anoxia in deep waters as well as ocean acidification and
euxinia (release of H,S into shallow water). Such conditions have been linked to major extinction
events affecting shallow and also deep-water ecosystems [e.g., end Cambrian (83), end Ordovician
(84), end Permian (85), early Jurassic (86), and Paleocene-Eocene thermal maximum (87)]. The
latest of these events, the Paleocene-Eocene thermal maximum, was specifically associated with
an extinction of deep-water foraminifera (87, 88). In addition to its association with extinctions,
climate change has also been involved in creating the conditions for invasion by various groups
of animals and radiation into the deep ocean, mainly during the onset of cool conditions that
drive the thermohaline circulation. For example, there is evidence of the invasion by octopuses
of the deep seas of the Atlantic, Indian, and Pacific oceans following the strengthening of the
thermohaline circulation from the Antarctic after the establishment of the circumpolar current
(89). Furthermore, there is evidence that significant elements of the deep-sea hydrothermal vent
fauna arose after the Mesozoic following the establishment of oxygenated conditions in the deep
sea (e.g., 90-92). Although there is evidence that some deep-sea groups may have survived in
refugia (93) or that there may have been shifts to anoxia-resistant taxa (86), there is surprising
evidence that a significant component of the deep-sea fauna is relatively young (tens of millions of
years old), probably as a result of past climate-driven episodes of extinction followed by invasion
by groups of animals of the deep sea when conditions ameliorated. Even over shorter timescales
of tens to thousands of years, there is evidence of climatically driven changes in deep-ocean
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circulation, leading to changes in the distribution of deep-sea species (e.g., invasion of the North
Atlantic by deep-sea corals following the strengthening of the Atlantic meridional overturning
circulation following the last glaciation) (94). Given this, it is interesting to speculate how future
climate change may influence primary production and food delivery to the deep ocean or directly
influence the deep-sea fauna.

HUMAN IMPACTS ON THE DEEP OCEAN

Here the direct impacts of human activities on the deep sea are summarized, and readers are
referred to previous studies that cover several of these areas in more detail (e.g., 95, 96). The deep
sea has a legacy of human inputs with ships being lost at sea from ancient times to the more recent
introduction of pollution from the dumping of dredge spoil and sewage to radioactive materials
(96). Impacts are summarized as follows:

®  Introduction of hard substrata into soft-sediment ecosystems (shipwrecks, clinkers, trash,
cables, pipelines, submarine structures)
Organic enrichment (sewage dumping, organic cargo on sunken vessels, dumping of bycatch)
Chemical pollution (oil, drilling muds and other oil/gas production chemicals, industrial
chemicals, pharmaceuticals, munitions including chemical weapons)
Radiochemical pollution
Biomass removal (fishing, bioprospecting, scientific research)
Mechanical disturbance (bottom fishing, cable laying, submarine pipelines, scientific re-
search)

®  Light pollution (industrial activity, scientific research)

B Acoustic disturbance (oil and gas exploration, military activity, scientific research)

Of these, the most serious present impacts arise from deep-sea bottom fisheries that target
low-productivity species. Low-productivity species are those characterized by slow growth rates,
high longevity, and sporadic reproduction when they have accumulated sufficient energy for pro-
ducing offspring. Examples include orange roughy (H. atlanticus), oreos (Oreosomatidae), cardinal
fish (Epigonus spp.), and grenadiers (Macrouridae) (97). Some seamount species, such as orange
roughy, pelagic armorhead (Pseudopentaceros wheeleri), and alfonsinos (Beryx splendens, B. decadacty-
lus), aggregate over submarine features, such as seamounts, to reproduce or to feed, and fishing
intensity can be very high, also leading to rapid depletion of stocks (98, 99). A result of this has
been a boom-bust cycle of fishing with stocks of these species rapidly being depleted after targeted
fishing has commenced. For seamounts, fishing fleets have moved from feature to feature, leading
to serial depletion (99, 100). As well as severely impacting target species, bycatch can include
other low-productivity species, such as sharks, rays, and finfish, which also become depleted (101).
Deep-sea bottom trawling, especially where it has been targeted at hot spot ecosystems, such as
seamounts, has also resulted in the destruction of fragile benthic ecosystems, such as cold-water
coral reefs, coral gardens, and sponge beds. Such ecosystems have a low capacity for recovery
because structural species are extremely slow growing, have a high longevity (thousands of years
for some coral species) (102), and probably low levels of recruitment. Observations indicate that
removal of these vulnerable marine ecosystems (VMEs) results in a significant reduction of species
richness as a result of loss of habitat complexity (e.g., 103). The broader ecosystem impacts of
removal of large quantities of biomass from the deep sea through trophic linkages or the effects
of removal of complex habitats are not understood. The latter may form important habitat for
some species of fish and crustaceans as juveniles or adults, so there is a potential for feedback on
stocks of commercial species (e.g., 104, 105).
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International concern regarding the impacts of deep-sea bottom fisheries on the high seas to
both target and bycatch species as well as VMEs led to several United Nations General Assem-
bly Resolutions calling for improved management (106). This has led to improvements in the
management of these fisheries by regional fisheries management organizations, as well as those
in the exclusive economic zone of states including the freezing of fishing effort, banning of some
destructive fishing methods or restricting their use, establishment of closed areas where VMEs
are known to be present, and the development of rules to cease fishing and move on when VMEs
are encountered and to undertake environmental impact assessments for exploratory or ongoing
deep-sea fisheries. There has also been an effort to assess stock size in deep-sea fisheries and to
move catches to levels where they are sustainable (e.g., 106, 107). Although these developments can
be seen as progress, many deep-sea fisheries remain depleted or overexploited, and environmental
impacts from bottom fishing, especially trawling, continue.

Another area of human influence on the deep sea, which has recently come to light, is the
widespread contamination by plastic. Several studies have documented the occurrence of plastic
trash (including lost fishing nets), microplastic particles, and fibers in deep-sea ecosystems (108—
110). Lost fishing nets have been observed encrusted with marine organisms and entangling marine
animals, such as fish, crustaceans, and coral (ghost fishing) (109). Microplastic particles or fibers
have been found in deep-sea sediments and even on sessile organisms, such as corals. At present,
it is largely unknown whether there are harmful effects from these microplastics, such as leaching
of toxic chemicals or interference with feeding. The quantities of these materials are substantial,
with potentially tens of millions of items of trash on seamounts of the Mid-Atlantic Ridge and
South West Indian Ridge (110) and an abundance of microfibers in deep-sea sediments similar to
those in intertidal or shallow subtidal sediments (109). This suggests the deep sea may be a major
sink of plastics entering the ocean (109).

A growing human population, rising living standards, and technological developments are all
leading to increased demand for resources. This is driving both existing and new forms of resource
extraction into the deep sea. Oil exploration and production is increasingly focused on deep water
(111), with extraction taking place in depths as great as nearly 3,000 m. It is estimated that deep-
water continental margins contain about 40% of the world’s future oil reserves (111). Other forms
of energy, including gas hydrates on continental margins, hydrogen from deep-sea hydrother-
mal vents, and renewables from deep-sea turbines, are being assessed for commercial use. States
are exploring the possibility of deep-sea mining, focusing on several types of deposits including
seabed massive sulfides (SMSs), manganese or polymetallic nodules, cobalt crusts, metalliferous
muds, and phosphate deposits. These are potential sources of copper, nickel, zinc, manganese,
cobalt, gold, silver, platinum, tellurium, titanium, tungsten, lithium, molybdenum, yttrium, zirco-
nium, bismuth, niobium, arsenic, cadmium, gallium, germanium, indium, tin selenium, rare earth
elements (112), and phosphate, the latter for use as fertilizer (113). Such deposits occur within
the exclusive economic zones of states or in areas beyond national jurisdictions, where mining is
regulated by the UN International Seabed Authority. At present one deep-sea mining operation
is in an advanced stage of preparation for extraction of SMS deposits from the waters of Papua
New Guinea. The UN International Seabed Authority has granted 21 licenses for exploration
of mineral deposits, 14 for manganese nodules (13 in the Clarion-Clipperton Fracture Zone in
the Pacific Ocean and 1 in the basin of the Central Indian Ocean); 4 for SMS deposits on the
Mid-Atlantic Ridge, Southwest Indian Ridge, and Central Indian Ridge; and 3 for cobalt crusts on
seamounts in the western Pacific (114). These mineral deposits lie in very different environments,
with varied levels of biodiversity and endemism, and require different approaches for extraction,
meaning that management of the environmental impacts for different mining operations are likely
to vary substantially.
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There is a strong potential for new direct impacts to influence the deep sea in the near future.
Governance structures are evolving to attempt to manage existing and future direct impacts on the
deep sea. For example, negotiations over a new implementing agreement for the United Nations
Convention on the Law of the Sea, which lays out the rights and responsibilities of States with
respect to the oceans, will commence in 2016, focusing on establishing a legal framework for spatial
conservation measures, environmental impact assessments, and benefit sharing for marine genetic
resources in the high seas (115). Scientific knowledge of environmental baselines associated with
deep-sea ecosystems also needs to advance to facilitate knowledge-based decision making with
respect to assessment and monitoring of environmental impacts from new activities.

THE IMPACTS OF CLIMATE CHANGE ON THE DEEP OCEAN

The overall impact of increased atmospheric CO; on the ocean primary production and delivery of
POC to the deep sea largely occurs through its influences on the biological carbon pump. Although
there are significant feedback effects to atmospheric CO; levels through the physical carbon pump
of the oceans, the effects are less direct on the deep-sea biota (other than to exacerbate changes in
the biological carbon pump as well as warming and acidification).

Effects of Increased Temperature

Evidence suggests that between 1971 and 2013, 93 % of the excess heatin Earth’s energy inventory,
resulting from global warming, was taken up by the ocean (116). Temperature is a major driver
of the distribution of marine organisms and has been positively correlated to species richness
in shallow waters (117). Direct effects of changes in ocean temperature to the distribution and
diversity of deep-sea species are expected. However, because of the coupling between surface and
deep-sea ecosystems through processes, such as primary production, other indirect effects are also
expected.

Increased stratification. The thermal stratification of the upper ocean affects nutrient availability
and primary productivity (118). Whether overall trends of primary production in the oceans
are increasing or decreasing as a result of increased stratification has been controversial. Some
observations suggest that annual primary productivity has decreased (119, 120), whereas others
suggest that it has increased and is tightly coupled with climate variability occurring interannually
or over multidecadal timescales (121, 122). Likewise, future projections of changes on global
oceanic primary production have also produced mixed results, with some predicting a global
decrease in primary production (e.g., 123) and others predicting an increase (e.g., 124). The latest
model projections of future change in global primary production, based on coupled carbon cycle-
climate models that incorporate marine biogeochemical-ecosystem models of different complexity
and, critically, that explicitly consider the cycling of nutrients and nutrient availability, suggest
an overall decrease in global primary production and export of POC (125). A common causative
mechanism in models predicting such declines of global primary and export production is the
increased stratification of the ocean in low to mid-latitudes and a slowing of the thermohaline
circulation, reducing nutrient availability in surface water layers (125). The decrease in nutrients
is offset to some degree (but not completely) by the reduction in duration and coverage of polar
sea ice, leading to higher primary production at high latitudes. In the context of the deep sea,
this implies that at low to mid-latitudes the flux of POC will decrease, and at high latitudes,
it may increase along with alterations in seasonality. The situation is broadly consistent with
recent models of export flux to the deep ocean that suggest that, although flux and deep-sea
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benthic biomass may increase in polar regions, it will decline elsewhere (by up to 38% in parts
of the northeast Atlantic under Representative Concentration Pathway 8.5 (126). This will have
maximal impact at abyssal and hadal depths because of the spatial pattern of changes in export flux
and because these are already the most food-stressed environments. Changes in biomass will also
result in changes in the size structure of affected deep-sea communities (126).

An alteration in the balance between autotrophic carbon fixation and heterotrophic re-
mineralization resulting from increased sea surface temperatures. Mesocosm studies have
suggested that CO; fixation by phytoplankton increases with increased CO; concentration (127).
However, increased temperature has the potential effect of increasing metabolic rates and thus
respiration rates of both phytoplankton and heterotrophic bacteria. In a mesocosm experiment
examining the consequences of elevated temperature on natural phytoplankton communities, ev-
idence of such an increase in community respiration rates, an enhancement of channeling of
primary production through the microbial loop, and an increase in dissolved organic carbon pro-
duction were found (128). This experiment suggests that the drawdown of CO; via the biological
pump may decrease by up to 31% over a range of temperature increases of 2 to 6°C and that trans-
fer of primary production to higher trophic levels may also significantly decrease (128). Similar
mesocosm experiments have given different results of an increasing net primary production with
temperature, possibly as a result of community differences in phytoplankton species (129). The
results of Wohlers et al. (128) appear to be confirmed by a global meta-analysis of community
respiration and gross primary production rates across 1,156 measurements from natural commu-
nities. Here, it was shown that again community respiration rates increase faster than rates of
primary production (130). This study includes various effects of temperature on phytoplankton
and bacterioplankton communities, such as changes in the size class of primary producers, as the
findings are based on global observations of natural communities. Overall, the report predicts a
decline of the ratio of photosynthetic primary production to respiration of 25% for a 4°C in-
crease in temperature (130). In comparison, some biogeochemical models show that the effects
of temperature on net primary production are inconsistent (e.g., 131). However, this study notes
a general consistency in a negative relationship between temperature and export production as a
result of enhanced recycling via the microbial loop across models (131). Overall, these changes
suggest that a reduction in POC flux to the deep sea may be expected with increased temperature
as a result of increased metabolic rates.

Changes in marine community structure as a result of increased temperature. Regardless
of whether primary productivity of a given ocean basin changes, the composition of the phyto-
plankton may well change, a phenomenon, reported from many regions, associated with already
warming sea surface temperatures (e.g., North Sea) (132-134). This in itself can alter the ratio
of primary production to community respiration (130) and can also propagate through ecosys-
tems via trophic interactions (134). As stated above, it is suspected that changes in the quality of
phytodetritus arriving at the deep seabed may drive changes in benthic communities.
Habitatsuitability modeling has also suggested that the latitudinal distribution of marine finfish
and shellfish will move poleward and retreat from the equator (135). A recent meta-analysis of 1,735
responses for marine ecosystems—for which regional or global climate changes were considered a
driver—found 81-83 % were consistent with the expected range of responses, including poleward
shifts in distribution as well as changes in community composition and abundance of species
(136). The mean rate of latitudinal shift at the leading (poleward) edge of the range expansion
was estimated at 72 4+/— 13.5 km decade™!, an order of magnitude faster than for terrestrial
species. The fastest range shifts detected were for phytoplankton (469.9 +/— 115.3 km decade™")
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followed by finfish (277.5 +/— 76.9 km decade™") (136). The overall impacts of such complex
and multifaceted changes on the operation of marine food webs are extremely difficult to predict
given current knowledge. Their influence on the flux of food to deep-sea ecosystems is almost
unstudied. It is important to recognize that food does not only sink into the deep sea as POC, but
a proportion is actively transported through vertical migration of animals, especially between the
surface and mesopelagic zone.

For the deep-sea communities themselves, there is surprisingly little information on the in-
fluence of temperatures on benthic or pelagic communities other than a broad acceptance that
temperature influences biogeography at large scales (69). At the scale of community, studies have
suggested that species diversity in benthic ecosystems may have a unimodal relationship with tem-
perature (137). This effect is a relatively weak one with changes only at low temperatures (<5°C)
and high temperatures (~>15°C) showing changes in diversity (137). The relationship may reflect
oxygen-and capacity-limited thermal tolerance (see Impacts of Declining Oxygen Levels on Ocean
Life and Feedbacks on Climate Change below). Biomass may also be significantly influenced by
temperature, although macroecological studies suggest the effect is small (138).

Effects of Acidification on Primary Production and Particulate
Organic Carbon Flux

Feedback effects on primary producers and calcifiers. Ocean acidification results from the
absorption of CO, by seawater and its conversion to carbonic acid:

COZ(atmos) <~ COz(aq> + Hzo <> HCO3 <~ HJr HCO; <> 2H+ + CO;zi.

At equilibrium, seawater with a pH of 8.1 contains ~90% of the inorganic carbon as bicarbonate,
9% as carbonate, and 1% as CO,. Adding CO; to seawater increases CO,, bicarbonate, and hy-
drogen ions (the latter reducing pH) and reduces carbonate ions (139). To date, pH has declined
by approximately 0.1, representing a 30% increase of hydrogen ions in seawater (140). If atmo-
spheric CO; concentrations continue to increase as current trends suggest, then we will reach
~500 ppm CO; by the middle of the century and ~800 ppm by 2100 (139, 141). This corresponds
to a decrease in pH in the surface oceans of 0.3—0.4 and an increase in hydrogen ions of 100-150%
(139, 142, 143).

The operation of the biological carbon pump is partially driven by ballasting of phytode-
tritus and other organic matter with calcium carbonate structures derived from planktonic or-
ganisms, the most important of which are liths (calcareous scales) from coccolithophorids, an
ecologically important group of unicellular algae. It has been experimentally demonstrated that
many planktonic organisms show marked responses to declines in the calcium carbonate satu-
ration state of seawater. This often manifests as decreased rates of calcification or an imbalance
in calcium carbonate accretion with dissolution, although experimental results have been con-
tradictory. For the ecologically important coccolithophore Emiliania huxleyi, for example, many
studies have shown a decline in calcification rates with decreasing carbonate saturation of seawater
(see review in 144). However, these studies were contradicted by some studies showing increased
calcification with lowered pH and carbonate saturation states (most notably 145). These intraspe-
cific differences have been attributed to both genetic and physiological differences between strains
(in fact E. huxleyi is now regarded as a complex of several species) (144). Also, studies based on
mesocosms or environmental samples of coccolithophores tend to show a more unified decrease
in calcification of communities probably because strains or species that show lower levels of calci-
fication grow faster than those that accrete heavier calcium carbonate scales under conditions of
acidification (144). Thisis supported by the finding that E. hux/eyi strains characterized by increased
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calcification under reduced carbonate saturation show lower growth rates than those that show
decreased calcification (e.g., 144, 145). For other organisms, such as pelagic foraminifera, experi-
ments simulating low-pH waters also suggest a negative impact on calcification rates (146, 147). At
present, there is insufficient understanding of the effects of reduced carbonate saturation on cal-
cification in coccolithophorids and other important planktonic calcifiers to fully understand what
the impact of this may be on POC flux to parts of the deep sea, especially in areas where calcareous
phytoplankton form a significant component of communities of primary producers (e.g., 144).

Indirect impacts via reduction in calcification. Sea butterflies make a less important contri-
bution to the generation of biogenic calcium carbonate. Studies of their responses to acidification
also suggest a variable impact on sea butterfly species, but observations from experiments suggest
that in many cases (but not all) their shells are subject to dissolution in water of reduced saturation
or undersaturation of calcium carbonate (e.g., 142, 148, 149). These experimental results are con-
sistent with observations of corroded sea butterfly shells in the natural environment, where the
pH has been reduced through high respiratory CO; levels (150) or by the upwelling of deep water
mixing with surface waters with lowered pH as a result of anthropogenic acidification (151). In
both of these cases, aragonite saturation had been reduced to around or just below 1.0 (the point
below which water is undersaturated with calcium carbonate and becomes corrosive to aragonite).
Polar waters naturally have lower carbonate saturation than waters at middle and low latitudes
because CO; is more soluble at lower temperatures and thus causes carbonate saturation to be
lower (50). Models of the effect of atmospheric CO; on the carbonate saturation state of the oceans
indicate that, even at atmospheric CO, concentrations of 450 ppm, parts of the Southern Ocean
will be undersaturated with carbonate at the surface. By 550 ppm, half the ocean south of 60°S will
be undersaturated and by 750 ppm, 95% of the Antarctic Southern Ocean will be undersaturated
with calcium carbonate (140). Sea butterflies are important members of zooplankton communities
in polar and subpolar waters, where they are prey for a variety of other zooplankton and fish (139).
They are unlikely to adapt to such rapid acidification effects on carbonate saturation at high lati-
tudes, and their range will therefore contract to shallower waters and lower latitudes, potentially
leading to impacts via trophic links in polar and subpolar food webs (139), which may ultimately
impact deep pelagic and benthic ecosystems.

Other indirect impacts of ocean acidification on marine ecosystems. Ocean acidification
interacts with so many aspects of the physiology of marine organisms that it is not possible to
give an exhaustive account of likely or speculative ecosystem impacts here. However, a number
of notable studies indicate some important areas where acidification may have large-scale impacts
on ecosystem functions.

One effect of the change in ocean chemistry with decreasing pH is a decrease in the bioavail-
ability of iron. Iron is an important micronutrient that can limit primary production if in short
supply. High-nutrient low-chlorophyll regions, such as the Southern Ocean, have their primary
production largely limited by iron availability. As pH declines, it has significant impacts on iron
chemistry, affecting its speciation in seawater and reducing its availability to phytoplankton (152).
Experiments indicate a decrease in iron uptake by phytoplankton in seawater in which pH is re-
duced (152). The implications of this discovery are not entirely clear, although they may indicate
a positive feedback process (i.e., a weakening of the biological carbon pump as a result of acidifi-
cation). However, iron also becomes less likely to absorb to surfaces under such conditions, one
of the major sinks for iron in the surface oceans (153).

The effect of acidification on the chemistry of the boundary layer around phytoplankton cells
has also been raised as a potential issue impacting primary production. The boundary layer is the
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layer of fluid immediately around a phytoplankton cell where a chemical microenvironment is
maintained through the physical effects of a particle lying in a fluid. The effect of anthropogenic
acidification combined with the impacts on pH around phytoplankton cells, resulting from normal
metabolic processes, may cause stress to these organisms, especially in species that rely on a high
pH to maintain calcium carbonate shells (154). Whether large pH changes in the boundary layer
around phytoplankton cells are significant in terms of the biological carbon pump is unknown at
present (155).

Acidification is likely to have significant impacts on the nitrogen cycle in the oceans through
biologically mediated effects. Marine cyanobacteria are likely to increase their growth rates and
their rate of nitrogen fixation in a high-CO, world (156). However, the process of nitrification by
ammonia-oxidizing bacteria has been shown as negatively impacted by decreasing pH by 0.05-
0.14 units (157). It is suggested that ammonia oxidation may decline by as much as 3-44% for a
0.1 pH unit decrease over the next few decades. This nitrification generates nitrate at the base of
the euphotic zone, which is estimated to support 32% of global primary production with a further
26% supported by upwelled previously generated NO; ™~ from deep water (157). A decrease in the
generation of nitrate may lead to depletion of this important form of nitrogen in the euphotic
zone, causing a major shift from NO;~ to NHy, the remineralized product of nitrate (157). Such
a shift may favor small-celled primary producers and disadvantage large-celled organisms, such
as diatoms (157), with knock-on effects on the biological carbon pump and on the operation of
deep-ocean food webs.

Many experiments indicate responses in the development of marine species from acidification.
Studies of marine fish indicate a range of effects that may be viewed as negative or positive or
unclear in significance (158). Antarctic krill are the keystone species in the Southern Ocean,
mediating the flow of energy from primary producers to predators. Experiments indicate that this
species shows no effect on development at the equivalent of 1,000 microatmospheres (patm) pCO;
(pressure of carbon dioxide) in the atmosphere, but at 1,250 patm pCO, development is slowed
down, and larval survival is reduced (159). The effects of acidification progressively become more
severe, until at 1,750 to 2,000 patm pCO, development completely ceases. Krill eggs sink after
release, and the larvae hatch and sink further to depths of ~1,000 m before ascending toward
the surface as they go through successive growth stages (159). Deeper waters are less saturated
or undersaturated with calcium carbonate and have higher pCO, levels than the surface. Models
suggest that krill development may be impacted to some degree in parts of the Southern Ocean by
as early as the end of the twenty-second century, depending on the CO; emissions scenario that
humankind follows (159). Such effects would have large implications for Southern Ocean food
webs, especially when other climate change-associated changes may be already having negative
impacts on krill abundance (e.g., 160, 161). This would inevitably affect deep-sea communities,
which probably have many direct and indirect trophic linkages to this important species in the
Southern Ocean.

Acidification may also interact with ocean hypoxia (see the section Impacts of Climate Change
on Oxygenation below). A further consequence of the reduced ballasting and sinking of POC is
increased remineralization of primary production in the upper water column. This may manifest
as increased utilization of oxygen through respiration most markedly at depths between 200 and
800 m (162). Such an effect would be synergistic with hypoxia already occurring in the oceans
through expansion of oxygen minimum zones, an effect of weakening ocean ventilation and a
decline in oxygen solubility with increasing temperatures (162).

Direct effects on deep-ocean biota. It is already understood that the calcium carbonate
concentration in the deep sea acts as a significant control on the distribution of both scleractinian
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corals and octocorals and the habitats they form (163-165). Modeling studies of changes in
calcium carbonate concentrations resulting from climate change indicate that the shallowing of
the carbonate compensation depth would likely have a significant impact on habitat suitability for
these groups of organisms (166). Similarly, other deep-sea species with calcareous skeletons may
be vulnerable to changes in the carbonate compensation depth and would also suffer reduction
in available habitat. Other effects of changes in ocean chemistry associated with acidification on
shallow water species, such as negative impacts on chemosensory systems (e.g., 167), have not
been investigated in deep-sea species.

Climate Change Effects on Oxygenation of the Ocean

The dissolution of oxygen in seawater is directly dependent on temperature. and therefore, it
should be of no surprise that ocean warming resulting from increasing atmospheric CO, levels
alters ocean oxygenation. However, the levels of oxygen in seawater are sensitive to both biological
processes, such as photosynthesis and respiration, and physical processes, such as ocean circulation
and mixing. Because climate change effects both types of processes, its effects on oxygenation are
complex.

Patterns of oxygenation in the global ocean. The oxygen levels of the ocean are maintained
through the air-sea interface, especially at high latitudes where low temperatures lead to greater
oxygen solubility in seawater (168). Oxygen is also generated in the euphotic zone of the ocean
by photosynthesis and approximately tracks patterns of primary production at the surface (168).
Oxygen is mainly used by microorganisms using organic matter as it sinks down from the sur-
face layers of the ocean. This microbial activity decreases rapidly with depth, declining by a
factor of 10-50 between the surface and 1,000 m depth (168). This bacterial utilization of oxy-
gen is balanced by ocean ventilation and the uptake of oxygen at high latitudes, and approxi-
mates the time any given parcel of water was in contact with the surface. In the upper ocean,
between ~400 m and 1,200 m, oxygen levels reach a minimum because of weak ventilation of
water at this depth and bacterial respiration. Where ocean circulation is weak and ventilation
times are longest, EOMZs develop (169) generally between ~200 m and 1,000 m depth (170).
The term eOMZ is used here to define waters where oxygen levels fall below 60 pumol kg™!
(~1.34 ml 171) (171), the level at which many higher organisms cannot survive. This has also
been defined as the oxygen-limited zone (172). However, for many organisms, such as some
fish and crustaceans, oxygen levels well above 2 milliliters per liter (ml 17!) (~89 pmol kg=!)
may be lethal, and there is great variation in sensitivity to hypoxia among different taxa (173).
Furthermore, tolerance to low-oxygen concentrations also depends on temperature and CO;
concentrations.

When oxygen levels fall below 5 wmol kg™!, nitrate becomes important in respiration, pro-
gressively replacing oxygen as an electron acceptor as levels of the latter decrease (168). Thus,
denitrification becomes increasingly important in severely hypoxic waters until nitrate is depleted
when microbial sulfate reduction takes over as the dominant process metabolizing organic fuel
(168).

The North Pacific gyre comprises the world’s largest eOMZ, with smaller eOMZs in the
Atlantic gyres. In the North Pacific, there is relatively poor ventilation at high latitudes (168).
The Southern Hemisphere tends to be quite well ventilated owing to efficient oxygenation of
deeper waters by the Antarctic Circumpolar Current (168). The northern Indian Ocean has no
connection to subpolar waters because it is landlocked from the north, and here the largest eOMZ
is found outside of the Pacific (168). Suboxic waters are shallow to less than 200 m depth across
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large areas of the equatorial and north Pacific and the northern Indian Ocean, most notably in
the Arabian Sea and Bay of Bengal (168).

Impacts of climate change on oxygenation. Climate change has two main physical impacts on
oxygen concentrations in the oceans. First, oxygen is less soluble in warmer water, and second,
stratification reduces the mixing of surface waters with deeper water layers, reducing ventilation
of the ocean (168). The latter is potentially offset to some degree by the reduction of injection
of nutrients from deep water to the euphotic zone as a result of stratification. This reduces pri-
mary production and the rate of sinking of POC below the euphotic zone. Models suggest that
the physical effects of stratification on ventilation are larger than the offset from reduced pri-
mary production (168). Also, alteration in the relative rates of autotrophic carbon fixation versus
heterotrophy in the upper ocean as a result of temperature increases (see An Alteration in the
Balance Between Autotrophic Carbon Fixation and Heterotrophic Remineralization Resulting
from Increased Sea Surface Temperatures above) may lead to increased relative oxygen demand
by microbial communities, acting to reduce oxygen concentrations.

Models predict a decline in the oxygenation of the oceans of 1-7% by 2100 (reviewed in
168). Time-series observations in the Atlantic, Pacific, and Indian oceans have shown declining
oxygen levels since the 1950s (168, 172). Decreasing oxygen has been most intense in eOMZs,
with a shoaling of hypoxic waters in some cases, an increase in the depth of hypoxic waters, and a
horizontal increase in hypoxic waters, in other words expansion of eOMZs (172). Since the 1960s,
the maximum rate of declining oxygen levels at 200 m depth has been ~0.5 umol kg~! year~! in the
Atlantic and tropical PacificeOMZs (174). Locally, rates have been three to four times higher in the
California Currentregion (specifically in the California Bight between 1984 and 2006). Long-term
oxygen measurements in the midwater depths of the Gulf of Alaska and in the Oyashio Current
off Japan, both in the northern Pacific, have shown a decrease of ~7 pmol kg=! decade™! oxygen
over the last 50 years (reviewed in 168). Similar declines have been detected elsewhere in the
subarctic Pacific. These changes are thought to result from reduced ocean ventilation rather than
from increased oxygen utilization, possibly linked to freshening of subarctic waters and warming
in northeast Asia (168). The upper boundary of waters >60 pmol kg! of oxygen shallowed by
~100 m in the Gulf of Alaska and ~70 m in the California Bight over similar time periods (172).
Declines in oxygen have also been detected in the tropical Atlantic and Pacific of between 0.9

and 3.4 pmol kg~! decade™!

in the 300-700 m depth layer, including an expansion of the eEOMZ
with oxygen below 60 pmol kg~! rising from 245-170 m depth in the eastern Pacific (reviewed in
168). Overall, these changes illustrate the extreme sensitivity to climate change of ocean oxygen
levels. Beyond eOMZs, levels of oxygen have declined at rates ~10% of those cited for eOMZs

172).

Impacts of declining oxygen levels on ocean life and feedbacks on climate change. The ex-
pansion of eOMZs increases the volume of water in which microbial denitrification and anaerobic
ammonium oxidation are taking place. These processes convert biologically available nitrogen, as
ammonium or nitrates, to nitrogen gas and nitrous oxide (N, O), which is a powerful greenhouse
gas (172). Thus, there is a potential positive feedback in terms of global warming. However, the
reduction of biologically accessible nitrogen, in the form of nitrates, also potentially reduces pri-
mary production, reducing the microbial consumption of oxygen and progressive hypoxia in the
water column (172). However, this reduction in primary production is a further positive feed-
back on the rate of CO; increase because of the reduced uptake of CO, via the biological carbon
pump. To some extent, these effects may be offset by an increase in nitrogen-fixing cyanobacteria
with increasing CO; levels (see section, Other Indirect Impacts of Ocean Acidification on Marine
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Ecosystems, above), but please note that this is also associated with reduced nitrification. Iron
may become more available from sediments under low-oxygen conditions, potentially enhancing
primary production as it is a micronutrient (168). However, a decrease in the ballasting of phy-
todetritus because of reduced calcification by primary producers as well as rising temperatures
may also lead to further reductions in water column oxygen levels because of increased remin-
eralization in the euphotic zone (see section, Other Indirect Impacts of Ocean Acidification on
Marine Ecosystems, above).

In addition, it has been found that sulfate reduction may be occurring within eOMZs, generat-
ing sulfides (see section, Patterns of Oxygenation in the Global Ocean, above). These compounds
are toxic, although they are generally oxidized by sulfur-oxidizing bacteria (175). However, how
sulfur oxidizers respond to decreasing oxygen levels is unclear. At least some sulfur oxidizers appear
to use nitrate and/or nitrite as an electron acceptor through chemoautotrophic denitrification,
thus linking the nitrogen and sulfur cycles (172). Shoaling OMZs may also generate new forms of
habitat, where suboxic waters are found in the lower reaches of the euphotic zone, particularly in
regions such as the California Current. The influence of such zones on biogeochemical cycling is
difficult to predict but gives rise to the possibility of changing major groups of photosynthesizing
organisms, including the increased occurrence of anoxygenic photosynthesizers (172).

The effects of expansion of eOMZs on larger organisms are very difficult to predict. In zones
where eOMZs exist, diurnal vertically migrating mesopelagic organisms may enter the upper
reaches of eOMZs during the day as a refuge from predation. These organisms have a range of
physiological adaptations to survive in low-oxygen conditions, including specific physiological
adaptations to extract oxygen in seawater when it is at low-oxygen partial pressure, the ability to
store oxygen, increased capacity for anaerobic metabolism, and metabolic suppression resulting
in lower oxygen requirements (176). Many active predators, such as tuna and marlin, have high
metabolic rates and oxygen requirements of at least 150 pmol kg=! (177) and thus cannot enter
eOMZ waters (176). The effects of eOMZ expansion are to compress habitat for animals that can
tolerate some level of hypoxia and that may enter the eEOMZ boundary or upper layers by day, and
also for fast-swimming predators that live above the eOMZ, such as marlin. For diurnal vertical
migrators, this is potentially a double squeeze on habitat with climate change. This is because, in
addition to shoaling of the eOMZ, the oxygen concentration of surface waters declines; rising CO,
levels potentially lead to abnormally high levels of CO; in the body fluids (hypercapnia), interfering
with the exchange of oxygen between organisms and the environment; and the metabolic rate of
such species increases with temperature (e.g., jumbo squid in the California Current system) (176,
178). The overall effect of this is to potentially restrict the depth of species both from below
(maximum depth of occurrence) and above (shallowest depth of occurrence) (176). An analogous
situation has been proposed for oceans during the Permian-Triassic extinction, suggesting a refuge
zone lying beneath very warm surface layers and anoxic deep layers in the water column (179). For
marlin in the eastern tropical Atlantic between 1960 and 2010, it has been estimated that shoaling
of eOMZ has reduced the volume of available habitat by 15% (180). This result is supported by
tagging studies recording the diving depth of marlin within this geographic region (180). The
consequences of habitat compression on deep pelagic species living in regions associated with
eOMZs are currently not understood.

For benthic communities, low-oxygen environments are inevitably associated with reduced
species diversity. For protozoans and meiofauna, densities are generally elevated within OMZs
because of abundant organic material and possibly because they are protected from predation (170).
Macrofauna and megafauna often exhibit depressed densities at the OMZ core but aggregate at
the oxyclines, forming the boundaries of such zones (170). Fauna associated with OMZs tend to be
specially adapted to life at low-oxygen concentrations, with thin bodies, relatively large respiratory
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The window of optimal performance of an organism is affected by temperature, ocean carbonate chemistry,
and hypoxia (the three direct symptoms of climate change in the ocean). For animals, the concept of oxygen-
and capacity-limited thermal tolerance provides explanations for the specialization of animals across limited
temperature ranges and their sensitivity to temperature extremes. Furthermore, it allows integration of other
stressors on a thermal matrix of performance. The critical temperature is where there is an onset of
anaerobic metabolism. The pejus temperature is the temperature above and below which oxygen supplies to
tissues become suboptimal. The optimal temperature is the temperature at which the organism has
maximum aerobic capacity for growth, reproduction, and activity. The denaturation temperature is where
molecules, such as enzymes, lose integrity, leading eventually to death (adapted from 158). As CO,
concentrations rise and/or oxygen supply decreases, the scope for aecrobic performance decreases across a
range of temperatures. Likewise there is evidence that tolerance to high pressure may also decline (161).
Figure redrawn from Bijma et al. (181).

surfaces, and respiratory pigments, as well as having the ability to produce biogenic structures,
allowing them to inhabit very soft sediments (170). Thus, the expansion of OMZs impacts the
benthic ecosystems where they are located.

It is important to note that temperature, oxygen concentration, CO; concentration, and pres-
sure tolerance may all be linked in the physiological determination of the environmental niche of
a species (see Figure 8). The theory of oxygen- and capacity-limited thermal tolerance indicates
that the scope for aerobic performance is affected by temperature and the concentrations of oxygen
and CO; (181). Recent work suggests that pressure tolerance may also be limited by availability of
oxygen (182). The implications of this for the deep-sea fauna, especially in regions where OMZs
may be expanding, is currently not understood.

FINAL REMARKS

The deep sea is already under stress from a variety of human activities, but dumping of waste and
deep-sea fisheries have probably been the most damaging (96). In some cases, impacts are widely
distributed (e.g., marine litter); in others, they predominantly affect specific parts of deep-sea
ecosystems, such as deep-sea trawling, which is generally restricted to the upper bathyal of the
continental slope and seamounts and canyons (96). The magnitude of human influence on the deep
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ocean is only just being recognized in some places, and its consequences are not fully understood,
for example, the widespread occurrence of microplastics (108). Although the deep sea is largely out
of sight, it should be of concern because it is the largest ecosystem on Earth and provides important
ecosystem services for humankind (183). Correlative studies of the effects of spatial environmental
variation on communities as well as long-term monitoring of a few sites in the Atlantic and Pacific
provide evidence as to the influence of physical parameters and food supply on the abundance,
biomass, and diversity of the deep-sea benthos and pelagic realms. These show that deep-ocean
ecosystems are likely to be highly sensitive to climate-driven changes, which affect the quantity
and quality of primary production and how production is processed in upper-water column food
webs. Furthermore, direct impacts of temperature rise, acidification, and hypoxia are also likely
to cause significant changes in the distribution and diversity of deep-sea communities. Major
changes in ocean circulation have not been considered here but also have the potential to change
these parameters where they occur. Geological history tells us that, if the process of global climate
change is allowed to continue unchecked, the results of the phenomena described may be severe,
leading to wide-scale horizontal and vertical range contraction in deep-ocean species and local or
even global extinction, especially in species that inhabit relatively rare hot spot ecosystems. Many
of these systems are already under stress from anthropogenic activities, and additive or negatively
synergistic effects might be expected between direct impacts and the pervasive effects of climate
change. One result will be a reduction in ecosystem services. The reduced services include positive
feedbacks to atmospheric CO; levels through a weakening biological carbon pump, although this
is likely small compared to feedbacks in atmospheric CO; related to changes in the physical carbon

pump.

SUMMARY POINTS

1. General patterns in the abundance, biomass, body size, and diversity of deep-sea benthic
communities are now known, although regional and taxonomic variations are insuffi-
ciently sampled or understood. Plausible explanations for these patterns have developed
over recent years, but many remain to be tested experimentally.

2. Some general patterns have also been observed for the deep pelagic fauna, but the reli-
ability of these patterns is poor because of extreme difficulties with sampling, and there
is low confidence in even basic community parameters. The pelagic realm remains the
most inadequately sampled ecosystem on Earth.

3. Long-term observations have indicated the sensitivity of deep-sea ecosystems to changes
in food supply, resulting from the effects of environmental variation on the quantity and
quality of primary production at the surface.

4. Climate change is likely to lead to significant changes in patterns of primary production
in the surface ocean, with low and temperate latitudes likely to show a reduction in food
supply to deep-sea communities, resulting in negative impacts on biomass, body size, and
diversity changes at the level of community.

5. The direct impacts of climate change, including rising temperatures, increasing hypoxia,
and acidification, are not well understood for deep-sea organisms.

6. Overall it is expected that climate change will lead to significant impacts on deep-sea
ecosystems with negative impacts on ecosystem functions and services.
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FUTURE ISSUES
1. Patterns of abundance, biomass, and diversity are known for some areas of the deep sea,

but more sampling is required, especially in the Southern Hemisphere. The distribution
of the deep pelagic fauna is not well understood.

2. Although hypotheses have been put forward to explain patterns of abundance, biomass,
body size, and diversity, experimental approaches are required to fully understand the
drivers of community structure in deep-sea ecosystems.

3. The functions of deep-sea food webs, particularly in relation to flows of carbon from
the surface ocean to the deep sea, are poorly understood. Deep pelagic communities are
barely understood even in terms of basic data, such as community composition, biomass,
and the trophic roles of faunal groups.

4. There is clear evidence of the changes in range, phenology, and community structure
in shallow-water marine communities, but similar data are almost absent for the deep
sea. Historical data sets and sample collections are available for some regions and may
be suitable for comparison with modern samples.

5. There is an urgent need to undertake observational and experimental approaches to
better understand the effects of changes in food supply, temperature, oxygen, and pH on
the deep-sea fauna.
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