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A	thin layer	of	life	in	peril:	the	biosphere
(Folke et al 2021)

evolved within the biosphere. Our economies, societies,

and cultures are part of it. It is our home.
Across the ocean and the continents, the biosphere

integrates all living beings, their diversity, and their rela-

tionships. There is a dynamic connection between the liv-
ing biosphere and the broader Earth system, with the

atmosphere, the hydrosphere, the lithosphere, the cryo-

sphere, and the climate system. Life in the biosphere is
shaped by the global atmospheric circulation, jet streams,

atmospheric rivers, water vapour and precipitation patterns,
the spread of ice sheets and glaciers, soil formation,

upwelling currents of coastlines, the ocean’s global con-

veyer belt, the distribution of the ozone layer, movements
of the tectonic plates, earthquakes, and volcanic eruptions.

Water serves as the bloodstream of the biosphere, and the

carbon, nitrogen, and other biogeochemical cycles are
essential for all life on Earth (Falkenmark et al. 2019;

Steffen et al. 2020). It is the complex adaptive interplay

between living organisms, the climate, and broader Earth
system processes that has evolved into a resilient

biosphere.

The biosphere has existed for about 3.5 billion years.
Modern humans (Homo sapiens) have effectively been

around in the biosphere for some 250 000 years (Mounier

and Lahr 2019). Powered by the sun, the biosphere and the
Earth system coevolve with human actions as an integral

part of this coevolution (Lenton 2016; Jörgensen et al.

2019). Social conditions, health, culture, democracy,
power, justice, inequity, matters of security, and even

survival are interwoven with the Earth system and its

biosphere in a complex interplay of local, regional, and

worldwide interactions and dependencies (Folke et al.

2016).
Belief systems that view humans and nature as separate

entities have emerged with economic development, tech-

nological change, and cultural evolution. But the fact that
humans are living within and dependent upon a resilient

biosphere has and will not change. Existing as embedded

within the biosphere means that the environment is not
something outside the economy or society, or a driver to be

accounted for when preferred, but rather the very founda-
tion that civilizations exist within and rely upon (Fig. 1).

A dominant force on earth

The human population reached one billion around 1800. It

doubled to two billion around 1930, and doubled again to
four billion around 1974. The global population is now

approaching 8 billion and is expected to stabilize around

9–11 billion towards the end of this century (UN 2019).
During the past century, and especially since the 1950s,

there has been an amazing acceleration and expansion of

human activities into a converging globalized society,
supported by the discovery and use of fossil energy and

innovations in social organization, technology, and cultural

evolution (Ellis 2015; van der Leeuw 2019). Globalization
has helped focus attention on human rights, international

relations, and agreements leading to collaboration (Keo-

hane et al. 2009; Rogelj et al. 2016; Bain 2019) and, rather
remarkably, it appears, at least so far, to have inhibited

large-scale conflict between states that have plagued civi-

lizations from time immemorial. Health and material

Fig. 1 The home of humankind. Our economies, societies, and civilizations are embedded in the Biosphere, the thin layer of life on planet Earth.
There is a dynamic interplay between the living biosphere and the broader Earth system, with the atmosphere, the hydrosphere, the lithosphere,
the cryosphere, and the climate system. Humans have become a major force in shaping this interplay. Artwork by J. Lokrantz, Azote
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GAIA Hypothesis
• Hypothesis of climatologist James 

Lovelock and microbiologist Lynn 
Margulis in the 1970s 

• The Earth is said to be "a dynamic
physiological system that includes the 
biosphere and has kept our planet for over 
three billion years in harmony with life" 

• 2°C warming: imagine the temperature of 
the human body constantly rising to 39°C
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MARINE CONSERVATION

Marine defaunation: Animal loss in
the global ocean
Douglas J. McCauley,* Malin L. Pinsky, Stephen R. Palumbi, James A. Estes,
Francis H. Joyce, Robert R. Warner

BACKGROUND: Comparing patterns of ter-
restrial and marine defaunation helps to
place human impacts on marine fauna in
context and to navigate toward recovery. De-

faunation began in ear-
nest tens of thousands of
years later in the oceans
than it did on land. Al-
though defaunation has
been less severe in the
oceans than on land, our

effects on marine animals are increasing in
pace and impact. Humans have caused few
complete extinctions in the sea, but we are
responsible for many ecological, commercial,
and local extinctions. Despite our late start,
humans have already powerfully changed
virtually all major marine ecosystems.

ADVANCES: Humans have profoundly de-
creased the abundance of both large (e.g.,

whales) and small (e.g., anchovies) marine
fauna. Such declines can generate waves of
ecological change that travel both up and
down marine food webs and can alter ocean
ecosystem functioning. Human harvesters
have also been a major force of evolutionary
change in the oceans and have reshaped the
genetic structure of marine animal popula-
tions. Climate change threatens to accelerate
marine defaunation over the next century.
The high mobility of many marine animals
offers some increased, though limited, ca-
pacity for marine species to respond to cli-
mate stress, but it also exposes many species
to increased risk from other stressors. Be-
cause humans are intensely reliant on ocean
ecosystems for food and other ecosystem ser-
vices, we are deeply affected by all of these
forecasted changes.
Three lessons emerge when comparing

the marine and terrestrial defaunation ex-

periences: (i) today’s low rates of marine
extinction may be the prelude to a major
extinction pulse, similar to that observed
on land during the industrial revolution, as
the footprint of human ocean use widens;
(ii) effectively slowing ocean defaunation
requires both protected areas and care-
ful management of the intervening ocean
matrix; and (iii) the terrestrial experience
and current trends in ocean use suggest
that habitat destruction is likely to become
an increasingly dominant threat to ocean
wildlife over the next 150 years.

OUTLOOK:Wildlife populations in the oceans
have been badly damaged by human activ-
ity. Nevertheless, marine fauna generally
are in better condition than terrestrial fauna:
Fewer marine animal extinctions have oc-
curred; many geographic ranges have shrunk
less; and numerous ocean ecosystems re-
main more wild than terrestrial ecosystems.
Consequently, meaningful rehabilitation of
affected marine animal populations remains
within the reach of managers. Human depen-
dency on marine wildlife and the linked
fate of marine and terrestrial fauna necessi-
tate that we act quickly to slow the advance
of marine defaunation.▪

RESEARCH

SCIENCE sciencemag.org 16 JANUARY 2015 • VOL 347 ISSUE 6219 247

Timeline (log scale) of marine and terrestrial defaunation. The marine defaunation experience is much less advanced, even though humans have
been harvesting oceanwildlife for thousands of years.The recent industrialization of this harvest, however, initiated an era of intensemarine wildlife declines.
If left unmanaged, we predict that marine habitat alteration, along with climate change (colored bar: IPCC warming), will exacerbate marine defaunation.

The list of author affiliations is available in the full article online.
*Corresponding author. E-mail: douglas.mccauley@lifesci.
ucsb.edu Cite this article as D. J. McCauley et al., Science
347, 1255641 (2015). DOI: 10.1126/science.1255641

ON OUR WEB SITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.1255641
..................................................
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Numerous pressures on the Oceans
(McCauley et al Science et al 2015) 



A connected world fully exploited
(Folke et al 2021)

and societies but co-evolving also with biosphere dynamics

shaping the preconditions for human wellbeing and civi-
lizations (Jörgensen et al. 2018; Keys et al. 2019). For

example, extreme-weather and geopolitical events, inter-

acting with the dynamics of the food system (Cottrell et al.
2019), can spill over multiple sectors and create syn-

chronous challenges among geographically disconnected

areas and rapidly move across countries and regions
(Rocha et al. 2018). The rise of antibiotic resistance, the

rapid spread of the corona-pandemic, or altered moisture
recycling across regions expose the intertwined world.

Probabilities and consequences of the changes are not only

scale dependent, but also changing over time as a result
of human actions, where those actions can either exacer-

bate or mitigate the likelihood or consequences of a given

event.
In the twenty-first century, people and planet are truly

interwoven and coevolve, shaping the preconditions for

civilizations. Our own future on Earth, as part of the bio-
sphere, is at stake. This new reality has major implications

for human wellbeing in the face of climate change, loss of

biodiversity, and their interplay, as elaborated in the next
section.

CLIMATE CHANGE AND LOSS OF BIODIVERSITY

Contemporary climate change and biodiversity loss are not
isolated phenomena but symptoms of the massive expan-

sion of the human dimension into the Anthropocene. The

climate system plays a central role for life on Earth. It sets

the boundary for our living conditions. The climate system

is integral to all other components of the Earth system,
through heat exchange in the ocean, albedo dynamics of

the ice sheets, carbon sinks in terrestrial ecosystems, cycles

of nutrients and pollutants, and climate forcing through
evapotranspiration flows in the hydrological cycle and

greenhouse pollutants. Together these interactions in the

Earth system interplay with the heat exchange from the sun
and the return flow back to space, but also in significant

ways with biosphere-climate feedbacks that either mitigate
or amplify global warming. These global dynamics interact

with regional environmental systems (like ENSO or the

monsoon system) that have innate patterns of climate
variability and also interact with one another via telecon-

nections (Steffen et al. 2020). The living organisms of the

planet’s ecosystems play a significant role in these complex
dynamics (Mace et al. 2014).

Now, human-induced global warming alters the capacity

of the ocean, forests, and other ecosystems in sequestering
about half of the CO2 emissions, as well as storing large

amounts of greenhouse gases (GHG) in soils and peatlands

(Steffen et al. 2018). Increased emissions of GHG by
humans are creating severe climate shocks and extremes

already at 1.2! warming compared to pre-industrial levels

(WMO 2020). In addition, human homogenization and
simplification of landscapes and seascapes cause loss of

biosphere resilience, with subsequent erosion of the role of

the fabric of nature in generating ecosystem services (Diaz
et al. 2018) and serving as insurance to shocks and surprise

and to tipping points and regime shifts (Nyström et al.

2019).

Fig. 2 A snapshot of the interconnected globalized world, showing the human influence in terms of settlements, roads, railways, air routes,
shipping lanes, fishing efforts, submarine cables, and transmission lines (Credit: Globaı̈a). Reprinted with permission
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Concentration in ocean economy
top 100 companies "Ocean 100" = 60% of total revenue

(Virdin et al 2021)

(Virin et al. 2021)

Virdin et al., Sci. Adv. 2021; 7 : eabc8041     13 January 2021
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biggest company in the ocean economy by annual revenues was the 
oil and gas company Saudi Aramco, and 9 of the 10 largest compa-
nies in the ocean economy were in the offshore oil and gas industry 
(Fig. 2). Sixty of the 100 TNCs are publicly listed on stock exchanges 
(though several are majority state-owned), and these companies 
generated 63% of the 2018 revenues of the Ocean 100 (with 21 of the 
remaining 40 TNCs being state-owned enterprises, and the other 19 
private companies).

Given the prevalence of offshore oil and gas TNCs in the Ocean 
100 (and subsequent volatility in oil prices), an alternative list of the 
Ocean 100 excluding the offshore oil and gas industry was also de-
veloped to show the distribution of revenue among TNCs in the rest 
of the core ocean economy industries (fig. S1). Excluding offshore 
oil and gas, the biggest company was A.P. Moller-Maersk, and 5 of 
the 10 largest companies were container shipping TNCs. Overall, 
the biggest non-oil and gas industry was container shipping (30%), 
followed by shipbuilding and repair (23%), maritime equipment 
and construction (16%), seafood production (13%), cruise tourism 
and port activities (8% each), and offshore wind (2%). A majority of 
these TNCs (62%) are listed on stock exchanges and generated 68% 
of the total revenues of the non-oil and gas Ocean 100 (30 of the 
remaining 38 TNCs being private companies, and the other 8 state-
owned enterprises).

Although transnational in operations, the location of the head-
quarters of the TNCs can provide some indication of the geographic 
distribution of the ocean economy revenues and benefits. Of the 
Ocean 100, TNCs with the highest share of the total revenues were 

located in the United States (12%), followed by TNCs headquartered 
in Saudi Arabia and China (8% each), Norway (7%), France (6%), the 
United Kingdom (5%), and South Korea, Brazil, Iran, the Netherlands, 
and Mexico (4% each) (Fig. 3 and table S2). Ocean economy industries 
exhibited distinct regional patterns of distribution, with Saudi Arabia, 
Brazil, Iran, Mexico, and the United States, respectively, hosting the 
largest offshore oil and gas TNCs; China, South Korea, and the 
United States hosting the largest shipbuilding and repair TNCs; and 
South Korea, China, and Italy hosting the largest maritime equipment 
and construction TNCs (Fig. 3 and fig. S2).

DISCUSSION
The level of concentration of TNCs found in the ocean economy is 
consistent with the structure of the global economy and its extended 
supply chains (15, 18). While our findings are comparable with re-
cent estimates showing high degrees of concentration for terrestrial 
industries and commodities (e.g., 3, 4, 5, and 10 companies account 
for 60, 84, 90, and 40% of commercial crop seeds, pesticides, palm 
oil, and coffee global markets, respectively) (15), the eight industries 
of the ocean economy assessed here represent relatively mature in-
dustries with global supply chains. High levels of technical expertise 
and capital that are needed to operate in the ocean environment 
may pose further barriers to entry for smaller companies operating 
in these established ocean industries, as well as in more recent ones 
such as marine biodiscovery, offshore renewables, or deep-sea mining. 
Similarly, geographical patterns of ocean industry dominance, where 
TNC headquarters were found to be clustered by industry and loca-
tion (Fig. 3 and fig. S2), may reflect the influence of distinct political 
contexts shaping their development (e.g., as governments are the 
largest beneficiaries of offshore oil and gas revenues, capturing 41% 
of total industry revenues, or given patterns of government sub-
sidies to develop shipbuilding, public investment in port infra-
structure, etc.).

The risks of a concentrated ocean economy
High levels of concentration in the ocean economy pose clear risks 
to achieving widely shared goals for sustainability by contributing 
to inequality in access to ocean benefits and resources (10). The 
dominance of a small number of TNCs, headquartered in a handful 
of countries and regions, can enable targeted lobbying of regulators 
to weaken social or environmental standards (e.g., the alleged lob-
bying of shipping companies to avoid regulation of greenhouse gas 
emissions) (24) or to set barriers to entry in an industry that hinder 
sustainable practices across national or international levels (15). 
This risk may be particularly high in areas characterized by weak 
ocean governance or substantial levels of corruption (25). Such con-
centration has contributed to imbalances in political power and, in 
some cases, “ocean grabbing,” where the benefits from use of finite 
ocean space and resources characterized as public goods are captured 
by a few (11, 26), while traditional ocean users (who are often polit-
ically marginalized) lose access to resources and a just operating 
space within the ocean economy (9). For example, loss of access for 
small-scale fisheries, which are by far the ocean’s largest employers 
(9), has threatened human rights (27) and exacerbated inequity (10). 
Similarly, because of the interdependent nature of the SDGs, a loss 
of access to ocean benefits and resources would also compromise 
progress toward other goals such as ending poverty (SDG 1) and 
hunger (SDG 2) (28).

Fig. 1. Concentration in the ocean economy. Revenue share accounted for by 
the 10 largest companies in each of the eight core industries of the ocean econo-
my. The outer band indicates the respective industry total revenue in 2018 USD. 
Note that the level of concentration for “marine equipment and construction” is 
highly conservative due to the use of the higher end of total industry revenues, 
which we estimated between USD 83 and 354 billion. See section S1 for details on 
estimates and sources.
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…and many impacts 
hot, acidic, polluted and overexploited ocean



Transformation of the Oceans
IPCC Ocean report 2019 Burke et al 2018-Easac 2021

EASAC A sea of change | May 2021 |  7

an average trend since 1900 of 0.84 °C per century. 
These trends are also seen in the ocean heat content 
since the oceans take up over 90% of the excess heat 
captured by greenhouse gases (Cheng et al., 2020; see 
also Figure 1.3b). An increment in the SST of up to 4 °C 
in certain coastal zones by the end of the 21st century is 
projected (Lowe et al., 2009; IPCC, 2013).

Warming leads to sea level rise (SLR) through thermal 
expansion of the oceans and from melting glaciers. 
During the 20th century, sea level has risen by 11–16 cm 
(Dangendorf et al., 2017). Projections of average global 
SLR to 2100 range from as low as 0.5 m to as high as 
2 m (Bamber et al., 2019), with recent studies showing 
acceleration of ice sheet and glacial melting that may 
not be included in the lower projections (Siegert et al., 
2020). Changes in seawater salinity result from inputs 
of freshwater from glacier and sea-ice melting and 

and global effects on climate and on marine and coastal 
ecosystems. For example, the rapid reversal of warming 
in the Younger Dryas cold spell (around 12,900–11,700 
years ago) is attributed in part to the influx of 
freshwater from deglaciation reducing or shutting down 
the North Atlantic circulation transporting heat from the 
Gulf of Mexico to northern latitudes (see, for example, 
Bradley and England, 2008; Condron and Winsor, 
2012).

Superimposed on these natural processes are the 
changes driven by anthropogenic emissions of 
greenhouse gases. A primary indicator of climate 
change is the sea surface temperature (SST) which 
has been increasing at a rate of about 0.11 °C per 
decade from 1970 onwards (Bulgin et al., 2020). Recent 
measurements show the continued upward trend, as 
well as the high year-to-year variability (Figure 1.3a) with 
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Figure 1.3a Annual global average SST. Anomalies are relative to the 1961–1990 mean. (Source: H. Asbjørnsen, based on 
HadSST4-data https://www.metoffice.gov.uk/hadobs/hadsst4.)
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Figure 1.3b Change in global ocean heat content (OHC) in the upper 2000 m (Cheng et al., 2020).



Catch that are stagnating at the global level
and industrial fishing that consumes ever
more fossil energy for lower yields ….

(Tickler et al., Sci. Adv. 2018) 

The trends in catch and effort data presented here suggest that the
continuous increase in global catches to peak catch in 1996 (17) resulted
from a combination of intensifying fishing effort and geographical ex-
pansion, which togethermasked underlying declines in the stocks being
targeted (21). Between 1950 and 1970, the fraction of the global ocean
exploited by fisheries grew by half and catches increased strongly. We
suggest that this continued expansion and the concurrent intensifica-
tion of fishing effort sequentially depleted new areas of the ocean such
that catches peaked in 1996 when the rate at which new stocks were
discovered could no longer keep up with the declines in existing stocks
(17, 18, 22). This mechanism of serial discovery and depletion of fishing
grounds is exemplified by the correlation between time series of fishing
pressure and ecosystem regime change in large marine ecosystems (23)
and the “boom and bust” trends documented in deep sea trawl fisheries
over the last 65 years (24). By ourmeasure, total industrial catch per unit
ocean area has declined by 22% since 1996, despite spatial expansion
having continued, albeit slowly. Further expansion into the remaining
accessible areas of the polar seas, even if it were ecologically justifiable,
seems unlikely to reverse this trend (Figs. 3B and 4).

Distance trends observed here imply that most of the fishing coun-
tries concentrate their effort in relatively local waters, with Peru, for ex-
ample, largely focusing on its domestic fishery for Peruvian anchoveta
(Engraulis ringens) (25). In addition, several former distant-water
fishing fleets either have retrenched to domestic or regional waters near
home countries or have been reduced or abolished (Fig. 1, B andC). For
example, the countries of the former USSR fished extensively in the
waters of the southwest Atlantic and the EEZs of Argentina, Uruguay,
and Brazil before the collapse of the Soviet Union with its state support
of distant-water fisheries. They have since reduced their distant-water
activities to concentrate on northeast Atlantic, European, and western

Pacific waters closer to domestic ports (23). Japan, after rapid postwar
expansion aimed at improving domestic food supply, began consolidat-
ing its distant-water fishing effort from themid-1970s, as access tomany
of its traditional fishing grounds became increasingly restricted with the
emergence of the EEZ regime and increasing competition from low-cost
fishing countries. Rising domestic labor costs and growing wealth also
shifted Japanese food supply policy toward imports, paving the way for
fleet reductions and spatial retrenchments that have helped remaining
Japanese distant-water fishing to be relatively profitable (26, 27). For the
few countries seemingly locked into the expansionist strategy, such as
China and South Korea, distant-water fleets have become the mainstay
of their industrial fisheries, with catches from outside their EEZs
contributing 39 and 45%, respectively, of national total catches (www.
seaaroundus.org). However, returns from this activity, in terms of catch
per unit distance traveled, appear to have declined sharply, likely a com-
bined result of declining fish stocks and the greater distances required to
access them (Fig. 2). Long-haul distant-water fishing also incurs signif-
icantly higher fuel and crew costs (28) due to the long travel times to
fishing grounds [for example, (29)]. To keep vessels fishing, fuel costs
may be partly offset by generous government subsidies (30–32), and
there is a good correlation between the distance a country fishes from
home and the level of subsidies paid for fuel, vessel, and fleet support. In
the case of Taiwan, these payments amount to more than 80% of the
landed value of the industrial fishing catch (fig. S2). The relationship
between subsidies and fishing distance suggests that expansion has been
driven, in large part, by national policies that actively promote distant-
water fishing through the provision of fuel and vessel subsidies. A recent
analysis of the economics of high seas fishing found that profits from
these activities for the major distant-water fishing countries would be
greatly reduced, or even disappear completely, if fleets were not subsi-
dized (33). While governments continue to subsidize fleet expansion,
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Fig. 3. Trends in total catch and area fished by global industrial fisheries,
1950–2014. (A) Global industrial fisheries catch (8), (B) percentage of ice-free
ocean area exploited, and (C) industrial catch per unit ocean area. Dashed line indi-
cates year of peak global catch in 1996, with percentage growth/decline since 1996
labeled on each time series.
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Fig. 4. Spatial mapping of the distribution and intensity of industrial fishing
catch. Mean industrial fisheries catch in metric tons per square kilometer by catch
location during the (A) 1950s and (B) 2000s.
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The trends in catch and effort data presented here suggest that the
continuous increase in global catches to peak catch in 1996 (17) resulted
from a combination of intensifying fishing effort and geographical ex-
pansion, which togethermasked underlying declines in the stocks being
targeted (21). Between 1950 and 1970, the fraction of the global ocean
exploited by fisheries grew by half and catches increased strongly. We
suggest that this continued expansion and the concurrent intensifica-
tion of fishing effort sequentially depleted new areas of the ocean such
that catches peaked in 1996 when the rate at which new stocks were
discovered could no longer keep up with the declines in existing stocks
(17, 18, 22). This mechanism of serial discovery and depletion of fishing
grounds is exemplified by the correlation between time series of fishing
pressure and ecosystem regime change in large marine ecosystems (23)
and the “boom and bust” trends documented in deep sea trawl fisheries
over the last 65 years (24). By ourmeasure, total industrial catch per unit
ocean area has declined by 22% since 1996, despite spatial expansion
having continued, albeit slowly. Further expansion into the remaining
accessible areas of the polar seas, even if it were ecologically justifiable,
seems unlikely to reverse this trend (Figs. 3B and 4).

Distance trends observed here imply that most of the fishing coun-
tries concentrate their effort in relatively local waters, with Peru, for ex-
ample, largely focusing on its domestic fishery for Peruvian anchoveta
(Engraulis ringens) (25). In addition, several former distant-water
fishing fleets either have retrenched to domestic or regional waters near
home countries or have been reduced or abolished (Fig. 1, B andC). For
example, the countries of the former USSR fished extensively in the
waters of the southwest Atlantic and the EEZs of Argentina, Uruguay,
and Brazil before the collapse of the Soviet Union with its state support
of distant-water fisheries. They have since reduced their distant-water
activities to concentrate on northeast Atlantic, European, and western

Pacific waters closer to domestic ports (23). Japan, after rapid postwar
expansion aimed at improving domestic food supply, began consolidat-
ing its distant-water fishing effort from themid-1970s, as access tomany
of its traditional fishing grounds became increasingly restricted with the
emergence of the EEZ regime and increasing competition from low-cost
fishing countries. Rising domestic labor costs and growing wealth also
shifted Japanese food supply policy toward imports, paving the way for
fleet reductions and spatial retrenchments that have helped remaining
Japanese distant-water fishing to be relatively profitable (26, 27). For the
few countries seemingly locked into the expansionist strategy, such as
China and South Korea, distant-water fleets have become the mainstay
of their industrial fisheries, with catches from outside their EEZs
contributing 39 and 45%, respectively, of national total catches (www.
seaaroundus.org). However, returns from this activity, in terms of catch
per unit distance traveled, appear to have declined sharply, likely a com-
bined result of declining fish stocks and the greater distances required to
access them (Fig. 2). Long-haul distant-water fishing also incurs signif-
icantly higher fuel and crew costs (28) due to the long travel times to
fishing grounds [for example, (29)]. To keep vessels fishing, fuel costs
may be partly offset by generous government subsidies (30–32), and
there is a good correlation between the distance a country fishes from
home and the level of subsidies paid for fuel, vessel, and fleet support. In
the case of Taiwan, these payments amount to more than 80% of the
landed value of the industrial fishing catch (fig. S2). The relationship
between subsidies and fishing distance suggests that expansion has been
driven, in large part, by national policies that actively promote distant-
water fishing through the provision of fuel and vessel subsidies. A recent
analysis of the economics of high seas fishing found that profits from
these activities for the major distant-water fishing countries would be
greatly reduced, or even disappear completely, if fleets were not subsi-
dized (33). While governments continue to subsidize fleet expansion,
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A growing
appetite for 

fish…… made 
possible by 
expanding

aquaculture!
(Fao	Sofia	2022)

PARTIE 1 SITUATION MONDIALE FIGURE 1   PRODUCTION HALIEUTIQUE ET AQUACOLE MONDIALE

NOTES: Sont exclus les mammifères aquatiques, les crocodiles, les alligators, les caïmans et les algues. Les données sont exprimées en équivalent de 
poids vif. 
SOURCE: FAO. 
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PARTIE 1 SITUATION MONDIALE

 FIGURE 23   ÉVOLUTION DE LA SITUATION DES STOCKS DE POISSONS MARINS MONDIAUX, DE 1974 À 2019

SOURCE: FAO.
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(zone 81) que l’on trouvait les pourcentages 
les plus faibles (de 13 à 23 pour cent) de stocks 
exploités à un niveau biologiquement non 
durable. Dans les autres zones, les pourcentages 
oscillaient entre 27 et 45 pour cent en 2019 
(figure 24). Les débarquements de poisson 
variaient considérablement selon les zones de 
pêche (figure 9b); l’importance de chaque zone 
au regard de la durabilité des pêches à l’échelle 
mondiale pouvait donc différer en fonction de 
sa contribution relative aux débarquements 
mondiaux. La répartition temporelle des 
débarquements d’une zone donne souvent des 
informations sur sa productivité écologique, le 
stade de développement des pêches, leur gestion 
et l’état des stocks halieutiques. En général, si 
l’on exclut les zones arctique et antarctique, où 
les débarquements sont peu importants, on peut 
observer trois groupes distincts (figure 25): i) les 
zones affichant une tendance générale à la baisse 
des débarquements après avoir atteint des pics 

historiques; ii) les zones caractérisées par une 
fluctuation des captures autour d’une valeur 
globalement stable depuis 1990, et marquées par 
une prépondérance d’espèces pélagiques à courte 
durée de vie; et iii) les zones caractérisées par 
une augmentation ininterrompue des captures 
depuis 1950. Les premier et deuxième groupes 
affichent respectivement le pourcentage le 
plus faible (59,2 pour cent) et le pourcentage le 
plus élevé (76,1 pour cent) de stocks exploités 
à un niveau biologiquement durable, contre 
67,0 pour cent pour le troisième. Lorsque les 
interventions de gestion sont peu nombreuses, 
une tendance à la hausse des captures (troisième 
groupe) indique un développement des pêches 
et un manque de contrôle, et probablement une 
bonne durabilité des ressources. Cependant, avec 
une tendance à la hausse, l’évaluation des 
stocks peut comprendre une grande marge 
d’incertitude et ne pas être fiable en raison 
du manque de nuance résultant de l’évolution 

| 50 |

Evolution of the situation of world marine fish stocks
from 1974 to 2019 

(FAO	Sofia	2022)
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SPECIES RECORDS
1-10 DURING LAST 
10 YEARS

NO SPECIES 
RECORDS 
DURING LAST 
10 YEARS

NO SPECIES 
RECORDS 
DURING LAST 10-
30 YEARS

NO SPECIES 
RECORDS MORE 
THAN 30 YEARS

Carcharodon carcharias
Squatina squatina
Carcharias taurus
Oxynotus centrina

Odontaspis ferox
Heptranchias 
perlo

Squatina oculata
Sphyrna zygaena

Isurus oxyrinchus
Pristis pectinata

Vanishing marine species
(Soldo com. pers.)



Overexploitation =	less abundant and	smaller fish



Biodiversity and	climate
change

(Smale et al Nature CC 2019, Cheung et al GCB 2016)LETTERS NATURE CLIMATE CHANGE

explored relationships between the occurrence of MHWs and the 
health of three globally important foundation species (coral, sea-
grass and kelp) from three independent time series that were col-
lected at sufficient spatiotemporal resolutions to explicitly link 
ecological responses to MHWs. Finally, we reviewed the literature 
on MHWs for evidence of impacts of these events on goods and 
services to human society.

The total number of MHW days per year, based on five quasi-
global SST datasets, has increased globally throughout the twenti-
eth and early twenty-first centuries (Fig. 1a). As a global average, 
there were over 50% more MHW days per year in the last part 
of the instrumental record (1987–2016) compared to the earlier 

part (1925–1954)2, with most regions experiencing increases in 
the number of MHW days (Fig. 1b). Global patterns of marine 
taxon richness (Fig. 1c) overlaid with trends in annual MHW days 
reveal regions where increased MHW occurrences can influence 
biologically diverse regions; in particular, southern Australia, the 
Caribbean Sea and the coastline bounding the mid-eastern Pacific 
(Fig. 1d). Given that warm range-edge populations are likely to be 
the most affected by MHWs (as thermal tolerances are exceeded 
during anomalously high temperatures), regions that support a 
high proportion of species found near their warm range edge will 
be particularly vulnerable to increased MHW activity (Fig. 1e).  
Several regions were identified as having experienced marked 

60

50

a b

c d

e f

40

C
or

al
 b

le
ac

hi
ng

 (
re

co
rd

s 
y–1

) Coral bleaching, Caribbean

Seagrass density, Australia

S
ea

gr
as

s 
de

ns
ity

, (
sh

oo
ts

 m
–2

)

Pearson’s r = 0.71,
P < 0.001

Pearson’s r = –0.62, P < 0.03

Pearson’s r = –0.58, P = 0.001

30

20

10

0

45

35

25

20

40

30

0 50 100
MHW days

6040200 80 100 120
MHW days (y–1)

100

Giant kelp biomass, California

In
(k

el
p 

bi
om

as
s)

(k
g 

90
0 

m
–2

)

D
. S

M
A

LE

20050 1500

8

7

6

5

4

MHW days (y–1)

150 200

Fig. 3 | Impacts of MHWs on foundation species. a, Severe MHWs, such as those associated with the extreme El Niño events of 1997–1998 and 2015–
2016, have caused widespread bleaching and mortality of reef building corals. b, Analysis of annual coral bleaching records from the Caribbean Sea/Gulf 
of Mexico region (1983–2010, data from NOAA Coral Reef Watch) showed that the number of MHW days per year was positively correlated with the 
frequency of coral bleaching observations. c, Seagrass meadows yield critical ecosystem services, including carbon sequestration and biogenic habitat 
provision, yet recent MHWs have affected seagrass populations in several regions. d, Monitoring data from independent sites in Cockburn Sound, Western 
Australia (2003–2014, data provided by Cockburn Sound Management Council) indicated that the number of MHW days recorded in the previous year 
was negatively correlated with seagrass (Posidonia sinuosa) shoot density. e, Kelp forests represent critical habitats along temperate coastlines but extreme 
temperatures experienced during MHWs can cause widespread mortality and deforestation. f, Satellite-derived estimates of giant kelp (Macrocystis 
pyrifera) biomass along the coastline of California/Baja California (1984–2011, data from Santa Barbara Coastal Long-term Ecological Research 
programme) showed that kelp biomass was negatively correlated with the number of MHW days recorded during the previous year. Credit: National 
Oceanic and Atmospheric Administration, US Department of Commerce (panels c and e).

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

Ocean  Warming246

��� 7KH�VLJQLƪFDQFH�RI�ZDUPLQJ�VHDV�IRU�VSHFLHV�DQG�HFRV\VWHPV

)LJXUH�������� 3URMHFWHG�LQWHQVLW\�RI��D��ORFDO�H[WLQFWLRQ�DQG��E��VSHFLHV�LQYDVLRQ�EHWZHHQ������DQG������XQGHU�WKH�5&3�����VFHQDULR��IURP�-RQHV�DQG�
&KHXQJ���������7KH�XQLW�LV�H[SUHVVHG�DV�QXPEHU�RI�VSHFLHV�ORFDOO\�H[WLQFW�RU�LQYDGHG�UHODWLYH�WR�WKH�RULJLQDO�VSHFLHV�ULFKQHVV�

a)

b)
Catch	in	the	tropics might decrease

by	-40%	in		2050	
(Cheung	et	al	2010)	



Tropicalization of	catches:	
more	and	more	warm	water	

species

MTC	mean temperature of	the	catch
(Cheung,	Watson	&	Pauly
Nature	2013,	FAO	2019)

oceanographic variability and fishing effort, both of which are known
to affect fisheries strongly21,22. In addition, we repeated the analysis
using a subset of 698 species with their temperature preference pre-
dicted from the above and an alternative approach to species distri-
bution modelling (Supplementary Information).

Overall, the MTC in the 52 LMEs from the ensemble GAMM analysis
increased at an average rate of 0.19 uC per decade between 1970 and
2006 (Fig. 2), and the MTC in non-tropical LMEs increased at a rate of
0.23 uC per decade. Specifically, MTC increased consistently in LMEs
in the northeast Pacific Ocean (0.48 uC per decade) and the northeast
Atlantic Ocean (0.49 uC per decade), where SST increased by 0.20 and
0.26 uC per decade, respectively. For each LME, and on the basis of the
results from the ensemble GAMMs, we ranked the relative importance
of SST, fishing effort and large-scale oceanographic indices as factors
accounting for the changes in MTC over time. The results suggested
that there was no significant difference between these factors, in terms
of the frequency distribution of LMEs with different rankings (Kruskal–
Wallis rank-sum test, P . 0.05; Supplementary Fig. 1). However, there
were regional differences in their importance (Supplementary Table 1).

MTC changes in the 52 LMEs were significantly related to the rate of
SST changes between 1970 and 2006 (P , 0.05; Fig. 3 and Supplemen-
tary Table 2). The relationships remained significant when the best
models (lowest Akaike information criteria) were selected instead of
the model ensemble (Supplementary Table 2) and when the twenty-
fifth and seventy-fifth percentiles of the temperature preference profiles

of the species, instead of the median values, were used in calculating the
MTC (Supplementary Fig. 2). Using the alternative species distribution
modelling approach to calculate species’ temperature preference has
no significant effect on the relationship between changes in MTC and
SST (P . 0.1; Methods and Supplementary Information).

Tropical LMEs showed, overall, an asymptotic pattern of MTC change,
with a reduction in the proportion of subtropical species in catches
(Fig. 3). Average MTC from 14 tropical LMEs increased rapidly
between 1970 and 1980 by around 0.6 uC, and subsequently stabilized
at around 26 uC (Fig. 3). Moreover, the average temperature tolerance
range, calculated from the difference in temperature between the twenty-
fifth and seventy-fifth percentiles of the temperature preference profile
of each species (Supplementary Information), decreased significantly
during the period. Subtropical species had wider temperature tole-
rances than did tropical species17 (Supplementary Fig. 3), providing
further evidence to support the hypothesis that fisheries catches in the
tropics are becoming inimical to subtropical species. Moreover, average
SST change in the tropical LMEs increased consistently, at a rate of
0.14 uC per decade.

A number of factors indicate that MTC is a valid proxy to examine
changes in composition of catches in a region in relation to the tem-
perature preference of the exploited animals. First, there was no dif-
ference (analysis of covariance (ANCOVA), P . 0.1; Supplementary
Table 4) between using catch data and scientific bottom trawl survey
data in the calculated rate of change in MTC in North Sea (Fig. 4 and
Methods). Because the scientific survey data set can be viewed as a
reliable indicator of relative abundance of animals in the ocean, our
results therefore support the use of catch data to detect climate change
signature in fisheries. However, because the availability of survey-
based data was limited to a few well-studied regions23, we were unable
to use such data to analyse global fisheries. The relationship between
the thermal preference of the species and the environmental temper-
ature also corroborates the results of regional-scale studies using survey
data14,24.

Second, fishing efforts in many LMEs have been increasing con-
tinuously since the 1970s. This coincided with increases in SST, result-
ing in strong correlation between changes in SST and fishing effort in
some LMEs. However, there is no evidence that fishing systematically
alters MTC. Specifically, significant but weak relationships between
maximum body size (positively related to vulnerability to fishing, in
general) and the temperature preference of exploited species is found
in only 19 LMEs, with the majority (13) of them showing a positive
relationship, suggesting that the increasing MTC trend was not a result
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FIGURE 7.5
Top: predicted differences in fish species richness between the baseline scenario (1961 to 1980) 

and (2040 to 2059) for the continental shelf of the Mediterranean.  
Bottom: temperature anomaly (ºC, bars) and  mean temperature of the catch (continuous 

lines, black dots) for the western, central and eastern regions from 1970 to 2010, calculated 
following Cheung et al. (2013) as the average inferred temperature preference of exploited 

species weighted by their annual catch 

Source: Top: Adapted from Albouy et al., 2013. Bottom: Adapted from Tsikliras and Stergiou, 2014. 

45°N

40°N

35°N

30°N

45°N

40°N

35°N

30°N

20

15

10

20

15

10

.5

1

0.5

0

-0.5

-1

-1.5

.5

1

0.5

0

-0.5

-1

-1.5

.5

1

0.5

0

-0.5

-1

-1.5

20

15

10

0°                                10°E                              20°E                              30°E   

10°W              0°                   10°E                 20°E                 30°E   

Western Mediterranean

Differences in species richness
(species number)

[-110 to -80
(-80 to -40]
(-40 to 0]

(0 to 40]
(40 to 80]
(80 to 165]

y=0.056x-97.4
r2=0.70

y=0.105x-196.6
r2=0.81

y=0.029x-43.6
r2=0.19

Central Mediterranean Eastern Mediterranean

Te
m

pe
ra

tu
re

 a
no

m
al

y 
(°

C)

Te
m

pe
ra

tu
re

 a
no

m
al

y 
(°

C)

YearYear
1970   1980     1990      2000     2010

Year
1970   1980     1990      2000     2010

Year
1970   1980     1990      2000     2010

Year

M
ea

n 
te

m
pe

ra
tu

re
 o

f 
th

e 
ca

tc
h

M
ea

n 
te

m
pe

ra
tu

re
 o

f 
th

e 
ca

tc
h

7.3 EFFECTS OF CLIMATE CHANGE ON STOCKS SUSTAINING THE MAIN 
 FISHERIES 

7.3.1 Distribution, abundance, seasonality, fisheries production 
As noted above, small and medium pelagic fish are among the main fisheries resources 
in the region. These species are very sensitive to climate change because of their 
dependence on surface hydroclimatic conditions affecting primary production. 



Future of cod ? 
Loss of habitats if global warming exceeds 1.5°C

(Dahlke et al. Sci Adv 2018)

Dahlke et al., Sci. Adv. 2018; 4 : eaas8821     28 November 2018
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Project Phase 5 (CMIP5). RCPs assume either “no greenhouse gas 
mitigation” (RCP8.5), “intermediate mitigation” (RCP4.5), or “strong 
mitigation” (RCP2.6). The latter scenario was developed with the goal 
of limiting the increase in global mean surface temperature (averaged 
over land and sea surface) to below 2°C relative to the reference period 
1850–1900 and is suitable for providing a first estimate for the conse-
quences of keeping global warming to “well below 2°C, if not 1.5°C,” 
as stated in the Paris Agreement (16).

RESULTS
Embryonic oxygen consumption (MO2) increased with increasing 
temperature but leveled off or decreased at the warmest temperatures 
(Atlantic cod: ≥9°C; Polar cod: ≥4.5°C; Fig. 2, A and B), which is, in 
combination with increased mortality under these conditions (Fig. 3), 
indicative of severe heat stress. Embryos acclimated to lower tem-
peratures (<9°/4.5°C) and elevated PCO2 (partial pressure of CO2) 
consumed ~10% more oxygen compared to those reared under con-
trol PCO2. This trend was reversed upon warming, indicating that 
additional oxygen and associated energy demands under OA condi-
tions cannot be met at critically high temperatures, causing the upper 
thermal limit of metabolic maintenance to decline. Higher energy 
requirements under elevated PCO2 may result from the cumulative 
costs of increased acid-base regulation, protein turnover, and dam-
age repair (9, 10). The allocation of energy to life-sustaining functions 
should receive priority over growth (17), as was evidenced by CO2- 
and warming-induced reductions in larval size at hatch (Fig. 2, C to 
F, and fig. S2). The relative decrease in larval yolk-free body area 
due to elevated PCO2 averaged 10% for Atlantic cod (P < 0.001) and 
13% for Polar cod (P < 0.001), with the smallest larvae hatching at 
the warmest temperature (Fig. 2, C and D, and table S1). Reductions 
in larval body size and dry weight (Fig. 2, E and F, and table S1) are in 
line with the CO2-induced reallocation of energy away from growth 
also seen in other fish species (18).

Egg survival decreased outside preferred spawning temperatures 
of Atlantic cod (≤0° and ≥9°C) and Polar cod (≥3°C), particularly 
under the influence of elevated PCO2 (Fig. 3 and table S1). Accordingly, 
our results confirm that embryonic tolerance ranges represent a tight 
constraint on the thermal spawning niche of Atlantic cod and Polar 
cod. CO2-induced mortalities at their optimum spawning tempera-
ture were less pronounced for Atlantic cod (6°C, Fig. 3A) than for 
Polar cod (0° to 1.5°C, Fig. 3B). This observation corresponds with 
the variation in CO2 sensitivity reported by previous studies on fish 
early-life stages that tested for OWA effects solely under optimum 
temperature conditions (18). However, both species experienced a 
similar CO2-related decline in egg survival at their respective warmer 
threshold (−48% at 9°C for Atlantic cod and −67% at 3°C for Polar 
cod). Increased thermal sensitivity of embryos under projected PCO2 
levels implies a narrowing of their thermal tolerance range and thereby 
of the species reproductive niche (2). As a consequence, the spatial ex-
tent of thermally suitable spawning habitat for Atlantic cod and Po-
lar cod may not only shift to higher latitudes in response to warming 
but also contract due to OWA.

Compared with contemporary (known) spawning sites of Atlantic 
cod and Polar cod in the study area (blue areas in Fig. 1; yellow dashed 
areas in Fig. 4), our baseline simulations (1985–2004) suggest that 
spawning occurs exclusively within the thermal optimum range of 
embryo development [>90% potential egg survival (PES), Fig. 4]. How-
ever, the area of thermally suitable spawning habitat (PES >90%) is 
larger than the area where spawning actually occurs. For example, 
despite suitable temperatures, no spawning of Atlantic cod is cur-
rently observed in the northeastern Barents Sea (19), indicating that 
spawning habitat suitability also depends on factors other than tem-
perature. Mechanisms that preclude certain areas as suitable for spawn-
ing may include aberrant dispersal of eggs and larvae, unfavorable 
feeding conditions, and predation pressure (8, 19).

By 2100, unabated OWA (RCP8.5) is projected to cause a substantial 
decline in PES at major spawning sites of both species (Fig. 5, A to C). 

Fig. 1. Distribution patterns of Atlantic cod and Polar cod in the Seas of Norden. (A) Atlantic cod; (B) Polar cod. Populations of both species reproduce during 
winter and spring (Atlantic cod: March to May; Polar cod: December to March) at species-specific locations (i.e., spawning habitats, blue-shaded areas) with char-
acteristic temperature and sea-ice conditions (Atlantic cod: 3° to 7°C, open water; Polar cod: −1° to 2°C, closed sea-ice cover). Green arrows indicate egg and larval 
dispersal driven by prevailing surface currents. During summer, the feeding grounds (green-shaded areas) of both species partly overlap, for example, around Svalbard, 
which marks the northernmost distribution limit of Atlantic cod. Red symbols denote the origin of animals (spawning adults) used in this study. Distribution maps were 
redrawn after (4, 13, 33). NEW, Northeast Water Polynya; FJL, Franz-Joseph-Land; NZ, Novaya Zemlya.
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RCP8.5; Fig. 5B). Moreover, Polar cod is going to lose most of its 
under-ice habitats except for a small refuge on the East Greenland 
shelf (Fig. 5B). Even warming without OA effects (RCP4.5; Fig. 5, E 
and F) will substantially reduce the suitability of important spawn-
ing habitats for Polar cod off Svalbard (PES, −20 to −60%) and 
Novaya Zemlya (PES, −10 to −40%). The widespread loss of sea ice 

under RCP8.5 and RCP4.5 scenarios may indirectly affect the re-
productive success of Polar cod, because the ice protects spawning 
adults from predation and serves as a feeding habitat for early-life 
stages (5). Limiting global warming to about 1.5°C above preindus-
trial levels (that is, the median temperature of RCP2.6) may not only 
minimize reductions in PES at the present core spawning areas of 

Fig. 5. Change in thermally suitable spawning habitat of Atlantic cod (left) and Polar cod (right) in the Seas of Norden under RCPs. (A to C) RCP8.5: Unabated OWA. 
(D to F) RCP4.5: Intermediate warming (no acidification considered). (G to I) RCP2.6: Less than 2°C global warming (no acidification considered). Maps show the shift in 
PES between the baseline period (1985–2004; spawning season of Atlantic cod: March to May; spawning season of Polar cod: December to March; see Fig. 3) and the 
median of CMIP5 multimodel-based projections (seasonal sea surface temperature, 0 to 50 m; see Materials and Methods) for this century’s end (2081–2100). Black shading 
indicates areas (cells, 1° × 1°) with high uncertainty (that is, the shift in PES within that cell is smaller than the CMIP5 ensemble spread; see Materials and Methods). Dotted 
magenta lines represent the sea-ice edge positions of the respective species-specific spawning season (defined as areas with ice concentrations > 70%). (C, F, and I) For 
each map, values (change in PES) of individual cells are summarized by kernel density estimations, with the width corresponding to the relative occurrence of values. Box 
plots show the 25th, 50th, and 75th percentile; the ends of the whiskers mark the 95% intervals.
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shelf (Fig. 5B). Even warming without OA effects (RCP4.5; Fig. 5, E 
and F) will substantially reduce the suitability of important spawn-
ing habitats for Polar cod off Svalbard (PES, −20 to −60%) and 
Novaya Zemlya (PES, −10 to −40%). The widespread loss of sea ice 

under RCP8.5 and RCP4.5 scenarios may indirectly affect the re-
productive success of Polar cod, because the ice protects spawning 
adults from predation and serves as a feeding habitat for early-life 
stages (5). Limiting global warming to about 1.5°C above preindus-
trial levels (that is, the median temperature of RCP2.6) may not only 
minimize reductions in PES at the present core spawning areas of 

Fig. 5. Change in thermally suitable spawning habitat of Atlantic cod (left) and Polar cod (right) in the Seas of Norden under RCPs. (A to C) RCP8.5: Unabated OWA. 
(D to F) RCP4.5: Intermediate warming (no acidification considered). (G to I) RCP2.6: Less than 2°C global warming (no acidification considered). Maps show the shift in 
PES between the baseline period (1985–2004; spawning season of Atlantic cod: March to May; spawning season of Polar cod: December to March; see Fig. 3) and the 
median of CMIP5 multimodel-based projections (seasonal sea surface temperature, 0 to 50 m; see Materials and Methods) for this century’s end (2081–2100). Black shading 
indicates areas (cells, 1° × 1°) with high uncertainty (that is, the shift in PES within that cell is smaller than the CMIP5 ensemble spread; see Materials and Methods). Dotted 
magenta lines represent the sea-ice edge positions of the respective species-specific spawning season (defined as areas with ice concentrations > 70%). (C, F, and I) For 
each map, values (change in PES) of individual cells are summarized by kernel density estimations, with the width corresponding to the relative occurrence of values. Box 
plots show the 25th, 50th, and 75th percentile; the ends of the whiskers mark the 95% intervals.
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Global	catches	will
decrease:	Primary

production	would fall by	
7-16%	A	decrease in	
potential fisheries

catches	of	20-24%	by	the	
end	of	the	21st	century

(Free et al Science 2019
IPCC report 2019

FAO 2019) 

during this period. Losses from populations re-
sponding negatively to warming outweighed
gains from those responding positively because
negatively responding populations constituted
a larger biomass (Fig. 3, B and C). The greatest
losses in productivity occurred in the Sea of
Japan, North Sea, Iberian Coastal, Kuroshio
Current, andCeltic-Biscay Shelf ecoregions,where-
as the greatest gains occurred in the Labrador-
Newfoundland, Baltic Sea, Indian Ocean, and
NortheastU.S. Shelf ecoregions (Fig. 4 and table S4).
The East Asian ecoregions experienced some of the
largest warming-driven declines inMSY (8 to 34%)
and support some of the largest and fastest-
growing human populations in the world (41).
Our results present a new map of “winning”

and “losing” ecosystems under ocean warming
(Fig. 4). Studies that project fisheries productivity
under future emissions scenarios often predict
increases in productivity at the poles and de-
creases at the equator (10, 11, 42). We see no evi-
dence for this prediction over the observed time
period (Fig. 4 and figs. S16, S18, and S26), sug-
gesting that contemporary range shifts have yet
to drive productivity to the poles or that this pre-
diction is driven by populations not evaluated in
this work. Our estimates of ecoregion-scale trends
in productivitywere also uncorrelatedwith trends

in recruitment potential (fig. S27) (14), suggest-
ing that climate effects on the other components
of productivity—somatic growth and natural
mortality—may be strong enough to offset effects
on recruitment. However, declines in North Sea
fisheries productivity are consistent with studies
showing declines in forage fish (24) and ground-
fish (25) productivity induced by oceanwarming.
Declines in East Asian fisheries productivity are
consistent with single-species studies document-
ing negative climate impacts in the region (43),
though community-scale studies suggest that de-
clining predator productivitymay be balanced by
corresponding increases in prey productivity (44).
Our study is limited in three ways. First, we

evaluated only the influence of temperature on
productivity, though other factors such as chang-
ing primary production, dissolved oxygen, pH,
and habitat availability may also be influential
(45). Progress in the development of global his-
torical datasets for environmental variables other
than temperature would enable more compre-
hensive investigations in the future. Second,
the fisheries database used in this study presents
a nonrandom selection of global fish populations
(19). By identifying traits that can explain vul-
nerability to warming, however, our analysis
provides an approach for extrapolating to un-

evaluated populations. For example, we found
that 162 fish populations (10.6%) in the much
more complete Food and Agriculture Organiza-
tion (FAO) landings database (1) exhibit the char-
acteristics associated with a negative effect of
warming on productivity—that is, they are over-
fished, have experienced warming, and are at the
warm ends of their thermal niches (figs. S28 to
S30). This proportion is comparable to the pro-
portion of data-rich populations that have ex-
perienced a negative influence of historical
warming (8%) (Fig. 1A). Region-specific studies
are necessary to better understand the impacts
of warming on important but poorly described
fisheries, especially those of tropical developing
nations. Lastly, the use of population model out-
put as data has been criticized because of dif-
ficulties in accounting for model assumptions,
uncertainty, and bias in post hoc analyses (46).
We addressed these concerns by following best
practices for stock assessment meta-analysis (47)
and by explicitly confirming that the results were
not influenced by the methods of the source pop-
ulation models (supplementary text).
A number of analytical constraints imply that

the impacts of ocean warming on fisheries pro-
ductivity may be more negative than we could
detect. Data limitations required us to estimate a

Free et al., Science 363, 979–983 (2019) 1 March 2019 3 of 5

Fig. 3. Hindcast of temperature-dependent MSY. MSY hindcasts are shown (A) for all populations and for populations with (B) significant
positive, (C) significant negative, and (D) nonsignificant influences of temperature on productivity. Solid lines indicate the median MSYestimates,
shading indicates the 95% confidence intervals, and dashed lines show MSY at average temperature. mt, metric tons. (E) The mean global
sea surface temperature (SST) anomaly from 1850 to 2015.
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An Earth system model represents the interactions between the biological, chemical, 
and physical processes of terrestrial, atmospheric and ocean systems. It projects past and 
future changes in ocean properties across a three-dimensional grid (representing latitude, 
longitude, depth) under scenarios of greenhouse gas emissions (Asch et al., 2016). The 
key projected ocean properties that are commonly used to assess climate impacts on 
living marine resources include sea water temperature, oxygen concentration, pH and net 
primary production (Cheung, Reygondeau and Frölicher, 2016). 

Living marine resources (LMR) models represent the dynamics of marine ecosystems 
under changing ocean conditions. Published global-scale LMR modelling approaches 
broadly include size-based (e.g. Blanchard et al., 2012), species-based (e.g. Cheung, 
Reygondeau and Frölicher, 2016) and functional group-based (e.g. Christensen et al., 
2015) models. These LMR models project future changes in biomass of upper trophic 
level consumers or exploited fish stocks under scenarios of changing ocean conditions. 
Such projections are commonly undertaken by driving changes in physiological 
processes (e.g. respiration and growth) and/or ecological (e.g. primary production, 
consumption, habitat suitability) with changes in ocean conditions. 

A fishing component is integrated with the LMR model to calculate the potential 
future fish catch. Specifically, in the LMR model, biomass is removed by applying a 
fishing mortality term, which provides an estimated maximum catch potential, a proxy 
of maximum sustainable yield (MSY) of the resource. This is not the same as the realized 
catch, which depends not only on the ecosystem productivity but also the level of fishing 
(modelled through fishing mortality rate). The relationship between potential and realized 
catch is not simple, as shown in Figure 4.1 and explained here. The estimated catch potential 
(both in the past and in the future) is the result of simulating the exploitation of the resource 
at an ideal MSY level, taking into consideration the change in ecosystem productivity over 
time (and in the future as driven by climate change). The future realized catch (red line 
in Figure 4.1) cannot exceed the estimated potential catch in the model in the long-term, 
as this is an ecosystem-driven upper limit. However, short-term catches could exceed 
potential catch although such catch would not be sustainable. Moreover, catch potential 
can exceed current realized catches if, for example, these are below MSY as a result of 
inefficient management or because stock rebuilding measures are in place. In other words, 
a future change in catch potential compared to the present does not have to be mirrored 
with an identical change in realized catch compared to current catch, as management 
practices are not fully considered in the model. Indeed, the fishing mortality in the catch 
potential estimation may be a simple assumption of fishing rate based on empirical or 
theoretical estimation (as used in these simulations), or it may be modelled through fishing 
fleet dynamics that represent the interactions between bioeconomics of the fishing fleets 
and resource abundance (Christensen et al., 2015; Galbraith, Carozza and Bianchi, 2017). 

FIGURE 4.1
Conceptual diagram illustrating the relationship between estimated catch potential, and its 

change over time driven by climate considerations and realized catch

The red triangle indicates the possible realized catch in an envelope limited by ecosystem productivity (catch potential) and driven by 
management measures depending on future fishing scenarios.
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Role of 
pelagic fish in 
wasp-waisted
ecosystems

(Cury et al 2000)



Regime shift in 
the Benguela

(Cury and Shannon 2004)



‘Jellification’ of the Namibian ecosystem!

Lüderitz 2007; Photo K. Grobler

Chrysaora
hysoscella

Aequorea
forskaela

Horse mackerel 
& hake

Small pelagic 
fish

Density 
(tonnes.nm-2)

(Lynam et al 2006)

• Jellyfish = 12.2 million t
• H/m & hake = 2.8 million t
• SPF = 0.8 million t

Mercury Island Feb 2008; Photo R. Jones

Méduses (Cnidaria, Medusozoa) négligeables avant 1970, ont atteint 40 
MMT dans les années 1980 et 12.2 MMT en 2000s (Lynam et al. 2006), 
approximativement 2.5 fois la biomasse combinée des poissons exploités. 



Where is the fish in 
the 2000s?

“For these fishermen
[jellyfish] have 
become an 
increasingly irritating
nuisance”
(Venter 1988)



African penguins and gannets have declined by 
77% and 94% respectively

(Ludynia et al. 2010) Halifax Island
1930s Eberlanz Museum, Lüderitz

Halifax Island
2004 J Kemper



2.	Ecosystem Approach to	Fisheries – EAF:	
Fisheries management	that integrates
biodiversity…	and	the	climate



Ecosystem Approach to Fisheries (EAF): Reconciling exploitation 
and conservation of marine species in a context of climate change

(Worm et al science 2009)

Reducing Fossil energy



AEP approach is more conservative than the 
conventional approach

(Cury et al 2011, Pikitch et al 2012, 2017)

Conventional management is too risky

Task Force compared conventional 
and precautionary strategies…
Conventional management is based on maintaining 
maximum sustainable yield (MSY). The Task Force analyzed 
food web models to compare this strategy to several 
more precautionary approaches. For example, one of 
these methods limited fishing to 50 percent of the rate 
needed to reach MSY (50 percent of FMSY). It also doubled 
the minimum biomass of forage fish that must be left in 
the ocean, compared to the conventional minimum. (Full 
results in Chapter 6 of the report.)

…and found that only precautionary 
management protects predators 
and prey.
The Task Force found that the only fishing strategies 
that reliably prevented a decline in dependent predators 
were those that limited fishing to half the conventional 
rate. The figure shows that a precautionary strategy 
lessened declines in dependent predators and reduced 
the likelihood of forage fish collapses, although it also 
reduced the yield of forage fish. 

The Lenfest Forage Fish Task Force set out to provide practical, science-based advice on sustainable forage fish management. These are its main findings, 

based on workshops, site visits, review of existing theory and practice, case studies, and quantitative modeling of marine food webs.

Testing a lower ceiling 
on forage fishing

and a higher floor on 
forage fish biomass

Impacts of two management strategies
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Agenda	2030	of	the	UN	defines sustainability today



Studying the interactions, synergies et compromises 
between the SDGs

(Moatti - Cury 2017 , GSDR 2019)



Ev-Osmose model
Yunne Shin et col.



Multispecies model

Ev-Osmose model

https://github.com/osmose-model/osmose



31

Bioenergetic moduleEvolutionary module

Ev-Osmose model

Morell et al. 2023
Morell et al. 2022 (thèse)



32

Bio-economic module
Ev-Osmose model Schenk, Barrier, Quaas et al. In prep.



15 fish species

Application to the North Sea

Morell et al. In prep.



http://roliveros-ramos.github.io/calibraR/

Oliveros and Shin, 2016

Distributed as a free, 
open-source R package

Black-box optimization: 
no need to recode the 

model

Supports the 
calibration of 
stochastic models

Supports multiphases
and constrained

optimization

Uses a new evolutionary
algorithm for Global 

Optimization



ü 14/15 species ü 10/13 species

Target

Simulated

Confronting to observations



Size-at-
age

Confronting to observations



Biomass Catches

Years Years

Future projections under climate change (RCP8.5) (CMIP5, MPI-ESM-LR ERSEM)

Without CC

RCP8.5RCP8.5

Without CC



The level of protection of marine 
biodiversity will influence the future 

of the oceans - 30% in 2030?
Grorud et	al	2021	– Science	- 10	Septembre	



Increasing but insufficient protection
(Lubchenco Science 2015)

INSIGHTS   |   PERSPECTIVES
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By Jane Lubchenco and Kirsten 

Grorud-Colvert*

T
he ocean has recently taken a more 

prominent role on the international 

policy stage. In June, the United Na-

tions (UN) initiated development of a 

treaty for conservation of biodiversity 

on the High Seas. One of the Sustain-

able Development Goals (SDGs) adopted by 

the UN in September focuses on the ocean. In 

early October, the second Our Ocean Confer-

ence (OO-2015) provided a high-

profile platform for nations to 

tout progress or make promises 

to protect and restore the ocean. We discuss 

recent progress in creating and enforcing 

strongly protected areas, and we emphasize 

the need to accelerate the pace and draw on 

scientific knowledge.

Two new large marine reserves were an-

nounced by Chile at OO-2015: Easter Island 

Marine Park and Nazca-Desventuradas Ma-

rine Park. These join other recent reserves, 

including a sixfold expansion of the U.S. Pa-

cific Remote Islands Marine National Monu-

ment (2014); Kiribati’s ban on commercial 

fishing in its Phoenix Island Protected Area 

(2015); the United Kingdom’s Pitcairn Islands 

Marine Reserve (2015), which will be the 

world’s largest fully protected marine area; 

and New Zealand’s Kermadec Ocean Sanctu-

ary (2015). Each of these new protected areas, 

if fully implemented and enforced, should 

bring significant ecological benefit. 

These areas contribute to global targets 

set in SDG Goal 14 and the Convention on 

Biological Diversity’s (CBD) Aichi Target 11 

to protect at least 10% of coastal and ma-

rine areas by 2020. These targets employ a 

loose definition of “protection.” We find it 

more useful to distinguish among “lightly 

protected” (some protection exists but signif-

icant  extractive activity is allowed), “strongly 

protected” (all commercial activity prohib-

ited, only light recreational and subsistence 

fishing allowed), and “fully protected” (no 

extractive activities allowed; also called “ma-

rine reserves”). The term “Marine Protected 

Area” (MPA) encompasses all three catego-

ries, among which ecological benefits vary 

greatly (1). 

Even lumping all categories together, only 

3.5% of the ocean is protected  (see the figure). 

Only 1.6% is “strongly” or “fully” protected. 

In contrast, the CBD 17% target for terrestrial 

protection is likely to be met by 2020—it cur-

rently stands at ~15% (2). Conservation or-

ganizations and scientific analyses support 

ocean protection ranging from 20 to 50% (3). 

Existing MPAs are solely within countries’ 

jurisdictions, leaving the High Seas (~58% 

of the ocean) without any permanent protec-

tion (hence the new UN High Seas process). 

Protecting the High Seas could bring signifi-

cant fishery enhancement in addition to the 

primary goal of biodiversity benefit (4). Rep-

resentativeness of protection across diverse 

habitats may be more important than total 

area (5), but no adequate measure exists to 

 OCEAN

Making waves: The science 
and politics of ocean protection
Mature science reveals opportunities for policy progress

Increases in global MPA coverage over time. The line graph shows increasing MPA area. MPAs and year established are shown below the x axis. Data include formal commitments 

for large MPAs made in mid-2015. Bar graphs (decadal from 1960 to 2010, plus 2015) show percent ocean surface area that is strongly or fully protected (dark blue) out of the total 

percent MPA coverage (light blue). Circled numbers highlight key international events or agreements: 1) First AAAS Marine Reserves Symposium; 2) First NCEAS Marine Reserves 

Working Group; 3) UN World Summit on Sustainable Development; 4) Vth IUCN World Parks Congress; 5) UN Convention on Biological Diversity (CBD); 6) CBD, Aichi Targets; 7) 

UN SDG 14. Chagos MR currently in negotiation (see SM). GBRMP, Great Barrier Reef Marine Park; PRIMNM, Pacific Remote Islands Marine National Monument; MP, Marine Park; 

MR, Marine Reserve; MTMNM, Marianas Trench Marine National Monument; OS, Ocean Sanctuary; PEI MPA, Prince Edward Islands Marine Protected Area; PIPA, Phoenix Islands 

Protected Area; PMNM, Papah�naumoku�kea Marine National Monument. Pre-2015 data from World Database on Protected Areas and MPAtlas, collated by R. Moffitt, and from (6). 

Mid-2015 large MPA data compiled by authors from data made public as formal MPA commitments are announced. See SM for MPA sizes.
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The	Guide	
for	MPAs

Grorud-Colvert	et	al.	
Science	2021



Sustainability Science : Marine protected 
areas and adaptation to climate change

Callum et al 2017 PNAS



marine organisms could arise from exposure to greater pH fluc-
tuations that occur in vegetated habitats, which has been
shown to increase tolerance to acidification.44 More research
is required to support this hypothesis and assess whether con-
servation of vegetated habitats could benefit pH buffering or
acidity tolerance.

CONTRIBUTION OF MPAs TO ECOLOGICAL
ADAPTATION

We found that MPAs contribute to ecological adaptation by
increasing biodiversity, reproductive output, and coastal protec-
tion compared with unprotected sites (Figure 2C). Species rich-
ness was higher in MPAs (lnRR = 0.20 ± 0.10), in agreement with
previous regional17 and global45 meta-analyses, but the Shan-
non index was unchanged between protected and unprotected
sites (lnRR = 0.06 ± 0.06). Increased species richness could
play a central role in climate adaptation because more species
increase the odds that ecosystem functions are maintained
even after a stressor eliminates certain species,46 a concept
referred to as the insurance hypothesis.47 Effects of MPAs on

the reproductive output of marine organisms (measured as
increased larval densities and egg production) had the greatest
magnitude of all studied pathways (lnRR = 1.21 ± 0.96). This
likely results from larger, older, and more abundant individuals
in MPAs, leading to increased production of offspring.48 In
contrast, recruitment rates showed no significant increase,
which could be explained by the higher predation rates on re-
cruits experienced in MPAs.49 Reproductive capacity is an
important attribute of adaptation because it is linked to faster
rates of population recovery50 and increased larval dispersal dis-
tance, which, in turn, can promote populations’ connectivity and
ability to colonize new habitats.48

Preservation of mangroves and tidal marshes enhanced
coastal protection through soil accretion rates of an additional
1.38 ± 0.88 cm year!1 compared with degraded habitats. Coral
reefs and seagrass can also contribute to coastal protection
through wave attenuation (Figure 3), but no studies have as-
sessed whether wave attenuation is enhanced when habitats
are in anMPA. However, wave attenuation is linked to a habitat’s
structural complexity and vegetation density,51,52 which sug-
gests that habitats protected from physical disturbance would

Figure 1. Pathways through which MPAs can contribute to climate change mitigation or adaptation, with quantitative and spatial
assessment of available information
(A) List of the climate pathways identified and their associated indicators. Blue, green, and orange color themes highlight the classification of pathways among
mitigation, ecological adaptation, and social adaptation categories, respectively. Social and ecological adaptation pathways are shown linked to the components
of adaptation (i.e., resistance, recovery, and adaptive potential) to which they contribute. The number of articles found through our search queries and the number
of articles that met the screening criteria for vote counting and meta-analysis are indicated for each pathway. The width of bars is proportional to the number of
studies selected at each step. CPUE stands for catch per unit effort.
(B–D) Location of the study sites documenting pathways of climate mitigation (B), ecological adaptation (C), and social adaptation (D). The size of dots is
proportional to the number of studies at a given location for a given pathway.
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the selection of dynamic versus static features, specifically between 
the cumulative ecological benefits acquired by sustained spatial pro-
tection and the declining efficiency associated with not adapting the 
network to changing conditions. Mobilizing new and existing tools 
to build dynamic climate adaption into the MPA network is feasible, 
if deemed of collective importance.

POLICY INCENTIVES TO ENABLE A CLIMATE-BIODIVERSITY 
SYNTHESIS IN GLOBAL SEASCAPE MANAGEMENT
Setting explicit climate change objectives for conserved seascape 
management measures (Recommendation 3) and integrating static 
anchor points, dynamic conservation features, and other management 
tools (Recommendation 4) will contribute toward building a climate- 
resilient network. However, to enable this ambition in practice and 
build flexibility into management instruments, appropriate policy 
incentives are needed. The lack of these incentives may help explain 
why the uptake and adoption of climate principles into MPA design 
and operation have been relatively slow (Fig. 1). New international 
biodiversity or conservation targets could provide one such incentive.

The implementation of the global network of MPAs has been 
accelerating, which may, in part, be explained by Parties to the Con-
vention on Biological Diversity (CBD) attempting to meet Aichi 
Target 11 that requires 10% areal protection for coastal and marine 
areas (57). Percentage targets, however, are not a panacea; they can 
promote perverse outcomes and cause PAs to be established at sites 
with relatively low biodiversity value (58). PAs can also vary consider-
ably in their effectiveness, depending on capacity, management, 
and enforcement (59). Nonetheless, the steady progress toward 
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Fig. 3. The need for climate-responsive management features. Climate-driven changes in mobile species, biogenic habitat features, and static geomorphological 
features (e.g., seamounts and ridges), with management measures (permanent and dynamic) superimposed (left column). In this example, under the current distribution 
percent coverage targets (e.g., Aichi Target 11 of 10% by 2020) will be met for many species, habitats, and features (right column). However, climate-driven shifts will affect 
future distributions such that these targets would no longer be met, as a result of species and biogenic habitats expanding, shrinking, disappearing, or moving in relation 
to static protected features (although some features may get increased protection if they move into MPAs). Dynamic closures (hashed boxes, Table 2) can help to fill the 
protection gap in a more rapid manner than simply extending or adding new MPAs; however, these dynamic areas will not count toward international targets unless they 
meet OECM criteria (see Table 3).

Recommendation 4: Design the global MPA network around fully 
protected static management measures supplemented by dynamic, 
climate-responsive tools.
• A multisectoral, rapid-response spatial management tool with a long-term 
biodiversity conservation focus (here termed climate responsive biodiversity 
closures, or CRBCs), dynamically deployed to protect biodiversity under 
climate change, is missing from the conservation portfolio.
• Evaluating the legislative, technical, and practical feasibility of these 
tools, as well as their benefits and trade-offs versus other options (e.g., 
overlaying single-sector measures), remains an operational gap.
• Case studies of these measures could be developed and disseminated, 
as well as funding and capacity transfer for their implementation, if they 
are demonstrated to be effective.
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Towards a	blue transformation	?
• Promote	the	implementation of	the	SDGs and	the	2030	
Agenda	

• Remove subsidies	harmful to	climate change	and	
biodiversity loss

• Prioritize subsidies	for	social	and	economic ecological
transitions

• Promote	sustainable artisanal	fisheries (selective
fishing gear,	saving fossil energy,	creating jobs	- for	
women,	etc.)	

• Do	what we promised to	do	and	what we do	not	do	
(30%	AMPs with 10%	with full	protection	sensu	MPA	
guide)

• Eat sustainable fish



Il n’est pas nécessaire d’espérer 
pour entreprendre ni de réussir 

pour persévérer

Guillaume d’Orange-Nassau, dit le Taciturne 
1568  



Merci de votre attention 


