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Ocean: considerable value
•Moderates climate change
•Represents more than 90% of the 

habitable space of the planet
•Hosts 25% of high-level species
•Provides 11% of global animal protein 

consumed by humans 
•Ocean ecosystems protect coastlines
•…
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ocean’s annual economic
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More than two-thirds is
dependent on healthy
ocean assets
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Impacts of human activities

REVIEW SUMMARY
◥

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
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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
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at http://dx.doi.
org/10.1126/
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Anthropogenic perturbation of the global carbon cycle 
(2005-2015; Gt CO2/yr)

Source: CDIAC; NOAA-ESRL; Le Quéré et al 2015; Global Carbon Budget 2015

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://dx.doi.org/10.5194/essd-7-349-2015
http://www.globalcarbonproject.org/carbonbudget/


CO2 emissions from fossil fuels and industry

This generation has altered the composition of the atmosphere 
on a global scale through radioactive materials and a steady 

increase in carbon dioxide from the burning of fossil fuels.
President Lyndon B. Johnson, 1965 
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Source: CDIAC; Le Quéré et al 2015; Global Carbon Budget 2015

• 2014: 35.9 ± 1.8 Gt 
CO2 (60% over 
1990)

• Projection for 2015: 
35.7 ± 1.8 GtCO2, 
(59% over 1990)

• uncertainty: ±5%
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Atmosphere
44%

Vegetation
30%

Oceans
26%

30 millions tonnes CO2 
per day
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Vastly different knowledge



Ocean acidification



Causes of ocean acidification
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coastal ecosystems by reducing nutrient and 
sediment loading of water and protecting the 
physical integrity of the habitat itself. Such 
coastal inputs may be enriched with fertilizers 
and, if unchecked, can further increase acidi-
fi cation in estuaries and coastal waterways. 
Independent local actions, such as increas-
ing vegetation cover, may be effective at small 
scales, but concerted action among multiple 
local jurisdictions—as would likely be neces-
sary to address erosion within an entire water-
shed, for example—may require coordination 
among state or regional governments, adding 
a layer of regulatory complexity.

Third, land-use change facilitated through 
local and regional planning, zoning, and per-
mitting policies can reduce direct and indirect 
(e.g., deforestation) CO2 emissions, runoff, 
and other threats ( 25). Antisprawl land-use 
plans can help reduce vehicle-miles traveled 
and impermeable surface cover, limiting both 
emissions and runoff. At least two state laws 
[Massachusetts (Global Warming Solutions 
Act) and California (SB 375)] explicitly link 
land-use development, transportation, and 
climate change mitigation. These state-level 
rules are models for state action, but cities 
and counties can adopt policies and alter zon-
ing provisions and general plans that could 
help safeguard their own waters—without 
waiting for state governments to act ( 26).

Finally, simply enforcing existing fed-
eral emissions limits for pollutants such as 
nitrogen oxide and sulfur oxide (for exam-
ple, from coal-fi red power plants) could help 
ameliorate local drivers of ocean acidifi ca-
tion ( 13). Reductions could have immediate 
local effects, because these pollutants have 
short atmospheric residence times, falling 
out of the atmosphere and into the water and/
or land near where they were produced ( 12). 
Reducing pollutants to benefi t local environ-
mental conditions increases the likelihood of 
responsible stewardship by matching politi-
cal incentives and environmental remediation 
at the same spatial scale ( 27).

In addition to regulating inputs to the 
coastal zone, protecting important ecosys-
tem components (such as shell material) pro-
vides another potential mechanism to combat 
locally intensified acidification. Returning 
crushed shell material to coastal habitats to 
approximate densities found in healthy clam 
populations can substantially increase pH 
and mitigate localized acidifi cation impacts 
on clams ( 10,  28).

Tenaciously enforcing existing limits for 
sediment runoff, erosion, and emissions may 
alone improve the health of coastal waters 
and safeguard coastal economies dependent 
on calcium carbonate–producing organisms, 

such as shellfish and corals. In the face of 
declining conditions, however, it is increas-
ingly critical to establish historical and cur-
rent pH levels to inform future federal or state 
regulations aimed at protecting against ocean 
acidifi cation. The potential biological, eco-
logical, and socioeconomic effects of acidifi -
cation are likely to affect nearshore environ-
ments most severely, affecting the delivery 
of ecosystem services that over half of the 
world’s population depend on and costing bil-
lions of dollars in lost product and income ( 5). 
Minimizing additional stressors on coastal 
ecosystems can also help to ameliorate threats 
to coastal resources, thereby maintaining eco-
system resilience and sustainable economic 
benefi ts from the ocean. 
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What is ocean acidification?
Concentrations 

of Hydrogen ions 
compared to distilled 

water (pH)

Examples of solutions 
and their respective pH

10,000,000 0 Battery Acid

1,000,000 1 Hydrochloric Acid

100,000 2 Lemon Juice, Vinegar

10,000 3 Orange Juice, Soda

1,000 4 Tomato Juice

100 5 Black Coffee, Acid Rain

10 6 Urine, Saliva

1 7 “Pure” Water

1/10 8 Sea Water

1/100 9 Baking Soda, Toothpaste

1/1,000 10 Milk of Magnesium

1/10,000 11 Household Ammonia

1/100,000 12 Soapy Water

1/1,000,000 13 Bleach, Oven Cleaner

1/10,000,000 14 Liquid Drain Cleaner
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Sam Dupont

• CO2 is an acid gas (it 
produces acid when combined 
with water)

• Each of us adds 4 kg CO2 per 
day to the ocean (increasing 
acidity, reducing pH)



pH and acidity

pH



pH and acidity

pH Acidity : x 10-9 mol H+/kg

+34 %

+152 %



Ocean acidification can be measured
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reoccupation of ocean sections such as 
Line P, initiated in 1973 in the North 
Pacific Ocean (Wong et al., 2010). The 
GEOSECS program provided the foun-
dation for subsequent scientific expedi-
tions such as the Transient Tracers in the 
Ocean (TTO) expedition of the North 
and tropical Atlantic Oceans in the early 
1980s (Brewer et al., 1985), and the 
World Ocean Circulation Experiment 
(WOCE) and Joint Global Ocean Flux 
Study (JGOFS) in the late 1980s and 
1990s. The initiation of time series such 
as BATS and HOT in the late 1980s 
and subsequent expansion of sustained 
observations around the globe owe much 
to these earlier efforts and to the grow-
ing recognition that understanding of 
the time-varying components of the 
ocean carbon cycle and related inorganic 
nutrient dynamics (e.g., nitrogen, phos-
phorus, and silica) required identifica-
tion of the relevant physical, chemical, 
and ecosystem processes responsible for 
observed variability.

Several other factors promoted the 
expansion of ocean CO2 time series 
(including repeating ocean sections) in 
both open-ocean and coastal environ-
ments in order to detect changes in the 
ocean carbon cycle due to both natural 
processes and anthropogenic perturba-
tion. Improvements in chemical instru-
mentation (e.g., Johnson et al., 1987, 
1993) allowed sample analyses to be 
conducted with sufficient sensitivity to 
detect gradual change. These develop-
ments were complemented by rigorous 
standard operating protocols for chemi-
cal analysis (Dickson et al., 2007) and 
refinement of chemical equilibria models 
of the seawater CO2-carbonate system 
(e.g., Zeebe and Wolf-Gladrow, 2001). 
In the early 1990s, Andrew Dickson of 
Scripps Institution of Oceanography 
(SIO) developed and distributed certified 

reference material (CRMs)—seawater 
with carefully measured and standard-
ized DIC and TA concentrations that 
allowed assessments to be made of 
the long-term accuracy of other mea-
surements. Incorporation of seawater 
CO2-carbonate chemistry data into 
global climatology products such as the 
Global Ocean Data Project (GLODAP; 
Key et al., 2004; Sabine et al., 2005) and 

PACIFICA (PACIFic ocean Interior 
CArbon; Suzuki et al., 2013) is credited 
as critically important for improvement 
of global models and for understanding 
global ocean carbon cycle feedbacks and 
synergies necessary to detect changes in 
the ocean carbon cycle due to both natu-
ral processes and anthropogenic pertur-
bation (e.g., Tanhua et al., 2013).

Nicholas R. Bates (Nick.Bates@bios.edu) is Professor, Bermuda Institute of Ocean Sciences, 
Bermuda. Yrene M. Astor is Senior Investigator, Fundacion la Salle de Ciencias Naturales, 
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Figure 1. Location map of the seven ocean carbon time-series sites, including Iceland Sea, 
Irminger Sea, Bermuda Atlantic Time-series Study (BATS), European Station for Time series in 
the Ocean at the Canary Islands (ESTOC), Hawaii Ocean Time-series (HOT), CArbon Retention 
In A Colored Ocean (CARIACO), and Munida (see Table 1 for detailed information about loca-
tions and sampling frequency). Such sustained ocean carbon cycle time series complement 
collection of water-column hydrography and biogeochemistry (e.g., dissolved oxygen, inorganic 
nutrients, chlorophyll, and dissolved and particulate organic carbon and nitrogen) and rate 
measurements (including 14C primary production, bacterial production, and export flux) at 
several of these sites.
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and ecosystem processes responsible for 
observed variability.

Several other factors promoted the 
expansion of ocean CO2 time series 
(including repeating ocean sections) in 
both open-ocean and coastal environ-
ments in order to detect changes in the 
ocean carbon cycle due to both natural 
processes and anthropogenic perturba-
tion. Improvements in chemical instru-
mentation (e.g., Johnson et al., 1987, 
1993) allowed sample analyses to be 
conducted with sufficient sensitivity to 
detect gradual change. These develop-
ments were complemented by rigorous 
standard operating protocols for chemi-
cal analysis (Dickson et al., 2007) and 
refinement of chemical equilibria models 
of the seawater CO2-carbonate system 
(e.g., Zeebe and Wolf-Gladrow, 2001). 
In the early 1990s, Andrew Dickson of 
Scripps Institution of Oceanography 
(SIO) developed and distributed certified 

reference material (CRMs)—seawater 
with carefully measured and standard-
ized DIC and TA concentrations that 
allowed assessments to be made of 
the long-term accuracy of other mea-
surements. Incorporation of seawater 
CO2-carbonate chemistry data into 
global climatology products such as the 
Global Ocean Data Project (GLODAP; 
Key et al., 2004; Sabine et al., 2005) and 

PACIFICA (PACIFic ocean Interior 
CArbon; Suzuki et al., 2013) is credited 
as critically important for improvement 
of global models and for understanding 
global ocean carbon cycle feedbacks and 
synergies necessary to detect changes in 
the ocean carbon cycle due to both natu-
ral processes and anthropogenic pertur-
bation (e.g., Tanhua et al., 2013).

Nicholas R. Bates (Nick.Bates@bios.edu) is Professor, Bermuda Institute of Ocean Sciences, 
Bermuda. Yrene M. Astor is Senior Investigator, Fundacion la Salle de Ciencias Naturales, 
Estación de Investigaciones Marinas, Venezuela. Matthew J. Church is Associate Professor, 
Department of Oceanography, University of Hawaii, Honolulu, HI, USA. Kim Currie 
is Marine Chemist, National Institute of Water and Atmospheric Research, Dunedin, 
New Zealand. John E. Dore is Associate Research Professor, Department of Land 
Resources and Environmental Sciences, Montana State University, Bozeman, MT, USA. 
Melchor González-Dávila is Dean, Departmento de Quımica, Facultad de Ciencias del 
Mar, Universidad de Las Palmas de Gran Canaria, Spain. Laura Lorenzoni is Research 
Associate, College of Marine Science, University of South Florida, St. Petersburg, FL, USA. 
Frank Muller-Karger is Professor, College of Marine Science, University of South Florida, 
St. Petersburg, FL, USA. Jon Olafsson is a researcher at the Marine Research Institute, 
Reykjavik, and Institute of Earth Sciences, University of Iceland, Reykjavik, Iceland. 
J. Magdalena Santana-Casiano is Professor, Departmento de Quımica, Facultad de 
Ciencias del Mar, Universidad de Las Palmas de Gran Canaria, Spain. 

Figure 1. Location map of the seven ocean carbon time-series sites, including Iceland Sea, 
Irminger Sea, Bermuda Atlantic Time-series Study (BATS), European Station for Time series in 
the Ocean at the Canary Islands (ESTOC), Hawaii Ocean Time-series (HOT), CArbon Retention 
In A Colored Ocean (CARIACO), and Munida (see Table 1 for detailed information about loca-
tions and sampling frequency). Such sustained ocean carbon cycle time series complement 
collection of water-column hydrography and biogeochemistry (e.g., dissolved oxygen, inorganic 
nutrients, chlorophyll, and dissolved and particulate organic carbon and nitrogen) and rate 
measurements (including 14C primary production, bacterial production, and export flux) at 
several of these sites.
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Geographical differences

between 1.5 and 2.0 (Fig. 2A). Only 24% of the
waters had an Ωarag between 1.5 and 1.0, and no
waters were undersaturated. By 2005, the vol-
ume of waters with an Ωarag value greater than
1.5 had dropped to ~20% in the yearly average,
with waters with an Ωarag between 1.0 and 1.5
dominating and undersaturated waters appearing
seasonally. In the coming decades, waters with
Ωarag < 1 are projected to expand substantially
in the euphotic zone of the central California CS,
occupying more than half of the waters in 2050
in the annual mean. In the summer season, this
ratio increases to about 70%, with long stretches
of the central coast projected to be undersatu-
rated throughout the euphotic zone (fig. S4). By
that time, waters with Ωarag > 1.5 will have large-
ly vanished.

The progression toward widespread and per-
sistent undersaturation in the nearshore 10 km
is even more dramatic in the upper twilight
zone; that is, in the depth range between 60
and 120 m (Fig. 2B). Though nearly all waters
in this depth range were supersaturated with re-
spect to aragonite in preindustrial times, a small
but persistent volume of undersaturated waters
appears by 2005. Within the next 20 to 30 years,
the volume of undersaturated waters quickly ex-
pands, and by ~2035 in the SRES A2 scenario,
nearly the entire twilight zone of the central Cali-
fornia coast will be undersaturated year-round.

Undersaturated conditions became common
by 2005 in the bottom layer of the model above
the shelf sediments of the central California
CS (with water depths ranging between 50 and

120 m) (Fig. 2C). This is a substantial change
since preindustrial times, for which the model
simulated no undersaturated conditions in this
layer. Still, ~30% of this layer remains super-
saturated in 2005. Our simulations for the waters
above the shelf sediments are consistent with data-
based reconstructions for the central Oregon coast
(13), which also suggest widespread undersatu-
rated conditions for the present but extended pe-
riods of supersaturation with regard to aragonite.
Such supersaturated conditions are projected to
disappear within the next 10 years, so that by
the mid-2020s essentially all waters above the
shelf sediments will be undersaturated.

Most of these early developments occur re-
gardless of whether atmospheric CO2 follows
the high (A2) or low (B1) CO2 scenario (see sup-
plementary materials). This lack of sensitivity is
due to two factors. First, the two scenarios do
not differ substantially in their atmospheric CO2

levels for the next 20 years; only around 2035
do they begin to deviate more strongly from each
other (fig. S5). Second, because surface waters
are following the increase in atmospheric CO2

relatively closely, the primary determinant for
the degree of ocean acidification in the upper
ocean is the atmospheric CO2 concentration, not
its rate of change. This is well illustrated when
the saturation state is plotted as a function of
atmospheric PCO2 rather than time (Fig. 3), re-
sulting in nearly identical outcomes for the
two scenarios (fig. S7). This means that the
timing of when particular chemical thresholds
are reached in the upper ocean depends only

on when the corresponding atmospheric CO2

concentration is attained. Our simulation results
show that at ~400 ppm, substantial parts of the
twilight zone (60 to 120 m) and the habitats
along the sea floor on the shelf become undersat-
urated. Given the present-day atmospheric CO2

concentration of 390 ppm and the recent rates
of increase in atmospheric CO2 of 1.5 ppm/year
or more (24), we are virtually certain that a level
of 400 ppm will be reached within this decade.
When atmospheric CO2 reaches ~500 ppm, a
level that is crossed by ~2040 in the A2 sce-
nario and a little after 2050 in the B1 scenario,
the top 60 m in our model begin to experience
extended undersaturated conditions. Thus, un-
less atmospheric CO2 follows a scenario that is
much lower than the low-emission B1 pathway,
most of the simulated transitions are bound to
happen.

The projected evolution of the upper ocean
in the nearshore 10 km of the central California
CS toward low Ωarag conditions is similar to that
projected for the Southern Ocean and the Arctic
Ocean (Fig. 3), which have previously been pro-
posed as the first oceanic regions to become un-
dersaturated (9, 18). The upper twilight zone
and the bottom layer of the central California
CS become undersaturated even faster than the
surface Arctic Ocean, highlighting the imminent
nature of reaching this threshold.

The progression of ocean acidification may
occur even faster or at lower atmospheric CO2

concentrations than projected by our model sim-
ulations. First, our model tends to overpredict
Ωarag in the nearshore regions (see supplemen-
tary materials), so that the appearance of certain
Ωarag thresholds is probably delayed in the mod-
el. A sensitivity test, in which we applied a uni-
form correction of –0.1 units to Ωarag, revealed
that the shifts in the distribution of volumina
with a particular saturation state may occur ~10
years earlier than in our standard case (fig. S3).
Second, our model is forced with the present-
day climatological boundary conditions for all
years up to 2050, whereas theoretical considera-
tions (25), model simulations (26), and historical
trends (27) suggest that the upwelling favorable
winds may increase in the coming decades in
response to global warming. This could enhance
the upwelling of corrosive water and accelerate
the progression toward low Ωarag conditions even
further.

Although we are able to project with some
confidence the chemical changes associated with
the future evolution of ocean acidification in the
CaliforniaCS, the impacts of these chemical changes
on organisms, ecosystems, and biogeochemistry
remain highly uncertain (6, 28, 29). The limited
evidence available suggests that most aragonite-
secreting organisms, such as pteropods or oysters,
respond negatively to lowered Ωarag (30), with
the early-life stages appearing to be particularly
sensitive (31).We emphasize here the progression
toward undersaturated conditions, as this repre-
sents a well-established chemical threshold, but

Fig. 3. Temporal evolu-
tion of the mean satura-
tion states with regard to
aragonite (left y axis) and
calcite (right y axis) in the
nearshore 10 km of the
central California CS as a
function of the atmospher-
ic PCO2 (lower x axis) and
time (upper x axis). The
evolutions of three depth
layers (0 to 60 m, 60 to
120 m, and the bottom
layer of the model above
the shelf sediments) are
shown. Also shown are the
mean evolutions of Ωarag
for the tropical ocean, the
Southern Ocean, and the
Arctic Ocean, as simulated
by a global coarse resolu-
tion model (18). Shaded
curves depict the modeled
trajectories including T1 SD
of the seasonal variations.
All simulations were per-
formed for the A2 scenario.
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Spatial and temporal variability of surface pH

Figure 2. pH dynamics at 15 locations worldwide in 0–15 m water depth. All panels are plotted on the same vertical range of pH (total
hydrogen ion scale). The ordinate axis was arbitrarily selected to encompass a 30-day period during each sensor deployment representative of each
site during the deployment season. See Table 1 for details regarding sensor deployment.
doi:10.1371/journal.pone.0028983.g002
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Meta-analysis: Kroeker et al. (2013)
• Significant negative effect 

on:

• survival

• calcification

• growth

• development

• abundance For Review Only

  

 

 

Figure 1. Mean effect of near future acidification on major response variables. Significance is determined 
when the 95% bootstrapped confidence interval does not cross zero. The number of experiments used to 

calculate the mean is included in parentheses. * denotes a significant effect.  
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Figure 4. Summary of effects of acidification among key taxonomic groups. Effects 

are represented as either mean percent (+) increase or percent (-) decrease in a given 

response. Percent change estimates were back transformed from the mean LnRR, and 

represent geometric means. Non-significant effects are grouped as “no effect”. 
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Polar displacement? 
A few corals do not make a reefY. Yara et al.: Global warming, ocean acidification and coral habitats 4957

Fig. 1. Study site locations. At present, Sadogashima Island
(138.2� E, 38.0� N) marks the northern limit of the temperate
coral occurrence. Kushimoto-Shirahama (135.7� E, 33.5� N) and
Tateyama (139.8� E, 35.0� N) are located in the current transition
area of the tropical/subtropical coral community and the temper-
ate coral community. The JMA/MRI cruise was a 137� E transect
used to validate the projected SST and �arag. Isothermal lines of
SST= 18 �C (solid green line) and 10 �C (solid yellow line) and iso-
lines of�arag = 3.0 (dotted green line), 2.3 (dotted yellow line) and
1.0 (red dotted line) during the coldest months are also presented.

for the whole Pacific (e.g., Kleypas et al., 1999a, 2006), al-
though some coral reefs exist in waters with �arag< 3 (e.g.,
Manzello, 2010; Cohen and Holcomb, 2009).
Corals are also frequently found in the temperate areas

of Japan. They normally do not contribute to reef-building,
though the world’s most northerly coral reefs are found
at Iki and Tsushima islands (34.1� N, 129.5� E) (Yamano
et al., 2012). The northernmost coral species (Oulastrea
crispata) around Japan is currently found at Sadogashima Is-
land (38.0� N, 138.2� E), of Niigata Prefecture (Honma and
Kitami, 1978), where SST gets as low as 10 �C during the
coldest months. Also, the lowest values of �arag at these lo-
cations reach levels of around�arag = 2.3, with values calcu-
lated from observed data of SST, sea surface salinity (SSS),
and pH from Niigata Prefectural Fisheries and Marine Re-
search Institute (2007, 2008, 2009 and 2010) and total alka-
linity from Lee et al. (2006). Thus, Japan’s two coral com-
munities, i.e., the tropical/subtropical and temperate corals,
have very different tolerance ranges for SST and�arag, likely
leading to different responses to future climate change.
In order to quantify these different responses, we examine

the effects of warming (bleaching and poleward range expan-
sion) and ocean acidification until the end of this century for
a “business as usual” CO2 emission scenario (SRES A2).

We use simulations from four fully coupled global three-
dimensional (3-D) atmospheric-ocean climate models that
include complete carbon cycle modules (Steinacher et al.,
2009, 2010). We add the changes projected from these mod-
els to present-day climatologies in order to obtain a best es-
timate of the future trajectories of SST and �arag in the near-
surface ocean. We compare the speed of poleward range ex-
pansion of coral species to the speed of change in the arag-
onite saturation state �arag, and provide an updated projec-
tion of coral habitat marginality for the 21st century around
the coast of Japan for both tropical/subtropical and temperate
coral habitats. Though our analysis is limited to the definition
of habitat suitability on the basis of simple indices (SST and
�arag), it serves as a baseline to project and understand the
future status of corals under the high CO2 emission scenario
(SRES A2). Our study does not explicitly consider the pos-
sibility of adaptation, but we discuss the importance of this
process and the temporal/spatial variability in the responses
of corals to climate change (e.g., Pandolfi et al., 2011).

2 Methods

2.1 Climatological data and future projections

To project the effects of global warming and ocean acidifica-
tion on coral habits for this century, we combine results from
climate models for the coming decades with present-day cli-
matological observations.
Given the lack of a surface ocean monthly climatology

of �arag, we computed monthly �arag values on the basis
of monthly fields of dissolved inorganic carbon (DIC), al-
kalinity (ALK), sea surface temperature (SST), sea surface
salinity (SSS), phosphate (PO4) and silicic acid (Si(OH)4).
The latter four variables were taken from the World Ocean
Atlas, version 2005 (WOA05). We computed surface ALK
from monthly mean SST and SSS using the method detailed
in Lee et al. (2006). We then calculated monthly mean DIC
from monthly mean ALK and monthly mean sea surface
pCO2 from Takahashi et al. (2009) using the OCMIP (Ocean
Carbon-Cycle Model Intercomparison Project) carbon-
ate chemistry routines (http://www.ipsl.jussieu.fr/OCMIP/
phase3/simulations/NOCES/HOWTO-NOCES-3.html), and
SST, SSS, and the nutrients PO4 and Si(OH)4 from WOA05.
All these monthly fields were then used to compute the
monthly climatology of �arag using the same OCMIP rou-
tines. The monthly DIC and �arag fields correspond to a cli-
matological year 2000, owing to the use of the surface pCO2
fields of Takahashi et al. (2009), which were adjusted to this
reference year. All data were interpolated onto a 1� ⇥ 1� grid
for the western North Pacific (area bounded by 24�–48� N,
118�–157� E).
To project the seasonal climatological distributions for-

ward in time, we used annual mean SST and �arag from
four fully coupled global 3-D atmospheric-ocean climate
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Fig. 1. Study site locations. At present, Sadogashima Island
(138.2� E, 38.0� N) marks the northern limit of the temperate
coral occurrence. Kushimoto-Shirahama (135.7� E, 33.5� N) and
Tateyama (139.8� E, 35.0� N) are located in the current transition
area of the tropical/subtropical coral community and the temper-
ate coral community. The JMA/MRI cruise was a 137� E transect
used to validate the projected SST and �arag. Isothermal lines of
SST= 18 �C (solid green line) and 10 �C (solid yellow line) and iso-
lines of�arag = 3.0 (dotted green line), 2.3 (dotted yellow line) and
1.0 (red dotted line) during the coldest months are also presented.

for the whole Pacific (e.g., Kleypas et al., 1999a, 2006), al-
though some coral reefs exist in waters with �arag< 3 (e.g.,
Manzello, 2010; Cohen and Holcomb, 2009).
Corals are also frequently found in the temperate areas

of Japan. They normally do not contribute to reef-building,
though the world’s most northerly coral reefs are found
at Iki and Tsushima islands (34.1� N, 129.5� E) (Yamano
et al., 2012). The northernmost coral species (Oulastrea
crispata) around Japan is currently found at Sadogashima Is-
land (38.0� N, 138.2� E), of Niigata Prefecture (Honma and
Kitami, 1978), where SST gets as low as 10 �C during the
coldest months. Also, the lowest values of �arag at these lo-
cations reach levels of around�arag = 2.3, with values calcu-
lated from observed data of SST, sea surface salinity (SSS),
and pH from Niigata Prefectural Fisheries and Marine Re-
search Institute (2007, 2008, 2009 and 2010) and total alka-
linity from Lee et al. (2006). Thus, Japan’s two coral com-
munities, i.e., the tropical/subtropical and temperate corals,
have very different tolerance ranges for SST and�arag, likely
leading to different responses to future climate change.
In order to quantify these different responses, we examine

the effects of warming (bleaching and poleward range expan-
sion) and ocean acidification until the end of this century for
a “business as usual” CO2 emission scenario (SRES A2).

We use simulations from four fully coupled global three-
dimensional (3-D) atmospheric-ocean climate models that
include complete carbon cycle modules (Steinacher et al.,
2009, 2010). We add the changes projected from these mod-
els to present-day climatologies in order to obtain a best es-
timate of the future trajectories of SST and �arag in the near-
surface ocean. We compare the speed of poleward range ex-
pansion of coral species to the speed of change in the arag-
onite saturation state �arag, and provide an updated projec-
tion of coral habitat marginality for the 21st century around
the coast of Japan for both tropical/subtropical and temperate
coral habitats. Though our analysis is limited to the definition
of habitat suitability on the basis of simple indices (SST and
�arag), it serves as a baseline to project and understand the
future status of corals under the high CO2 emission scenario
(SRES A2). Our study does not explicitly consider the pos-
sibility of adaptation, but we discuss the importance of this
process and the temporal/spatial variability in the responses
of corals to climate change (e.g., Pandolfi et al., 2011).

2 Methods

2.1 Climatological data and future projections

To project the effects of global warming and ocean acidifica-
tion on coral habits for this century, we combine results from
climate models for the coming decades with present-day cli-
matological observations.
Given the lack of a surface ocean monthly climatology

of �arag, we computed monthly �arag values on the basis
of monthly fields of dissolved inorganic carbon (DIC), al-
kalinity (ALK), sea surface temperature (SST), sea surface
salinity (SSS), phosphate (PO4) and silicic acid (Si(OH)4).
The latter four variables were taken from the World Ocean
Atlas, version 2005 (WOA05). We computed surface ALK
from monthly mean SST and SSS using the method detailed
in Lee et al. (2006). We then calculated monthly mean DIC
from monthly mean ALK and monthly mean sea surface
pCO2 from Takahashi et al. (2009) using the OCMIP (Ocean
Carbon-Cycle Model Intercomparison Project) carbon-
ate chemistry routines (http://www.ipsl.jussieu.fr/OCMIP/
phase3/simulations/NOCES/HOWTO-NOCES-3.html), and
SST, SSS, and the nutrients PO4 and Si(OH)4 from WOA05.
All these monthly fields were then used to compute the
monthly climatology of �arag using the same OCMIP rou-
tines. The monthly DIC and �arag fields correspond to a cli-
matological year 2000, owing to the use of the surface pCO2
fields of Takahashi et al. (2009), which were adjusted to this
reference year. All data were interpolated onto a 1� ⇥ 1� grid
for the western North Pacific (area bounded by 24�–48� N,
118�–157� E).
To project the seasonal climatological distributions for-

ward in time, we used annual mean SST and �arag from
four fully coupled global 3-D atmospheric-ocean climate
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Contrasting futures for ocean and
society from different anthropogenic
CO2 emissions scenarios
J.-P. Gattuso,1,2,3* A. Magnan,3 R. Billé,4 W. W. L. Cheung,5 E. L. Howes,6 F. Joos,7

D. Allemand,8,9 L. Bopp,10 S. R. Cooley,11 C. M. Eakin,12 O. Hoegh-Guldberg,13

R. P. Kelly,14 H.-O. Pörtner,6 A. D. Rogers,15 J. M. Baxter,16 D. Laffoley,17 D. Osborn,18

A. Rankovic,3,19 J. Rochette,3 U. R. Sumaila,20 S. Treyer,3 C. Turley21

The ocean moderates anthropogenic climate change at the cost of profound alterations of
its physics, chemistry, ecology, and services. Here, we evaluate and compare the risks of
impacts on marine and coastal ecosystems—and the goods and services they provide—for
growing cumulative carbon emissions under two contrasting emissions scenarios. The
current emissions trajectory would rapidly and significantly alter many ecosystems and the
associated services on which humans heavily depend. A reduced emissions scenario—
consistent with the Copenhagen Accord’s goal of a global temperature increase of less
than 2°C—is much more favorable to the ocean but still substantially alters important
marine ecosystems and associated goods and services. The management options to
address ocean impacts narrow as the ocean warms and acidifies. Consequently, any new
climate regime that fails to minimize ocean impacts would be incomplete and inadequate.

A
tmospheric carbon dioxide (CO2) has in-
creased from 278 to 400 parts per million
(ppm) over the industrial period and, to-
gether with the increase of other green-
house gases, has driven a series of major

environmental changes. The global ocean (includ-
ing enclosed seas) acts as a climate integrator
that (i) absorbed 93% of Earth’s additional heat
since the 1970s, offsetting much atmospheric
warming but increasing ocean temperature and
sea level; (ii) captured 28% of anthropogenic CO2

emissions since 1750, leading to ocean acidifica-
tion; and (iii) accumulated nearly all water result-
ing from melting glaciers and ice sheets, hence
furthering the rise in sea level. Thus, the ocean
moderates anthropogenic climate change at the
cost of major changes in its fundamental chem-
istry and physics. These changes in ocean prop-
erties profoundly affect species’ biogeography
and phenology, as well as ecosystem dynamics
and biogeochemical cycling (1–3). Such changes
inevitably affect the ecosystem services on which
humans depend. The ocean representsmore than
90% of Earth’s habitable space, hosts 25% of
eukaryotic species (4), provides 11% of global
animal protein consumed by humans (5), pro-
tects coastlines, and more. Simply put, the ocean
plays a particularly important role in the live-
lihood and food security of hundreds of millions
of people.
The United Nations Framework Convention

on Climate Change (UNFCCC) aims to stabilize
atmospheric greenhouse gas concentrations “at a
level thatwould prevent dangerous anthropogenic
interference with the climate system ... within a
time-frame sufficient to allow ecosystems to adapt

naturally to climate change, to ensure that food
production is not threatened, and to enable eco-
nomic development to proceed in a sustainable
manner” (6). According to the Copenhagen Ac-
cord (7), meeting these goals requires that the
increase in average global surface temperature
be less than 2°C over the preindustrial average.
However, despite the ocean’s critical role in global
ecosystem goods and services, international cli-
matenegotiationshave onlyminimally considered
ocean impacts, especially those related to ocean
acidification (8). Accordingly, highlighting ocean-
related issues is now crucial, given that even
achieving the +2°C target (set on global tem-
perature)wouldnot preventmany climate-related
impacts upon the ocean (9).
This paper first summarizes the key findings

of the Fifth Assessment Report (AR5) of the In-
tergovernmental Panel on Climate Change (IPCC)
and, given the ongoing acceleration of climate
change research, adds newer literature to assess
the impacts of global change—including ocean
warming, acidification, deoxygenation, and sea
level rise—linking ocean physics and chemistry
to biological processes, ecosystem functions, and
human activities. Second, it builds on scenarios
based on the range of cumulative fossil carbon
emissions and the IPCC Representative Concen-
tration Pathways (RCP) RCP2.6 and RCP8.5, con-
trasting two potential futures. RCP2.6 reflects the
UNFCCC target of global temperature staying
below +2°C, whereas RCP8.5 reflects the current
trajectory of business-as-usual CO2 emissions.
Third, this paper provides a broad discussion of
the options society has for addressing ocean im-
pacts and ends with key messages that provide

further compelling arguments for ambitious CO2

emissions reduction pathways.

Changes in ocean physics and chemistry

Ocean changes resulting from anthropogenic
emissions include long-term increase in temper-
ature down to at least 700 m, increased sea level,
and a decrease in Arctic summer sea ice (Fig. 1 and
Table 1) (10). Other radiatively active agents—such
as ozone, methane, nitrous oxide, and aerosols—
do not affect the ocean asmuch as CO2. Setting it
apart, CO2 accounts for two or more times the
warming attributed to the non-CO2 greenhouse
gases by 2100 (11) and causes ocean acidification.
The uptake of excess anthropogenic CO2 by the
ocean increases the partial pressure of carbon
dioxide (PCO2) and dissolved inorganic carbon
while decreasing pH and the saturation state of
seawater with respect to the calcium carbonate
minerals aragonite and calcite, both being crit-
ical drivers of solubility of shells and skeletons
(12). Rising global CO2 also further exacerbates the
nearshore biogeochemical changes associatedwith
land use change, nutrient inputs, aquaculture,
and fishing (13).
Both the magnitude and rate of the anthropo-

genic carbon perturbation exceed the extent of
natural variation over the last millennium and
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Taking into account the full scenario range, 
global net negative emissions would need to 
set in around 2070 for the most challenging 
scenarios and progressively later for higher-
temperature stabilization levels.

IAMs6 and Earth system models (ESMs2) 
provide different but complementary 
approaches for quantifying negative 
emissions requirements. ESMs simulate 
the compatible net CO2 emissions based on 
mass balance between atmospheric changes 
in CO2 and land and ocean carbon sinks. A 
model intercomparison of ten ESMs found 
that two-thirds of the models required net 
negative emissions in the second half of the 
century9, but the ESMs make no assumption 
on how this is technically achieved. For 
IAMs, negative emissions are an outcome of 
an economic optimization driven by a choice 
between reducing emissions and BECCS 
(gross negative emissions). Both approaches 
model the link between CO2 emissions, 
atmospheric concentrations and subsequent 
climate change. Importantly, some of the 
non-CO2 emissions (for example, CH4 and 
N2O from agriculture) will be very difficult 
to mitigate completely, as will some CO2 
emissions from industry and transportation 
below which mitigation will be economically 
and technically very difficult10. Therefore, 
to reach long-term climate stabilization 
under the 2 °C limit, there is likely to be 
a requirement for gross negative CO2 

emissions (that is, at the project level) and 
likely also for net negative emissions (that is, 
the global net balance). 

The challenges ahead
The deployment of large-scale 
bioenergy faces biophysical, technical 
and social challenges11, and CCS is yet 
to be implemented widely. Four major 
uncertainties need to be resolved: (1) the 
physical constraints on BECCS, including 
sustainability of large-scale deployment 
relative to other land and biomass needs, 
such as food security and biodiversity 
conservation, and the presence of safe, long-
term storage capacity for carbon; (2) the 
response of natural land and ocean carbon 
sinks to negative emissions; (3) the costs 
and financing of an untested technology; 
and (4) socio-institutional barriers, such as 
public acceptance of new technologies and 
the related deployment policies. In the IAM 
scenarios in AR56 that are consistent with 
warming of less than 2 °C, the requirement 
for BECCS ranges between 2 and 10 Gt CO2 
annually in 2050, corresponding to 
5–25% of 2010 CO2 emissions and 4–22% 
of baseline 2050 CO2 emissions. Huge 
upscaling efforts will be needed to reach 
this level. In comparison, the current global 
mean removal of CO2 by the ocean and 
terrestrial carbon sinks is 9.2 ± 1.8 Gt CO2 
and 10.3 ± 2.9 Gt CO2, respectively5,12. 

Concerning the capture and storage portion 
of the BECCS chain, the International Energy 
Agency’s CCS roadmap clearly illustrates 
that huge efforts would be needed to achieve 
the scale of CCS (both fossil fuel emissions 
CCS and BECCS) foreseen in current 
stabilization scenarios, as publicly supported 
demonstration programs are still struggling 
to deliver actual large-scale projects13.

It is difficult to estimate the actual costs 
of BECCS, as it is partially in competition 
for resources (land, biomass and storage 
capacity, and cost of CCS) used in other 
mitigation options and for objectives beyond 
climate stabilization. However, while negative 
emissions might seem more expensive than 
established mitigation options, including 
fossil fuel emissions CCS, the mitigation 
pathways to 2100 excluding negative 
emissions technologies are all substantially 
more expensive than the pathways including 
those technologies6,14,15.

Policymakers will need a much more 
complete picture of negative emissions 
than what is currently at hand. Issues of 
governance and behavioural transformations 
need to be better understood. The reliance 
of current scenarios on negative emissions, 
despite very limited knowledge, calls for 
a major new transdisciplinary research 
agenda to (1) examine consistent narratives 
for the potential of implementing and 
managing negative emissions, (2) estimate 

Figure 1 | Carbon dioxide emission pathways until 2100 and the extent of net negative emissions and bioenergy with carbon capture and storage (BECCS) 
in 2100. a, Historical emissions from fossil fuel combustion and industry (black) are primarily from the Carbon Dioxide Information Analysis Center4,6. They 
are compared with the IPCC fifth assessment report (AR5) Working Group 3 emissions scenarios (pale colours) and to the four representative concentration 
pathways (RCPs) used to project climate change in the IPCC Working Group 1 contribution to AR5 (dark colours). b, The emission scenarios have been grouped 
into five climate categories5 measured in ppm CO2 equivalent (CO2eq) in 2100 from all components and linked to the most relevant RCP. The temperature 
increase (right of panel a) refers to the warming in the late twenty-first century (2081–2100 average) relative to the 1850–1900 average24. Only scenarios 
assigned to climate categories are shown (1,089 of 1,184). Most scenarios that keep climate warming below 2 °C above pre-industrial levels use BECCS and 
many require net negative emissions (that is, BECCS exceeding fossil fuel emissions) in 2100. Data sources: IPCC AR5 database, Global Carbon Project and 
Carbon Dioxide Information Analysis Center.
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• Thresholds: +1.5 °C and -0.2 pH 
units relative to preindustrial

• RCP8.5: 69% of the ocean surface 
will exceed both thresholds

• RCP2.6: < 1%
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4 key messages
1.  Ocean strongly influences the climate 

system and important provider of key 
services

2.  Impacts already detectable, high risk 
of impacts well before 2100, even 
with a low emission scenario

3.  Immediate and substantial reduction 
of CO2 emissions to prevent massive 
and mostly irreversible impacts 

4.  As CO2 increases, the protection, 
adaptation, and repair options 
become fewer and less effective



COP21



Paris Agreement

“Holding the increase in the global average 
temperature to well below 2 °C above pre-industrial 
levels and to pursue efforts to limit the temperature 
increase to 1.5 °C above pre-industrial levels…”
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COMMENTARY:

Implications of the Paris 
agreement for the ocean
Alexandre K. Magnan, Michel Colombier, Raphaël Billé, Fortunat Joos, Ove Hoegh-Guldberg, 
Hans-Otto Pörtner, Henri Waisman, Thomas Spencer and Jean-Pierre Gattuso

In the aftermath of COP21, potential post-2030 emission trajectories and their consistency with the 
2 °C target are a core concern for the ocean scientific community in light of the end-century risks of 
impact scenarios.

On the road to the Twenty-first 
Conference of the Parties (COP21) 
and to the United Nations 

Framework Convention on Climate Change 
(UNFCCC), ocean scientists assessed 
the risks of the impact arising from past 
and future cumulative carbon emissions. 
Results suggested that several key marine 
and coastal ecosystems will face high risks 
of impact well before 2100, even under 
the most stringent IPCC Representative 
Concentration Pathway (RCP2.6)1–6. In 
parallel, small island developing states 
(SIDS), by nature ‘ocean countries’, have 
argued for several years that a temperature 
increase of 1.5 °C above pre-industrial 
levels, rather than 2 °C, should be the 
UNFCCC target. During COP21, together 
with the European Union, SIDS initiated the 
‘coalition of high ambition’, which gathered 
more than 100 nations from the least 
developed countries to highly developed 
ones7, giving more weight to their historical 
pledge. Such ocean-driven scientific 
arguments and political efforts contributed 
to push the Paris climate talks towards 
an ambitious outcome, and the Paris 
Agreement8 eventually established the goal 
of holding the global mean atmospheric 
temperature rise by the end of this century 
to well below 2 °C, if not 1.5 °C, above 
pre-industrial levels. The implementation 
of such an ambitious target is now a key 
concern for the ocean scientific community. 
This concern is reinforced by recent studies 
suggesting that end-century climate-related 
changes in the ocean will be more dramatic 
than previously reported in the Fifth 
Assessment Report of the IPCC (sea-level 
rise9, for example).

As part of the COP21 process, 
185 countries representing 94% of current 

global greenhouse gas (GHG) emissions and 
97% of the world population have submitted 
their emissions pledges under intended 
nationally determined contributions 
(INDCs), mostly with a 2030 time horizon. 
Some organizations have projected the 
increase in temperature by 2100 from 
an aggregation of these INDCs (see the 
Supplementary Information). As illustrative 
examples, the Climate Action Tracker 
(CAT10) and Climate Interactive (CI; 
https://www.climateinteractive.org/tools/
scoreboard. See also http://go.nature.com/
X8QgvM), using different assumptions 
about post-2030 emissions, estimated a 
median global temperature increase by 
2100 of 2.7 °C and 3.5 °C, respectively, 
with a range of uncertainty of 2.2–3.4 °C 
for CAT and 2.0–4.6 °C for CI. These 
different estimates and large uncertainties 
illustrate the challenge of extrapolating 
2030 trajectories to subsequent decades. 
COP21 established a legally binding 
and universal agreement promoting 
transparency and the implementation of 
UNFCCC Parties’ commitments as well as 
anchoring a new round of climate pledges. 
However, challenging questions remain 
regarding the 2030–2100 global emissions 
trajectory11 because INDCs do not 
provide explicit information on long-term 
mitigation pathways. As a result, whether 
the implementation of the Paris Agreement 
may allow a trajectory compatible with 
a target "well below" 2 °C remains highly 
uncertain. Such information is imperative 
for the ocean scientific community to refine 
its projected century-scale risks of impact 
scenarios and to answer a fundamental 
question: are we on track to prevent 
dangerous anthropogenic interference with 
the ocean system?

Here we briefly review the aggregated 
risks of impact to the ocean for selected 
temperature thresholds, including the below 
2 °C target and pathways derived from 
countries' INDCs, and draw conclusions on 
the need for the ocean scientific community 
and climate talks to inform each other.

Risks of impact for the ocean
The CAT and CI mean estimates provide 
a positive signal as they suggest a major 
deviation from the IPCC business-as-usual 
scenario (RCP8.5). However, this deviation 
is theoretical, as INDCs only describe 
countries’ intentions. Whether the world 
will really avoid the RCP8.5 trajectory (or 
reach RCP2.6) will depend on the twenty-
first century mitigation storyline — that is, 
on both the level of implementation of the 
INDCs and subsequent mitigation efforts. 
This raises concerns because contrasting 
outcomes of the combined effects of ocean 
changes (that is, warming, acidification, 
deoxygenation and sea-level rise) on marine 
and coastal organisms, ecosystems and 
ecosystem services emerge from the wide 
range of pathways derived from RCPs and 
aggregated INDCs1–5.

The point of departure is that the impacts 
of climate change on the ocean are already 
detectable, with reef-building corals12 and 
mid-latitude bivalves at risk, as well as 
some ecosystem services such as coastal 
protection, recreational services from coral 
reefs and low- to high-latitude fin fisheries 
being at stake1,2. Recently published3 impact 
scenarios by 2100 for two contrasting GHG 
emission trajectories, that is, RCP8.5 and 
RCP2.6, show that the present-day level 
of impacts on a set of key organisms and 
ecosystem services is expected to multiply 
by 1.4 and 2.7, respectively (Fig. 1 and 
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Grey: Total quota for 2°C. Green: Removed from quota. Blue: remaining quota.
With projected 2015 emissions, this remaining quota drops to 865 Gt CO2

Source: Peters et al 2015; Global Carbon Budget 2015 
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The remaining carbon quota for 66% chance <2°C 

About 20 years 
at current 
emission rates

Grey: Total quota for 2°C. Green: Removed from quota. Blue: remaining quota.
With projected 2015 emissions, this remaining quota drops to 865 Gt CO2
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Historical cumulative emissions by country

Cumulative emissions (1990–2014) were distributed USA (20%), China (19%), EU28 
(15%), India (5%) 
‘All others’ includes all other countries along with bunker fuels and statistical differences 
Source: CDIAC; Le Quéré et al 2015; Global Carbon Budget 2015
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Historical cumulative emissions by country
Cumulative emissions from fossil-fuel and cement 
were distributed (1870–2014): USA (26%), EU28 
(23%), China (12%), and India (3%) covering 64% of 
the total share
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The emission pledges (INDCs) of the top-4 emitters
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Supplementary Table 2). This confirms 
the conclusions from other recent studies, 
demonstrating that even RCP2.6 would 
considerably increase the impacts on the 
ocean compared with today1–3,13.

We illustrate the risks of impact that 
can be expected from the Paris Agreement 
pledges with the 2.7 °C (CAT) to 3.5 °C 
(CI) projections. As shown in Table 1, sea 
surface temperature in a 3.5 °C and a 2.7 °C 
world at the end of this century rises by 
2.6 °C and 2.0 °C relative to 1870–1899, 
respectively, compared with 3.2 °C for 
RCP8.5 and 1.1 °C for RCP2.6. Surface 
ocean pH, which describes seawater acidity, 
decreases by 0.34 and 0.26 units relative to 
1870–1899 in the 3.5 °C and 2.7 °C scenarios 
compared with a decrease of 0.41 units 
for RCP8.5 and 0.15 units for RCP2.6. 
Such changes in the ocean’s basic physical 

and chemical parameters14 significantly 
aggravate the RCP2.6-related risks of impact 
for almost all of the organisms and services 
considered in Fig. 1. From RCP2.6 to 
the 2.7 °C estimate the risk moves from 
undetectable to moderate for mangroves; 
from moderate to high for mid-latitude 
seagrass, coastal protection, recreational 
services from coral reefs, mid-latitude 
bivalve fisheries and aquaculture; and from 
high to very high for warm-water corals 
and mid-latitude bivalves. This yields an 
increase in the aggregated present-day risk 
of impact by factors of 2.5 and 2.2 in the 
3.5 °C and 2.7 °C scenarios, respectively 
(Supplementary Table 2).

Even the most optimistic assessment 
derived from the aggregated INDCs — 
that is, 2.7 °C by 2100 — profoundly and 
negatively affects the ocean and the services 

it provides to the world population. The 
well-below 2 °C (political) target, which 
includes “efforts to limit the temperature 
increase to 1.5 °C”8, must therefore be 
considered as an upper limit beyond which 
severe, pervasive and partially irreversible 
impacts develop15. Staying on track to 
a well-below 2°C transition is thus of 
key importance for the world ocean and 
society, and this depends on two pre-2030 
requirements regarding the mitigation of 
global GHG emissions. As shown in the 
following sections, it is necessary to first raise 
the 2030 ambition embedded in the Paris 
Agreement, and second avoid introducing 
path dependency effects that will constrain 
further efforts post-2030. We argue that 
the ocean scientific community could both 
contribute to and benefit from these pre-
2030 requirements, in a very iterative way.
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Figure 1 | Contrasting risks of impact for the ocean and society in 2100 from different GHG emission pathways. The expected changes in the impacts on key 
marine and coastal organisms and ecosystem services by 2100 are shown, according to low (RCP2.6) and business-as-usual (RCP8.5) GHG emissions scenarios 
and to estimates derived from the aggregation of the 2015 INDCs by CI and the CAT (3.5 °C and 2.7 °C respectively, see the Supplementary Information). The 
figure also considers the impacts for the present day. Confidence levels in the level of the impacts per organism or service for the present day, RCP2.6 and 
RCP8.5 scenarios are from the IPCC1,2 and ref. 3. Compared with the present day, the aggregated risks of impact in 2100 will probably be 1.4-, 2.2-, 2.5- and 
2.7-fold higher under RCP2.6, CAT, CI and RCP8.5 scenarios, respectively. The Supplementary Information provides details of the methodology.
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severe, pervasive and partially irreversible 
impacts develop15. Staying on track to 
a well-below 2°C transition is thus of 
key importance for the world ocean and 
society, and this depends on two pre-2030 
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global GHG emissions. As shown in the 
following sections, it is necessary to first raise 
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the ocean scientific community could both 
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Figure 1 | Contrasting risks of impact for the ocean and society in 2100 from different GHG emission pathways. The expected changes in the impacts on key 
marine and coastal organisms and ecosystem services by 2100 are shown, according to low (RCP2.6) and business-as-usual (RCP8.5) GHG emissions scenarios 
and to estimates derived from the aggregation of the 2015 INDCs by CI and the CAT (3.5 °C and 2.7 °C respectively, see the Supplementary Information). The 
figure also considers the impacts for the present day. Confidence levels in the level of the impacts per organism or service for the present day, RCP2.6 and 
RCP8.5 scenarios are from the IPCC1,2 and ref. 3. Compared with the present day, the aggregated risks of impact in 2100 will probably be 1.4-, 2.2-, 2.5- and 
2.7-fold higher under RCP2.6, CAT, CI and RCP8.5 scenarios, respectively. The Supplementary Information provides details of the methodology.
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