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About the Nereus Program:

The Nereus Program is an interdisciplinary ocean research initiative established in 2011 by the
Nippon Foundation and the University of British Columbia. It is a partnership of eight institu-
tions: the Nippon Foundation, the University of British Columbia, the University of Cambridge,
Duke University, Princeton University, Stockholm University, United Nations Environmental Pro-
gram-World Conservation Monitoring Centre and Utrecht University. The program is built on
three core objectives: to conduct collaborative research across the natural and social sciences to
better understand the future of global oceans; to develop a network of experts that can engage in
discussion of complex and multifaceted questions surrounding ocean sustainability; and to trans-
fer these concepts to practical solutions in global policy forums.

About this report:

There is a growing concern among marine scientists over the impacts of global environmental
changes, specifically climate change, ocean acidification, and the loss of biodiversity, on the state
of our future oceans and their capacity to produce seafood. Given the scale of these environ-
mental changes and their implications for international ocean governance, it is imperative that
all stakeholders involved have access to the latest scientific knowledge and understanding of the
relationships between oceans, marine ecosystems and fisheries at the global level.

The objective of this report is, therefore, to share scientific knowledge about the challenges and
potential solutions for the sustainability of future oceans. The primary focus of the report is on the
interactions between CO, emissions, oceans and the world’s fisheries. It aims to provide a wider
audience with a concise overview of what's happening in the oceans and with fish right now—and
what will be happening in the future.

This report consists of seven sections, each representing a key statement on future oceans. In
each section we start with a general summary of the current scientific understandings followed
by the latest findings from selected studies of the Nereus Program addressing these issues. Con-
tents of this report are based on the scientific views and opinions of the members of the Nereus
Program, all of whom are engaged in innovative research concerning marine systems and ocean
governance.

A full list of publications, as well as supplementary materials on topics discussed in this report, can
be accessed at: www.nereusprogram.org
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Distributions of marine fish species are expected to shift as
climate change alters ocean conditions. The figures above are
projections of species invasions and local extinctions by 2050

under the IPCC’s scenario representing “business as usual” in
CO, emissions. (Source: Jones and Cheung 2015)

Nereus Program



Climate Change, Future Oceans and Fisheries

Changes in sea temperature disrupt movements of water, distributions of marine organisms, and structures of
ecosystems. Moreover, as the chemistry of the Earth’s atmosphere is altered through continued CO, emissions,
so too will there be demonstrable changes in the chemistry of the oceans. Evidence of increased ocean acidifi-
cation and decreasing oxygen, both of which are critical factors that influence marine life and biodiversity, are
mounting. Naturally, changes in the oceans will have major repercussions on their capacity to support marine life
and, ultimately, fisheries.

In the newly released Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), the
addition of chapters dedicated exclusively to ocean-climate issues marks the emergence of a consensus of this
linkage between climate change, oceans and fisheries. Following this lead by the IPCC, the international institu-
tions responsible for ocean governance must, therefore, function within the context of the global changes driven
by CO, emissions.

To improve ocean governance in the future, we need to further develop and improve access to scientific un-
derstandings of the relationship between the climate and oceans. Furthermore, researchers must continue their
efforts to develop a more holistic understanding of the dynamics between oceans and more direct human-in-
duced stressors such as marine pollution and overexploitation by fisheries that are likely to intensify as the
oceans become more impacted by climate change. As we look toward the future of our oceans and fisheries, this
knowledge must translate into public engagement and action - from the local to the global level.

The following seven key statements highlight the pathways and challenges facing the future of global oceans and
fisheries. In the final section of the report, we propose strategies for attaining ocean sustainability.

Seven Key Statements for Future Oceans:

1. Due to CO, emissions, changes in global ocean properties - particularly temperatures, acidity and
oxygen levels - are occuring at a scale unprecedented in the last several thousands of years.

2. Climate change is expected to affect the oceans’ biological productivity-from phytoplankton to the
top predators.

3. Climate change has already been affecting global marine ecosystems and fisheries, with further
impacts expected given current trends in CO, emissions.

4. Fishing exerts significant pressure on marine ecosystems globally - altering biodiversity and food
web structures - and affects the ability of the international community to meet its sustainability goals.

5. The impacts of climate change interact with the existing problems of overfishing and habitat de-
struction, driven largely by excess fishing fleets, coastal development and market expansion.

6. Aquaculture is developing rapidly, with the potential to supersede marine capture fish supply. Yet,
the full understanding of its impact, including its long-term ecological and social sustainability, is un-
clear.

7. Sustainable fisheries in the future require the further development and strengthening of interna-
tional fisheries law, as well as the overarching international framework for ocean governance.

Predicting Future Oceans 6



1. Due to CO, emissions, changes in global ocean properties —
particularly temperatures, acidity and oxygen levels —are occuring
at a scale unprecedented in the last several thousands of years.

Current scientific understanding

As the global climate becomes warmer due to an
increase in the concentration of greenhouse gases
(GHGs) in the atmosphere (such as CO,), the ocean’s
temperature is also expected to rise. The average
sea surface temperature is projected to increase by
a range of 2.0 - 3.5°C by the end of the century if
the current GHG emissions rate continues.

Furthermore, because of water’s natural capacity to
absorb heat, combined with global ocean circulation
patterns that transfer warm surface water across the
entire ocean basin, the projected warming is likely to
continue even if CO, emissions are brought under
control.

In addition to serving as a heat sink, the oceans also
act as a carbon sink by removing CO, from the at-
mosphere. Through this, the oceans can play a vi-
tal role in lessening the magnitude of temperature
change in the atmosphere. However, this service
comes at a cost as increased CO, in the water acidi-

What is the Policy Strategy to pursue?

fies the ocean (ocean acidification). As the water be-
comes more acidic, it causes problems for some ma-
rine life, particularly those that form calcium-based
shells (such as corals, crustaceans and shellfish).
Under high CO, emissions scenarios, the acidity of
the world’s oceans, as measured by pH, is likely to
decrease by 0.33 units by the end of the century, a
rate that is unprecedented over the past millions of
years.

With the melting of ice caps in sub-polar regions
and the dilution of the surface water, stratification
(formation of water layers with different properties,
such as salinity, that act as barriers to water mix-
ing) between warm, light surface water and cooler,
denser deep ocean water is expected to intensify.
Moreover, this stratification of ocean water is ex-
pected to limit the transfer of nutrients critical for
marine life from the deep ocean to the surface, as
well as the diffusion of oxygen from the surface to
the deep ocean.

BRINGING CO, EMISSIONS UNDER CONTROL will reduce the rate and magnitude of climate change,
ocean acidification and other related changes in ocean properties.

For risks that remain under this strategy, please see the summary table at the end of this report.

Nereus Program



Highlights from Nereus research

Frolicher and colleagues demonstrated that ocean
acidification is expected to emerge much earlier in
the 21 century than other ocean properties such as
temperature and oxygen. They evaluated the emer-
gence of CO, emission-driven patterns in four key
properties: warming, acidification, deoxygenation
and disturbance to biological productivity. Frolicher
and colleagues used Large Initial-Condition Ensem-
ble Simulations (LICES) with a comprehensive Earth
System Model (ESM) based on a historical trajectory
from 1950 and projected the future change under
various CO, emission scenarios up to 2100.

The authors also found that there are regional dif-
ferences in the changes in the patterns of ocean-
ographic conditions. For example, in tropical areas,
changes in sea surface temperature emerge ear-
ly; yet, oxygen concentration in subsurface water
emerges much later. Conversely, the change in sub-

Reference

surface oxygen concentration emerges much earli-
er in the Southern Ocean. When examining projec-
tions for all four properties together, the patterns
of CO, emission-driven changes emerge in 41% of
the global ocean from 2005 to 2014 and 63% from
2075 to 2084. The combined changes in properties
emerge much more prominently in the Southern
Ocean, North Pacific, and Atlantic by the end of the
century, but remain relatively low over the tropics
and the South Pacific.

In terms of impact on marine ecosystems, there is
a pressing concern in the tropics where coral reefs
are susceptible to warming and acidification — the
two conditions that are projected to emerge earliest
in the area. More generally, in regions where these
changes in ocean properties emerge most strong-
ly, marine ecosystems may be pushed beyond their
natural capability to cope.

Rodgers, K. B., Lin, J., & Frolicher, T. L. (2015). Emergence of multiple ocean ecosystem drivers in a large
ensemble suite with an Earth system model. Biogeosciences, 12(11), 3301-3320. hitn:/daiarg/105194

hg-12-3301-2015
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2. Climate change is expected to affect the oceans’ biological
productivity — from phytoplankton to the top predators.

Current scientific understanding

The impact of climate change on marine biologi-
cal productivity will vary geographically, due to the
physiological condition, the habitat structure, and
the composition of the species that occur in these
areas. The projected changes in phytoplankton pro-
duction will ultimately affect the growth and surviv-
al of animals that feed on these phytoplanktons, as
well as the fisheries that depend on the production
of a variety of fishes and invertebrates.

Climate change is projected to intensify the strati-
fication of ocean layers (formation of water layers
with different properties, such as salinity, that act as
barriers to water mixing) and reduce the transfer of
nutrients from the deep ocean to the surface. In nu-
trient limited regions of the low and mid-latitudes,
this reduced transfer of nutrients from the deep

ocean will decrease biological productivity, specifi-
cally phytoplankton production, on the surface. In
temperate and sub-polar waters, which are nutrient
rich but receive less light exposure than tropical wa-
ters, the reduction in sea ice coverage and sea wa-
ter mixing may promote longer growing seasons and
phytoplankton production.

On a regional level, the impacts of climate change
on marine biological productivity may be more dis-
tinct and influenced by local conditions. For exam-
ple, in some areas, the heating patterns between
land mass and sea surface may be more pronounced
and result in stronger wind currents, intensified up-
welling of deep sea water to the surface, and greater
phytoplankton production.

What are the Policy Strategies to pursue?

BRINGING CO, EMISSIONS UNDER CONTROL will reduce the rate and magnitude of climate change,
ocean acidification and other related changes in ocean properties.

MAINTAINING BIODIVERSITY, HABITAT AND ECOSYSTEM STRUCTURE will protect the capacity of
marine ecosystems to adapt to impacts from all human-induced stressors and enhance ecosystem services

to human societies.

For risks that remain under this strategy, please see the summary table at the end of this report.

Highlights from Nereus research

To understand the relative effects of primary pro-
duction and fishing effort on the productivity of
commercially important fish stocks, McOwen and
colleagues assessed the historical trends of glob-
al fisheries catch among Large Marine Ecosystems
— regions of the world’s oceans from the coast to
seaward boundaries of continental shelves that are
characterized by distinct biophysical conditions.
They showed that the bottom-up (i.e. environmen-
tal conditions) and top-down (i.e. fishing) effects
vary consistently with the characteristics and ex-
ploitation status of the ecosystems. Specifically, the
bottom-up effects drive catches from productive,
overfished regions while top-down effects appear
more influential in relatively unproductive and un-
der-exploited waters. The authors conclude that

their findings can be attributed to differences in spe-
cies compositions and oceanographic properties of
regions, together with variations in fishing practices
and management effectiveness.

To further understand the importance of bottom-up
effects on fish stocks, Kearney, Stock and Sarmien-
to developed an ecological model that incorporates
the relationship between environmental conditions,
phytoplankton, fish and other marine animals. Us-
ing the Eastern Subarctic Pacific system as a case
study, the authors investigated the interactions be-
tween primary production (phytoplanktons), fishes,
and other marine predators. They found that organ-
isms do not necessarily increase in proportion to in-
creased primary production as a result of complex

Nereus Program



predatory interactions within the ecosystem. Stock
and colleagues also came to a similar conclusion in
their global assessment of planktonic ecosystems.
They found that the effects of the oceanographic
changes on primary production can be both ampli-
fied and attenuated for organisms higher in the food
chain.

Rykaczewski and colleagues considered the hypoth-
esis that increased CO, emissions would intensify
the upwelling (vertical water movement from deep
to the surface) of some coastal systems, such as the
Humboldt Current off Peru. These coastal upwelling
systems support some of the largest fisheries glob-
ally, as they bring nutrients to surface water, and the
intensified upwelling may increase fisheries’ yield in
the region. Rykaczewski and colleagues analyzed
existing studies on wind-upwelling relationships
around the world and found a strong correlation
between winds and upwelling intensity in the Cali-
fornia, Benguela, and Humboldt systems. However,
they observed an opposite relationship in the Iberi-
an system and no relationship in the Canary system.
The authors also found that the signals of upwelling
intensification are more commonly observed at high
latitude areas within each system. Thus, the study
provides some support for the hypothesis that CO,

References

emission affects coastal upwelling systems.

The projection of future fisheries production un-
der a range of climate change scenarios will require
further understanding of the relationships between
oceanography, primary production and fisheries. At
the same time, the uncertainties associated with
these interactions must be better understood and,
when possible, quantified. Applying an ecosystem
model based on sizes of marine organisms, Watson,
Stock and Sarmiento demonstrated the importance
of accounting for the movement of organisms in
the oceans when projecting their biomass and re-
sponses to human-induced stressors. Sarmiento and
Rykaczewski, with colleagues, showed how incon-
sistencies in underlying datasets could affect the
detection of trends and patterns in ocean primary
productivity. As such, they argued for continuous
satellite-based records to be maintained in order to
improve the models for climate change detections.

As for the uncertainties associated with the model-
ing of climate change impacts, the Nereus Program is
currently undertaking a comprehensive assemblage
of existing ocean ecosystems and fisheries models
to facilitate improvements in quantifying uncertain-
ties in future projections.

Beaulieu, C., Henson, S. A, Sarmiento, J. L., Dunne, J. P, Doney, S. C., Rykaczewski, R. R., & Bopp, L. (2013).
Factors challenging our ability to detect long-term trends in ocean chlorophyll. Biogeosciences, 10(4), 2711~
2724, http:/doiorg/10.5194/bg-10-2711-2013

Kearney, K. A., Stock, C., & Sarmiento, J. L. (2013). Amplification and attenuation of increased prima-
ry production in a marine food web. Marine Ecology Progress Series, 491, 1-14. http:/dol.org/10.3354

meps10484

McOwen, C. J., Cheung, W. W. L., Rykaczewski, R. R., Watson, R. A., & Wood, L. J. (2014). Is fisheries pro-
duction within Large Marine Ecosystems determined by bottom-up or top-down forcing? Fish and Fisheries.
http:/doi.org/10.1111/faf 12082

Stock, C. A., Dunne, J. P, & John, J. (2014) Global-scale carbon and energy flows through the planktonic
food web: an analysis with a coupled physical biological model. Progress in Oceanography, 120, 1-28. http:/
doj.org/10.1016/].pocean.2013.07.001

Sydeman, W. J., Garcia-Reyes, M., Schoeman, D. S., Rykaczewski, R. R., Thompson, S. A., Black, B. A., &
Bograd, S. J. (2014). Climate change and wind intensification in coastal upwelling ecosystems. Science,
345(6192), 77-80. http:/doi.org/10.1126/science 1251635

Watson, J. R., Stock, C. A., & Sarmiento, J. L. (2014). Exploring the role of movement in determining the
global distribution of marine biomass using a coupled hydrodynamic - size-based ecosystem model. Prog-
ress in Oceanography. http:/doi.org/10.1016/j.pocean.2014.02.001
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3. Climate change has already been affecting global marine eco-
systems and fisheries, with further impacts expected given current

trends in CO, emissions.

Current scientific understanding

In addition to food web interactions between phy-
toplankton, fish and other marine animals, climate
change is expected to affect the structure of marine
ecosystems and fisheries catch. Fish and inverte-
brates (e.g. crustaceans and shellfish) are sensitive
to water temperature and oxygen concentration
for their survival and each organism has a range
of ocean conditions that they can tolerate. When
they are exposed to conditions outside these rang-
es, their body functions, such as growth and repro-
duction, can be negatively impacted and, in extreme
cases, they could die.

Given the observed and projected changes in ocean
conditions, specifically the water temperature, acidi-
ty and oxygen concentration, marine species are be-
coming increasingly exposed to conditions beyond
their tolerance level. On an individual level, some

organisms may show decreased growth and body
size. On a species level, some species may change
in distribution by moving to areas more favourable
to their survival. All of this results in shifts in com-
munity composition and trophic interactions within
ecosystems. In addition, the losses of ecologically
important habitats (such as coral reef systems) are
also exacerbating the changes in ecosystem struc-
ture and species distribution.

The biological and ecological responses of marine
species to climate change and ocean acidification
can be observed in the fisheries through changes in
diversity, composition, distribution, and the quality
and quantity of the catch. This type of change is ex-
pected to continue and will have major implications
for future fisheries yields.

What are the Policy Strategies to pursue?

BRINGING CO, EMISSIONS UNDER CONTROL will reduce the rate and magnitude of climate change,
ocean acidification and other related changes in ocean properties.

MAINTAINING BIODIVERSITY, HABITAT AND ECOSYSTEM STRUCTURE will protect the capacity of
marine ecosystems to adapt to impacts from all human-induced stressors and enhance ecosystem services
to human societies.

DIVERSIFYING THE “TOOLKIT” FOR FISHERIES MANAGEMENT will ensure that fisheries management
has the capacity to implement a diverse range of strategies to address the increased uncertainties in the
marine ecosystems arising from multiple human-induced stressors and the impacts of climate change.

For risks that remain under this strategy, please see the summary table at the end of this report

Highlights from Nereus research

A study led by Cheung and Pauly showed that the
effects of climate change have been visible in the
catches of the world’s marine fisheries since the
1970s. Similarly, Pinsky, Sarmiento, and colleagues,
found that marine organisms are changing their dis-

tribution at a rate and direction that corresponds to
local temperature gradients. Moreover, Jones and
Cheung projected that the global redistribution of
marine species toward cooler waters of the polar re-
gions and into deeper waters will continue to 2050.
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Additionally, changes in ocean biogeochemical char-
acteristics, such as ocean warming, decreased oxy-
gen availability and increased acidity, caused by cli-
mate change are predicted to affect both physiology
and ecology of marine fishes. These effects include
shifts in their geographical distribution, age of matu-
rity, body size and natural survival. Cheung,
Sarmien-to, Frolicher, Lam and Pauly, with
colleagues, used computer simulation models that
incorporated the relationships between water
temperature, oxygen content and growth of fish to
examine biological and ecological responses of
over 600 species under various climate change
scenarios. They found that maximum weight in fish
communities is expected to shrink, on average, by
14-24% globally from 2000 to 2050 under a high
CO, emission scenario as a re-sult of both
redistribution of fish and increased con-straints on
growth. Decreases in growth and body size are
expected to reduce the overall productivity of fish
populations—and fisheries catch—as well as affect
the ecosystem dynamics in these areas.

Cheung and colleagues, in their contribution to the

References

Fifth Assessment Report of the Inter-governmental
Panel on Climate Change in 2014, highlight that the
impacts of climate change on fish stocks and fisher-
ies are uneven. Specifically, the tropics will experi-
ence a high rate of local species extinction, decreas-
es in catch potential, and a significant decrease in
the size of fish. Coastal communities in the tropics
are highly dependent on fisheries and, therefore,
their food security and livelihood could be heavily
affected by climate change.

However, there are coastal communities that are
predicted to benefit from the CO, emission-driven
changes in marine fisheries over the short term. A
study by Lam, Cheung and Sumaila, using a bio-eco-
nomic model, found the potential gains in the Arctic
communities. While increases in water temperature
and biological productivity and decreased sea ice
coverage are expected to yield higher fisheries pro-
duction, the authors also cautioned that ocean acid-
ification will add a substantial degree of uncertainty
to the change in fisheries potential in the region.

Cheung, W. W. L., Sarmiento, J. L., Dunne, J., Fréelicher, T. L., Lam, V. W. Y., Palomares, M. L. D., Watson, R,
& Pauly, D. (2013). Shrinking of fishes exacerbates impacts of global ocean changes on marine ecosystems.
Nature Climate Change, 3(3), 254-258. http:/doi.org/10.1038/nclimate1691

Cheung, W. W. L., Watson, R., & Pauly, D. (2013). Signature of ocean warming in global fisheries catch.
Nature, 497(7449), 365-368. http:/doi.ore/10.1038/nature12156

Jones, M. C., & Cheung, W. W. L. (2015). Multi-model ensemble projections of climate change effects on
global marine biodiversity. ICES Journal of Marine Science, 72(3), 741-752. http:/doi: 10.1093/icesims
fsul/2

Lam, V. W. Y., Cheung, W. W. L., & Sumaila, U. R. (2014). Marine capture fisheries in the Arctic: winners or
losers under climate change and ocean acidification? Fish and Fisheries. http:/doi.org/10.1111/faf 12106

Portner, H. O., Karl, D., Boyd, PW., Cheung, W. W. L., Liuch-Cota, S.E. , Nojiri, Y., Schmidt, D.N., & Zavialov,
P. (2014). Ocean systems. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and
Sectoral Aspects. Contribution of Working Group Il to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Field, C.B., Barros, P, Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee,
M., Ebi, K.L., Estrada, Y.O., Genova, R.C., Girma, B., Kissel, E.S., Levy, A.N., MacCracken, S., Mastrandrea,
PR., & White, L.L. (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
pp. 411-484.

Pinsky, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L., & Levin, S. A. (2013). Marine taxa track local climate
velocities. Science, 341(6151), 1239-1242. http:/doi.ore/10.1126/science. 1239352
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4. Fishing exerts significant pressures on marine ecosystems
globally — altering biodiversity and food web structures — and
affects the ability of the international community to meet its

sustainability goals.

Current scientific understanding

Fisheries affect both the productivity and abundance
of marine fish stocks. Excessive fishing pressure has
and continues to deplete fish stocks to levels that
are less productive and not sustainable. Today, 28
percent of the global fish stocks are considered to
be biologically unsustainable (i.e. overfished). The
implications of overfishing can reverberate across
marine ecosystems by affecting other organisms
with which an exploited fish species interacts, both
directly (e.g. predator-prey interactions) and indi-
rectly (e.g. trophic cascade).

In particular, large predatory species that are inher-
ently vulnerable to fishing due to individual biological
characteristics (e.g. slow growth) have been signifi-
cantly depleted across a number of marine ecosys-
tems. Consequently, these marine ecosystems are
increasingly dominated by smaller, fast-growing or-

ganisms that occupy lower levels of the food chain.
While some short-term and local benefits may arise
from the restructuring of marine food webs (e.g.
increasing fisheries yield of smaller prey species),
the long-term effects of continued overfishing will
be the loss of marine biodiversity. Moreover, some
species may play an important function in marine
ecosystems and the depletion or local extinction
of these keystone species — via overexploitation —
may result in greater ecosystem-wide disruptions.

Recognizing the vulnerability of marine ecosystems
to human-induced stressors, including fisheries, the
international community has made a series of com-
mitments to ensure the sustainable use of marine
living resources. Yet, given the current trends in
biodiversity and fisheries status, the targets set out
by many international bodies are unlikely to be met.
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What are the Policy Strategies to pursue?

MAINTAINING BIODIVERSITY, HABITAT AND ECOSYSTEM STRUCTURE will protect the capacity of
marine ecosystems to adapt to impacts from all human-induced stressors and enhance ecosystem services
to human societies.

DIVERSIFYING THE “TOOLKIT” FOR FISHERIES MANAGEMENT will ensure that fisheries management
has the capacity to implement a diverse range of strategies to address the increased uncertainties in the

marine ecosystems arising from multiple human-induced stressors and the impacts of climate change.

For risks that remain under this strategy, please see the summary table at the end of this report.

Highlights from Nereus research

A global meta-analysis of ecological models by
Christensen, Pauly and colleagues showed that the
biomass of large predatory fish has declined by two-
thirds across the world’'s oceans over the past 100
years. Their study also found that the rate of decline
in their biomass is accelerating, with over half of this
decline having occurred within the last 40 years. At
the same time, the populations of prey species were
shown to be increasing in abundance as they face
reduced predation pressure. The authors concluded
that, on a global scale, the predator-prey dynam-
ics of marine ecosystems have shifted significantly
in a manner consistent with the concept of “fishing
down marine food webs.”

Some species play a pivotal role in the dynamics
of marine ecosystems and the overexploitation
of these keystone species can result in significant
transformations of ecosystem structure. Valls and
Christensen, with a colleague, defined these key-
stone species as predators with the ability to dis-
proportionately influence food web structures. The
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authors examined existing ecological models to
identify and evaluate the roles of such species and
concluded that fishing frequently disrupts the eco-
logical functions that these species serve.

Given the historical and projected trends in the
management of the world’s oceans, the interna-
tional community is unlikely to meet some of its
conservation and sustainable development goals.
For example, Cheung, Christensen and colleagues
assessed the progress towards realizing the Aichi
Targets, twenty biodiversity-related objectives that
were developed in 2010 under the framework of
the Convention on Biological Diversity. The authors
concluded that the objectives associated with sus-
tainable fisheries are unlikely to be attained by the
2020 deadline. Though progresses toward the re-
building of overexploited fish stocks has been made
in many developed countries, the proportion of
stocks considered to be within ecologically sustain-
able limits is likely to decline unless there is a signif-
icant shift in the current global trajectory.
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5. The impacts of climate change interact with the existing
problems of overfishing and habitat destruction, driven largely by
excess fishing fleets and catching power, coastal development

and market expansion.

Current scientific understanding

As global fishing capacity — both in terms of the
number of vessels and technology available — ex-
pands and an increasing number of fish stocks be-
come fully or over-exploited, the prospect for further
growth in the world’s marine fisheries production is
diminished. Meanwhile, the intensification of oth-
er ocean and coastal activities, including offshore
mining, coastal development and renewable energy
generation, is likely to continue and may result in
potential conflicts with marine fisheries. These de-
velopments may also place coastal ecosystems and
habitats under greater strain.

Seafood is now one of the most widely traded food
commodities in the world, with the seafood indus-
try increasingly becoming highly integrated and glo-
balized. The consequences of large-scale stock col-
lapses may, therefore, have significant implications
throughout the global fisheries economy. Climate
change impacts on ocean ecosystems, by reducing
their productivity and biodiversity, will intensify the
effects of these fisheries-driven pressures. The con-
flict between the economic objectives of commer-
cial fisheries and conservation targets, particularly
with regards to protection of vulnerable species,
will continue.

What are the Policy Strategies to pursue?

DIVERSIFYING THE “TOOLKIT” FOR FISHERIES MANAGEMENT will ensure that fisheries management
has the capacity to implement a diverse range of strategies to address the increased uncertainties in the
marine ecosystems arising from multiple human-induced stressors and the impacts of climate change.

ADOPTING ECONOMIC SYSTEMS THAT SUPPORT SUSTAINABLE PRACTICE will create a market mod-
el that is capable of recognizing and rapidly responding to the effects of all human-induced stressors on

the oceans.

For risks that remain under this strategy, please see the summary table at the end of this report.
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Highlights from Nereus research

The historical catch reconstruction work conducted
by the Sea Around Us Project reveals that the scale
of fishing activities over the past 60 years may be
significantly larger than previously thought. This
finding suggests that the world’s marine ecosystems
have been under considerably more pressure from
exploitation by fisheries. Thus, the impacts on the
marine systems may intensify when compounded
with those of climate change. A study by Cheung
and Sumaila applied bio-economic analyses to iden-
tify areas where fisheries are most economically
and biological susceptible to over-exploitation. The
authors found that vulnerability of fish stocks is in-
herently high on the northeastern coast of Canada,
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the Pacific coast of Mexico, the Peruvian coast, the
southern and southeastern coast of Africa, in the
South Pacific, and in the Antarctic.

Swartz, Folke and Osterblom, with colleagues, exam-
ined the relationship between the fish abundance,
fisheries catch (i.e. supply) and the price consumers
pay at the retail market in globally integrated sup-
ply chain systems. The authors concluded that the
signals of stock overexploitation are rarely captured
in the price. Thus, the decline in the fish population
does not necessarily translate into an increase in
price for that fish and may not raise public aware-
ness for overexploitation.

Cheung, W. W. L. & Sumaila, U. R. (2015). Economic incentives and overfishing: a bio-economic vulnerabil-
ity index. Marine Ecology Progress Series, 530, 223-232. http:/doi.org/10.3354/meps11135
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berg, J., Osterblom, H., Deutsch L., Troell, M. (2015). Masked, diluted and drowned out: how global seafood
trade weakens signals from marine ecosystems. Fish and Fisheries. http./doi.org/10.1111/faf 12109
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6. Aguaculture is developing rapidly, with the potential to
supersede marine capture fish supply. Yet, the full understanding
of its impacts, including its long-term ecological and social

sustainability, remains unclear.

Current scientific understanding

Aquaculture currently supplies almost half of the to-
tal fish and shellfish consumed directly by humans.
On a global scale, aquaculture offers the potential to
reduce the vulnerability of the global food system,
acting as a buffer by presenting alternative sources
for animal proteins and other micronutrients for hu-
man consumption.

Nonetheless, aquaculture remains an emerging in-
dustry and requires further development of respon-
sible management and best business practice as well

as strategic environmental planning and sustainabili-
ty assessment.

The key concerns over the unregulated expansion
of aguaculture include: the use of wild fish as feeds
and stock, discharge of pollutants, impacts on lo-
cal ecology, habitat degradation, and lack of trans-
parency. However, technological improvements in
farming practices and the strengthening of local
management capacities are lessening some of these
impacts.

What are the Policy Strategies to pursue?

ADOPTING ECONOMIC SYSTEMS THAT SUPPORT SUSTAINABLE PRACTICE will create a market mod-
el that is capable of recognizing and rapidly responding the effects of all human-induced stressors on the
oceans.

ENHANCING COOPERATION AND COORDINATION BETWEEN INTERNATIONAL FISHERIES REGU-
LATION AND REGULATION OF OTHER MARITIME ACTIVITIES will address challenges to managing and
responding to global environmental changes by increasing the coordination between existing global and
regional regulatory frameworks.

ENSURING EQUITABLE DISTRIBUTION AND ACCESS FOR FISHING IN VULNERABLE COMMUNITIES
will safeguard the rights of coastal communities that are vulnerable to the impacts of ocean changes driven

by human-induced stressors. This includes more equitable distribution of access to the world’s fish stocks.

For risks that remain under this strategy, please see the summary table at the end of this report.
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Highlights from Nereus research

Metian, Boustay, and colleagues, found that aqua-
culture practices involving large predatory fish (e.g.
blue-fin tuna), are highly dependent on marine
capture fisheries to supply the protein and lipids
required for growing these fish. Furthermore, they
argued that some mariculture (i.e. aquaculture in
the marine environment) currently contribute only a
small proportion to the total fish production in vol-
ume, but will soon play a major economic role in the
global seafood supply due to their high commod-
ity value. Capture-based tuna farming is a form of
aquaculture that requires stocking of juveniles from
wild fish stocks. The authors highlighted concerns
related to the governance of the operations as they
expand, including the lack of reporting standards, its
impacts on wild stock and the risk of over-develop-
ment in absence of robust management measures.

As for the socioeconomic impacts of aquaculture,
Metian and colleagues found that the development
of aquaculture may have contributed to the im-
provement of food security in Asia, but has had little
role in Africa to date. This is due to the fact that the
fish farmed may not correspond with local demand
or may not be available locally as they are exported.

In the first review of the Chinese aquaculture in-
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dustry, the largest contributor of farmed fish to the
global supply, Metian and colleagues found that it is
increasingly utilizing feeds based on fish from wild
stocks. The authors warned that such practice is un-
sustainable and called for reduced dependency on
wild fish stocks, suggesting byproducts from sea-
food processing as a potential alternative.

Aquaculture has a limited ability to add resilience
to global food systems, which are the entire food
production operation on both land and sea. This is
because aquaculture relies on wild fish as well as
terrestrial crops that are consumed directly among
low income households. Metian, Folke and Osterb-
lom, with colleagues, found that the increased use
of food crops in aquaculture may lead to a surge in
price levels and availability for low-income house-
holds. Therefore, the cost to develop the production
system on a larger scale can be a burden on this
particular sector of society. The authors identified
that there are opportunities for aquaculture to
enhance food security, but outcomes will depend
on whether government policies can provide appro-
priate incentives for resource efficiency, equity, and
environmental protection.
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7. Sustainable fisheries in the future require the further
development and strengthening of international fisheries law,
as well as the overarching international framework for ocean

governance.

Current scientific understanding

Given the current and projected intensification of
human-induced environmental stressors and their
expected impacts on the world’s oceans and eco-
systems, there is an urgent need for the further
strengthening of international fisheries law and
global ocean governance frameworks.

Specifically, the universal support for and operation-
alization of the more comprehensive ecosystem ap-
proach to fisheries management is required.

Moreover, benefits from fisheries and burdens from
implementation of various conservation measures
must be fairly and equitably distributed across rel-
evant states and stakeholders. This type of effort
must be complemented by reforms in the overarch-
ing framework of global ocean governance, includ-
ing greater cooperation and coordination among
fisheries management authorities, as well as with
agencies involved in regulating other maritime ac-
tivities.

What are the Policy Strategies to pursue?

ENHANCING COOPERATION AND COORDINATION BETWEEN INTERNATIONAL FISHERIES REGU-
LATION AND REGULATION OF OTHER MARITIME ACTIVITIES will address challenges to managing and
responding to global environmental changes by increasing the coordination between existing global and

regional regulatory frameworks.

ENSURING EQUITABLE DISTRIBUTION AND ACCESS FOR FISHING IN VULNERABLE COMMUNITIES
will safeguard the rights of coastal communities that are vulnerable to the impacts of ocean changes driven
by human-induced stressors. This includes more equitable distribution of access to the world’s fish stocks.

For risks that remain under this strategy, please see the summary table at the end of this report.

Highlights from Nereus research

With improvements in the projections of future
ocean changes and marine productivity, the fisher-
ies status, seafood availability and security, there is
a demand for better understanding of how gover-
nance can influence the future outcomes of global
oceans and related socio-economic impacts. In light
of this, Nereus Program researchers (led by Osterb-
lom) have constructed a conceptual model that fo-
cuses on the complexity and dynamic interactions
between the natural and social systems that dictate
human exploitation of the marine environment.

Merrie, with other Nereus Program researchers,
examined the historical development of commer-

cial uses of the high seas (e.g. fisheries, shipping),
concluding that potential conflicts between various
users of marine space may occur unexpectedly and
may have unexpected cumulative environmental
impacts on ecosystems.

Furthermore, Ota, with Hanich, assessed the frame-
work of the regional fisheries management orga-
nizations (RFMQOs), specifically the management
of international tuna resources under the Western
and Central Pacific Fisheries Commission (WCPFC).
Their analysis focused on the distribution of ben-
efits and burdens associated with various fisheries
conservation and management measures and found
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that, in many cases, the costs of conservation are of-
ten disproportionately distributed across stakehold-
ers. Ota and Hanich explored approaches to attain-
ing more equitable distribution of costs and benefits
in multi-national fisheries.

In discussing the management of illegal, unreport-
ed and unregulated (IUU) fisheries in the Southern
Ocean, Osterblom and Folke highlighted the emer-
gence of informal groups and networks between
both state actors (national and inter-governmental)
and non-state actors (fishing industries and environ-
mental NGOs). They concluded that the stewardship
of regional marine resources is highly dependent on
four features: actors, networks, organization and in-
stitutions.

in which management measures are directly tied to
ecological conditions of the ocean and are updated
in real-time. Dynamic ocean management is more
capable of addressing shifting species distributions
under climate change and should achieve manage-
ment goals more efficiently than traditional static
measures.

At a more localized tier of management, Dunn,
Boustany and Halpin co-authored a study laying
out the concept of dynamic ocean management,
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LOOKING TO THE FUTURE

Based on the current trajectory of human-induced impacts on the environment, it is clear that we are push-
ing the oceans and marine ecosystems to unprecedented limits. Environmental changes in ocean properties
— caused or influenced by climate change and ocean acidification — as well as other human drivers, have
led to an array of ecological responses, from shifts in the composition of the ocean’s phytoplankton to
changing distributions of fish species.

Pressures on our oceans from human activities are intensifying, due to the expected rise in the demand for
global seafood brought on by an expanding global population, further economic developments, and shifts in
our food preferences. Therefore, responsible, ecosystem-based and precautionary management of fisheries
resources is paramount to ensure that seafood remains an important component in global food systems.

The oceans in the past will not be the same as the oceans in the future. They are expected to change at a
rate and magnitude that are unprecedented in human history, and empirical relationships between oceans,
fish and fisheries observed in the past may differ from future dynamics. We need to improve our ability to
anticipate and respond to future ocean changes by exploring the evolving nature in both ecological and
SOCio-economic systems.

The Nereus Program will continue to highlight the pressing need to understand the mechanisms under-
pinning the functioning of physical, ecological, social, legal and governance systems in its future research.
Specifically, the overarching interdisciplinary research themes for the next phase of the Nereus Program
will address the following:

- The predictions of future global oceans and fisheries

- Biological and societal adaptation to climate change and ocean acidification

- Adjustments to international fisheries law

- The overarching framework for ocean governance to meet current and emerging changes
- The challenges small-scale and culturally important fisheries face under climate change

Finally, as an attempt to apply our knowledge to responsible, ecosystem-based and precautionary man-
agement, we have identified six strategies that can be used to address immediate challenges to the sus-
tainability of marine living resources, with a particular emphasis on fisheries. These six strategies are also
topics that require further research to fully appreciate their importance and influence in contributing to the
sustainability of the future oceans:

Strategies Stressors being ad- Scope of risk reduction
dressed

1. BRINGING CO, EMISSIONS  Reduce the rate and mag- Based on current understanding of the

UNDER CONTROL nitude of climate change, oceans and available technology, emission
ocean acidification and other reductions will be most effective in mit-
related changes in ocean igating the risks associated with climate
properties. change and ocean acidification.

However, due to past COQemissions, the
effects of climate change on the oceans
will continue to be visible in the short to
medium term (up to 40 years), particularly
in sensitive regions and systems.
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2. MAINTAINING BIODIVER-

SITY, HABITAT AND ECOSYS-

TEM STRUCTURE

Protect the capacity of ma-
rine ecosystems to adapt to
impacts from all human-in-
duced stressors and en-
hance ecosystem services to
human societies.

Marine ecosystems have some intrinsic
ability to absorb stressors. Therefore, the
risk of impacts from climate and non-cli-
mate change related stressors, such as
fishing and habitat modification, can be
reduced through protection and enhance-
ment of this ability. For example, this can
be done by maintaining biodiversity and
preserving ecosystem structure.

However, there is a limit to how much
these ecosystems can endure. The risks
will not be fully eliminated, particularly if
the global-scale stressors, such as climate
change, are not sufficiently mitigated.

3. DIVERSIFYING THE “TOOL-

KIT” FOR FISHERIES MAN-
AGEMENT

Ensure that fisheries man-
agement has the capacity to
implement a diverse range
of strategies to address the
increased uncertainties in
the marine ecosystems aris-
ing from multiple human-in-
duced stressors and the
impacts of climate change.

Ecosystem-based management recogniz-
es a full array of interactions within an
ecosystem, including human impacts. By
incorporating such strategies, the risk of
direct exploitation and habitat destruction
on ecosystems can be reduced. However,
without sufficient CO, emission control,
the threats from climate change and ocean
acidification remain.

4. ADOPTING ECONOMIC
SYSTEMS THAT SUPPORT
SUSTAINABLE PRACTICE

Create a market model that
is capable of recognizing and
rapidly responding to the
effects of all human-induced
stressors on the oceans.

The risk from human-induced stressors
can be minimized by creating incentives
for sustainable use, such as fisheries, and
greater opportunities for public actions.
This approach can be applied at both re-
gional and global levels.

5. ENHANCING COOPERA-
TION AND COORDINATION
BETWEEN INTERNATIONAL

FISHERIES REGULATION AND

REGULATION OF OTHER
MARITIME ACTIVITIES

Address challenges to man-
aging and responding to
global environmental chang-
es by increasing the coor-
dination between existing
global and regional regulato-
ry frameworks.

The risk from multiple human-induced
stressors can be reduced by narrowing
the gaps in ocean governance through
more holistic approaches such as ecosys-
tem-based management. However, this
approach needs to be paired with local
strategies that consider regional impacts.

6. ENSURING EQUITABLE DIS-
TRIBUTION AND ACCESS FOR

FISHING IN VULNERABLE
COMMUNITIES,

Safeguard the rights of
coastal communities that are
vulnerable to the impacts

of ocean changes driven by
human-induced stressors.
This includes more equitable
distribution of access to the
world’s fish stocks.

Risk will be reduced by providing eco-
nomic opportunity and food security, but
not fully eliminated, especially for those
politically and economically marginalized
coastal communities in both developed and
developing countries, including indigenous
communities and communities in extreme
poverty.
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