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Preparation of this document

The FAO/UNEP Project Sustainable Fisheries Management and Biodiversity
Conservation of Deep-sea Living Marine Resources and Ecosystems in the Areas Beyond
National Jurisdiction (ABNJ Deep-seas and Biodiversity) aims to achieve efficiency and
sustainability in the use of deep-sea living marine resources and improve biodiversity
conservation in the ABNJ through systematic application of an ecosystem approach.
The project, which started in 2015, covers many aspects of deep-sea fisheries and has
many partners. One important activity is an Assessment of potential interactions
between DSF and biodiversity (Activity 2.1.1.3) in support of demonstrating an

Improved application of management tools for mitigation of threats to sustainable
DSF and biodiversity (Outcome 2.1). An understanding of the likely effects of climate
change on the deep oceans is fundamental to the management of deep-sea fisheries. The
ABNJ Deep-seas and Biodiversity project partnered with the Deep Ocean Stewardship
Initiative (DOSI) to bring together their network of experts and extensive experience to
generate predictions on physical, chemical and biological oceanography through a range
of approaches under various climate change scenarios. A joint planning workshop was
held on 26 27 August 2017 at the WHOI Clark Laboratory, Woods Hole, the United
States of America, bringing together DOSI experts and representatives from six deep-seas
regional fisheries management organizations. This workshop resulted in the generation
of an outline for an FAO Fisheries and Aquaculture Technical Paper and selection of
authors for each section. The work was developed over the following six months and
is presented in this publication, with the authors of each section identified. The overall
compilation was undertaken by Lisa Levin, Maria Baker and Anthony Thompson,
who are acknowledged as editors. For providing editorial assistance, the work of Joan
Alfaro-Lucas, Bai Li, Olivia Pereira, Sarah Seabrook, Teresa Thomas, Emily Young and
Luoliang Xu is gratefully acknowledged. The authors also acknowledge and thank Enzo
Luchetti for the layout of the publication.



The Deep Ocean Stewardship
Initiative

The Deep Ocean Stewardship Initiative (DOSI) is an international, multidisciplinary
network that brings together experts in science, technology, policy, law and economics
to provide guidance for decision-making on deep-ocean activities within and beyond
national jurisdiction. The DOSI Climate Change Working Group, initiated in August
2015, works to centralize climate scenarios and observations to better assess the impact
of climate change on deep-sea ecosystems and to address cumulative pressures. Its goals
are to facilitate integration of this information in environmental impact assessment,
management of deep-sea ecosystems, and in the design of marine protected areas, to
identify high-vulnerability areas and foster interdisciplinary approaches to investigate
how deep-sea ecosystems interact with climate on a functional basis. The working group
prepares brief and publications, raises awareness about climate change among diverse
stakeholders, interacts with the United Nations Framework Convention on Climate
Change, contributes to reporting by the Intergovernmental Panel on Climate Change,
promotes Sustainable Development Goal (SDG) 14 (including voluntary commitments),
provides guidance to the International Seabed Authority, and contributes to deliberations
marine biological diversity of areas beyond national jurisdiction. The DOSI Fisheries
Working Group works to promote a precautionary approach to deep-ocean management
implemented via international cooperation. Focal areas include recovery from fishing
disturbance and interaction with mining, application of vulnerable marine ecosystem
(VME) concepts across biomes, identification of trends and knowledge gaps in deep-sea
fisheries and stocks, differentiating between natural variability and human impacts, and
managing expectations on the benefits of marine protected areas. The group has recently
hosted a workshop to draft an environmental impact assessment template for use by
regional fisheries management organizations (RFMOs) in managing deep-sea bottom-
trawl fisheries, and is working towards implementation of SDG 14.2, identification of
VME:s related to the implementation of United Nations General Assembly on deep-
sea fisheries resolutions, the conservation of biodiversity in areas beyond national
jurisdiction in relation to deep-sea fisheries, and facilitating data-poor programmes via
RFMOs.



Abstract

This publication presents the outcome of a meeting between the FAO/UNEP ABNJ
Deep-seas and Biodiversity project and the Deep Ocean Stewardship Initiative. It
focuses on the impacts of climatic changes on demersal fisheries, and the interactions of
these fisheries with other species and vulnerable marine ecosystems. Regional fisheries
management organizations rely on scientific information to develop advice to managers.
In recent decades, climate change has been a focus largely as a unidirectional forcing over
decadal timescales. However, changes can occur abruptly when critical thresholds are
crossed. Moreover, distribution changes are expected as populations shift from existing
to new areas. Hence, there is a need for new monitoring programmes to help scientists
understand how these changes affect productivity and biodiversity.

The principal cause of climate change is rising greenhouse gases and other compounds
in the atmosphere that trap heat causing global warming, leading to deoxygenation and
acidification in the oceans. Three-dimensional fully coupled earth system models are used
to predict the extent of these changes in the deep oceans at 200 2500 m depth. Trends in
changes are identified in many variables, including temperature, pH, oxygen and supply
of particulate organic carbon (POC). Regional differences are identified, indicating the
complexity of the predictions. The response of various fish and invertebrate species to
these changes in the physical environment are analysed using hazard and suitability
modelling. Predictions are made to changes in distributions of commercial species,
though in practice the processes governing population abundance are poorly understood
in the deep-sea environment, and predicted distributional changes are not always as
expected and may be manifested as simple disappearance of species or ecosystems. The
publication underscores the fact adaptive monitoring and management mechanisms
must be in place to ensure that fisheries are sustainable and the environment remains
healthy and productive. Suggestions are provided as to the actions necessary.
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Names of fish and shellfish species

English common names for fish and shellfish species have been used throughout the text
in this document. Scientific and common names were taken from the FAO ASFIS list of
fish and shellfish species? and are shown below.

Common name
Alfonsino
American conger
American plaice

Anglerfish (blackbellied, black)

Anglerfish (white) (= monk)
Antarctic toothfish
Argentine
Argentine hake
Argentine shortfin squid
Atlantic cod

Atlantic halibut
Atlantic herring
Atlantic mackerel
Baird s slickhead
Beaked redfish

Black cardinalfish
Black scabbardfish
Blackbelly rosefish
Blackmouth catshark
Blue ling

Channeled rockfish
Common sole
Deepwater rose shrimp
Dover sole

European anchovy
European conger
European hake
European plaice
Forkbeard

Giant red shrimp
Glacier lanternfish
Golden redfish
Greater argentine
Greater eelpout
Greater forkbeard

Greenland halibut

2 www.fao.org/fishery/collection/asfis/en

Scientific name
Beryx decadactylus

Conger oceanicus

Hippoglossoides platessoides

Lophius budegassa
Lophius piscatorius
Dissostichus mawsoni
Argentina sphyraena
Merluccius hubbsi

Illex argentines

Gadus morhua
Hippoglossus hippoglossus
Clupea harengus
Scomber scombrus
Alepocephalus bairdii
Sebastes mentella
Epigonus telescopus
Aphanopus carbo
Helicolenus dactylopterus
Galeus melastomus
Molva dypterygia
Setarches guentheri
Solea solea

Parapenaeus longirostris
Microstomus pacificus
Engraulis encrasicolus
Conger conger
Merluccius merluccius
Pleuronectes platessa
Phycis phycis
Aristaeomorpha foliacea
Benthosema glaciale
Sebastes norvegicus
Argentina silus

Lycodes esmarkii

Phycis blennoides

Reinhardtius hippoglossoides
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Common name
Haddock

Ling

Long-spine thornyhead
Longtail southern cod
Megrim

Northern shrimp
Orange roughy
Pacific armourhead
Patagonian scallop
Patagonian toothfish
Pelagic armourhead (= southern boarfish)
Pelagic red crab
Portuguese dogfish
Rabbit fish

Red vermillion crab
Redfish

Roughhead grenadier
Roughtip grenadier
Roundnose grenadier
Sablefish

Silver scabbardfish
Slender (north Pacific) armourhead
Snow crab

Splendid alfonsino
Swallowtail bass

Tusk

White hake
Wreckfish

Yellowtail flounder
(no common name)

(no common name)

Scientific name
Melanogrammus aeglefinus
Molva molva

Sebastolobus altivelis
Patagonotothen ramsayi
Lepidorhombus boscii
Pandalus borealis
Hoplostethus atlanticus
Pseudopentaceros richardsoni
Zygochlamys patagonica
Dissostichus eleginoides
Pseudopentaceros richardsoni
Pleuroncodes planipes
Centroscymnus coelolepi
Chimaera monstrosa
Paralomis virrilli

Sebastes spp.

Macrourus berglax
Nezumia sclerorhynchus
Coryphaenoides rupestris
Anoplopoma fimbria
Lepidopus caudatus
Pseudopentaceros wheeleri
Chionoectes opilio

Beryx splendens

Anthias woodsi

Brosme brosme

Urophycis tenuis

Polyprion americanus
Limanda ferruginea
Laemonema melanurum

Dysommina rugosa
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Executive summary

Almost two-thirds of the ocean occurs beyond national jurisdictions (termed the

high seas ) where, under the United Nations Convention on the Law of the Sea of
10 December 1982, the commercial fisheries are managed by flagged states individually
or through regional fisheries management organizations or arrangements (RFMOs).
Most of the high seas are deeper than 200 m and the fish are harvested by bottom and
mid-water trawls, seines, bottom-set longlines, gillnets, pots and traps. States have the
right to fish the high seas, subject to various provisions relating to the conservation
and management of living resources. This includes preventing significant impacts
to vulnerable marine ecosystems (VMEs) areas identified for uniqueness, rarity,
functional significance, structural complexity or life-history traits that make recovery
from disturbance difficult. Such VMEs can consist of dense aggregations of deepwater
corals and sponges on seamounts, canyons, slopes and other bathymetric features, as
well as various organisms, e.g. mussels, clams and tube worms around hydrothermal
vents and seeps, or xenophyophores (giant protozoa) in multiple settings. They provide
complex three-dimensional structural habitat that supports high levels of biodiversity
and can provide refuge, food, and spawning and nursery areas for a wide range of
organisms, including commercially important fish and crustacean species. In addition to
their bioengineering role, coral gardens, sponge grounds and other VME taxa provide
important ecosystem services such as carbon storage and nutrient remineralization.
While commercial fish can co-occur within or above VME areas, such as seamounts, the
functional relationships with VMEs have only been documented for a limited number
of fisheries species. Both VME suspension-feeding species and targeted fishery species
exploit areas of high productivity, such as sites where there is enhanced flow due to
elevated topography and the trapping of migrating zooplankton and micronekton by
seamounts and offshore banks.

To help maintain the integrity of VME ecosystems, RFMOs have taken steps
to identify existing bottom-fishing areas, create exploratory fishing protocols with
impact assessments for new fisheries, generate VME encounter protocols, and close
areas containing VMEs. Such VME considerations by RFMOs generally began in
about 2006 following the United Nations General Assembly Resolution (UNGA
Res.) 61/105. In December 2016, UNGA Res. 71/123 (article 185) called upon states
and RFMOs to take into account the potential impacts of climate change and ocean
acidification in taking measures to manage deep-sea fisheries and protect vulnerable
marine ecosystems. A first step in addressing this challenge is provided in this technical
paper, which represents a collaboration between the Deep Ocean Stewardship Initiative
(DOSI) and the FAO s ABNJ Deep-seas and Biodiversity project. Here, climate change
is broadly interpreted to encompass the critical effects of atmospheric warming on ocean
temperature and oxygen availability, the effects of ocean acidification, and the influence
of all three of these on particulate organic matter flux to the seafloor. The information
and findings provide an initial attempt to address the manifestations of climate change
at the bathyal deep seafloor in the twenty-first century. Exposure to climate hazard is
evaluated as the amount of change relative to natural variability. Vulnerability to climate
change is underpinned by species intrinsic sensitivity and adaptive capacity, and risk of
impact combines exposure and vulnerability. These were determined for selected VMEs,
fish and fisheries at depths of 200 2 500 m in RFMOs. Key methodologies are provided
for addressing these complex issues, but the geographic and species-level applications
presented here are not exhaustive.
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Climate change

Rising levels of greenhouse gases, other compounds and particulates in the atmosphere
trap heat and warm the planet. Most of this heat is absorbed by the ocean, representing
a massive energy uptake since 1955 and raising temperatures in the upper 2 000 m by
0.09 C. A major consequence of the warming ocean is loss of oxygen (deoxygenation),
through reduced solubility, intensified respiration, and increased stratification. The
latter inhibits vertical mixing and re-oxygenation of the ocean interior. Water-borne
and airborne anthropogenic nutrient inputs to the ocean from land also exacerbate
oxygen loss through stimulation of phytoplankton production and eventual decay and
respiration. The open ocean has lost on average 2 percent of its oxygen since the pre-
industrial era, although some regional losses may be as high as 20 40 percent. Possible
feedbacks include changes in fluxes of greenhouse gases, nutrients, and toxic compounds
such as hydrogen sulphide. The ocean is also absorbing about 25 percent of excess
atmospheric carbon dioxide (CO,) directly, leading to declines in seawater pH and
reduced concentrations of carbonate ions, a process called ocean acidification. To date,
there has been a 26 percent increase in ocean acidity (reduction of 0.1 pH unit), a decline
in calcium carbonate saturation state ( ), and a shoaling of the saturation horizon;
these changes are most extreme at the poles. They are likely to stress marine calcifying
organisms and enhance dissolution of non-living carbonates, which comprise deepwater
reefs and gardens. Changes in temperature, oxygen and pH are greatest in the upper
ocean but can be rapidly transferred into or influence the deep sea through large-scale
thermohaline circulation, mesoscale features, and small-scale advective events.

Energy transfer to the deep ocean occurs via sinking of particulate organic carbon
(POC), which is produced by photosynthesis in surface waters. Ocean warming,
stratification, acidification and deoxygenation have complex effects on the flux of POC
to the deep ocean enacted through their influence on winds, mixed-layer depths, storms
and vertical advection, the intensity and depth of nutrient remineralization, upwelling
of inorganic nutrients available for primary production, and the size and ballasting of
sinking phytoplankton cells. In general, declines in POC flux (i.e. food supply) to the
seafloor are projected for much of the temperate and tropical ocean, with elevated fluxes
at the poles.

Rising temperatures, ocean acidification and ocean deoxygenation have been linked
to rapid warming in the geological record, with large-scale biological consequences such
as extinctions documented. Examples can be found at the Triassic Jurassic Boundary
(200 mya), the Palaeocene Eocene Thermal Maximum (57 mya), and during glacial
interglacial periods over the last 40 000 years.

Vulnerable marine ecosystems

In a general sense, VMEs include almost all the ecosystems occurring in the sea.
However, in 2006, the term acquired a more specific meaning in the context of deep-
sea fisheries. There is no unifying definition of VMEs, but the FAO International
Guidelines for the Management of Deep-sea Fisheries in the High Seas provide a set of
criteria to describe VMEs. They are typically areas rich in structure-forming benthic
invertebrates, such as corals and sponges, occurring at great depths down to 2 500 m
or more. Their vulnerability is related to the likelihood that a benthic population,
community or habitat will experience substantial alteration from short-term or long-
term cumulative effects of bottom-fishing disturbance, and refers to the potential slow
rate of recovery of the benthic population, community or habitat upon cessation of
disturbance. In an ecological context, exposure, sensitivity and adaptive capacity are
key to assessing VME vulnerability. Sensitivity is greatest for species with specialized
habitat requirements, environmental thresholds or triggers that may be exceeded under
climate change, species interactions that may be disrupted under climate change, and low
numbers (rarity), whereas adaptive capacity may be limited by poor dispersal ability or
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ability to evolve. Life-history traits found in many deep-sea species are likely to increase
sensitivity (e.g. habitat specialization, small population size, thermally or nutritionally
triggered reproduction, symbiont requirements, narrow environmental tolerances or life
near thresholds) or reduce adaptive capacity (e.g. limited larval duration, long lifespans,
slow growth and maturation).

Despite limited research on the vulnerability of component species in VMEs to
climate change impacts, several key findings emerge. Deepwater corals often occur
near carbonate saturation horizons, making them particularly vulnerable to ocean
acidification. While a dominant reef-forming stony coral (Lophelia) appears resilient
to CO, stress alone and in combination with warming, Lophelia populations in the
Mediterranean Sea and the Gulf of Mexico live close to thermal and oxygen thresholds.
Changes in temperature and oxygenation may cause mortality, possibly exacerbated
by reduced POC flux (food supply). Of possibly greater concern is the effect of
undersaturation on the non-living, tissue-unprotected coral matrix underlying the reefs,
which will corrode through chemical dissolution and bioerosion by boring organisms.
One study suggests gorgonians (octocorals) may be more vulnerable than stony corals
to impacts of ocean acidification, and the combined effects of stressors are unknown.
Sponges are hypothesized to be more tolerant to ocean acidification than corals, but
warming and oxygen loss can threaten sponge reefs in areas such as the northwest Pacific.
Xenophyophore distributions suggest potential sensitivities to changes in temperature
and oxygenation. Vent and seep taxa are also typically tolerant of extreme temperature,
pH conditions and high variability. Their vulnerability may lie with oxygen declines at
bathyal depths (a potential problem for oxidizing symbionts), planktonic larvae (e.g. of
mussels and shrimp) exposed to warming, pH declines, and altered primary producers
at the ocean surface, changes in mesoscale circulation features that transport larvae, as
well as declining food supply for those benthic adults that filter feed (e.g. mussels) and
are reliant on POC flux.

Future climate change in the deep ocean

Projections for future environmental changes in the deep ocean presented here are
based on three three-dimensional fully coupled earth system models, which are part of
the Coupled Models Intercomparison Project Phase 5. Projections were made under
the current emissions scenario (also known as business as usual ) in Representative
Concentration Pathway (RCP) 8.5 for bottom temperature (thetao), oxygen, pH and
POC flux to the seafloor. These were made for the ocean from 200 2 500 m, RFMO
areas, bottom fishing and VME closed areas within RFMOs, seamounts, canyons and
cold-water corals. Change was assessed by subtracting the historical average (1951 2000)
from the future average (2041 2060 or 2081 2100). Exposure to climate change hazard
was measured as the amplitude of climate change in the unit of historical variability (the
ratio between climate change and historical standard deviation). Cumulative impacts
were calculated for warming, declines in POC flux, oxygen (O,) loss, and pH decline
together (negative impact), and for the reverse (positive impact). Time of emergences
(first and 90 percent) of the climate signal were defined as the dates when the future
cumulative standard deviation either first exceeds or 90 percent of the time exceeds the
historical standard deviation (1951 2000).

Model predictions indicate that most of the deep seafloor is likely to experience
warming by 2041 2060 and 2081 2100, especially at higher latitudes, with greatest effects
at bathyal depths of the northwest Atlantic, western Greenland Sea and Barents Sea, Red
Sea and Sea of Okhotsk; these areas may see more than 2 C warming at the seafloor
by 2081 2100. Almost the entire seafloor may experience reduced pH by 2041 2060
and 2081 2100; however, the bathyal depths of the north Atlantic, Arctic and Southern
Ocean will experience the most severe reductions in pH values with an average decline
of 0.08 by 2041 2060 and 0.16 0.18 by 2081 2100. Almost all RFMOs will exhibit ocean
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acidification by 2081 2100, with the greatest mean changes in the northwest Atlantic
and northeast Atlantic Oceans (~ -0.2 in pH total scale) but the Southern Ocean may
have the largest spatial variability in ocean acidification. Large areas of the world s
seafloor will simultaneously be exposed to acidification and warming hazards, which
are up to 10 times of their historical variability by 2041 2060 and up to 20 times by
2081 2100, respectively; effects may be greatest in the Arctic Ocean (200 2 500 m). The
Mediterranean Sea and Southern Oceans may see the highest degree of warming hazard
(7.2 9.9 times historical variability), whereas the northwest and northeast Atlantic will
probably experience the highest degree of mean acidification hazard (18.2 18.8 times of
their historical variability).

Deoxygenation (oxygen loss) is predicted to be greatest in the north Atlantic, part
of the Arctic and Southern Oceans, with oxygen losses up to 10 15 mol kg™ by 2041
2060, and up to 40 mol kg decline by 2081 2100 at high latitudes in the north Atlantic,
Norwegian Sea, Greenland Sea and the continental margin of South America, Antarctica
and Sea of Okhotsk. Large areas of the world s seafloor will probably experience
deoxygenation hazard up to 5 times by 2041 2060, and 10 times by 2081 2100, of their
historical variability; hotspots include the Canadian high Arctic, equatorial Atlantic and
Pacific and Southern Ocean. On average, the Atlantic bathyal habitats (200 2 500 m) will
probably be exposed to the most severe deoxygenation hazard by 2041 2060, followed
by the Southern and Arctic Oceans; however, by 2081 2100, the deoxygenation hazard
will be most severe in the Arctic Ocean. Among regions, the northwest Atlantic may
experience the largest decline in mean dissolved oxygen concentration (-27 mol kg™)
by 2081 2100, followed by the Southern Ocean (-25 mol kg?), northeast Atlantic
(-16 mol kg?) and the southeast Atlantic (-8 mol kg™?). The ecological consequences
could be greatest not in areas of greatest decline, but where existing oxygen values are
already low and could surpass tipping points (e.g. in the southeast Atlantic).

There is expected to be a significant decline in export POC flux at 200 2 500 m in
the north and south Atlantic, north Indian and south Pacific Oceans, with the greatest
declines on the Atlantic slope (of 1.67 mg C m2d* by 2041 2060, and 2.73mg C m2d*
by 2081 2100), representing 1.34 and 2.27 times lower than the historic minimums. In
contrast, the Antarctic slope might experience an average POC flux increase of 0.61 mg
C m2d?by 2041 2060 and 1.41 mg C m2 d* by 2081 2100. Except for the Arctic and
Southern Oceans, most of the seafloor will experience declines in export POC flux of
up to 2 times (by 2041 2060) and 3 times (by 2081 2100) of its historical variability. All
ocean regions at bathyal depths, except the Southern Ocean, are predicted to experience
declining export POC flux by 2081 2100, with the largest drop in export POC flux
(0.7 8.1 mg C m?2d?) in the northeast Atlantic.

In terms of signal emergence at bathyal depths (i.e. the ability to detect the global-
warming-driven changes from natural variability), the mean time of emergence (TOE)
may occur before 2050 in most major ocean basins for all variables except for export
POC flux. Almost all regions will probably exhibit signal emergence of each climate
change variable before about 2060; however, the TOE of acidification and warming are
likely to occur about ten years earlier in most ocean regions.

The northeast Atlantic will probably be exposed to the highest cumulative negative
impact of warming, and declines in pH, O, and POC flux among all regions under
the RCP8.5 climate change scenario. Cold-water corals in the northeast Atlantic and
Mediterranean and north Pacific are expected to experience the highest cumulative
negative impact by 2081 2100, with mean cumulative negative impact scores over 30,
or about 7.5 times over their historical average across the four variables. Although the
northeast Atlantic and Southern Ocean may experience cumulative positive impact, the
positive effects are small and unlikely to compensate for the overall negative impact
caused by climate change. According to this assessment, the northeast Atlantic region is
potentially at 