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Where I come from



 L’océan : producteur de services
海洋：服务提供者

• 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 

• Protects coastlines 

• 缓和着⽓气候变化

• 孕育着全球超过90%的
居住空间

• 庇护着25%的进化物种
• 供应⼈人类⾷食⽤用的11%蛋
⽩白质

• 保护海岸线
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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

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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CO2 emissions
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emissions in emerging economies, partly due to the intensifica-
tion of world trade43,44, and partially offsetting emissions in some 
large developed countries44. These patterns have led to a significant 
regional redistribution in emissions in all key dimensions: absolute, 
per-capita, and cumulative (Table 2, Fig. 2a). The top four emitters 
play a critical role in emissions growth, China accounted for 57% of 
the growth in global emissions from 2012–2013, USA for 20%, India 
for 17%, while EU28 had a negative contribution of –11%.

The developed countries defined in Annex B of the Kyoto 
Protocol had a 0.4% increase in emissions in 2013, reversing the 
trend of decreased emissions since 2007. The USA’s 2.9% growth 
in emissions in 2013 reversed the nation’s trend of decreasing 

for the onset of a new global climate agreement. We explore various 
uncertainties with cumulative emissions and the consequences for 
the remaining quota. We compare the emission trends and remain-
ing emission quota with the emissions scenarios used in the recently 
published IPCC AR5 WGIII report that are consistent with keep-
ing the global temperature increase below 2  °C above pre-indus-
trial levels. This analysis thus brings together currently disjointed 
perspectives: (1) the dependence between cumulative emissions 
and global temperature changes, (2) the decomposition of recent 
trends in emission and (3) mitigation pathways from integrated 
assessment modelling, and analyses their consistency with the 2 °C 
climate target.

CO2 emission update
The CO2 emission quota compatible with a given temperature limit 
encompasses both past and future emissions. Since CO2 is emitted 
each year, the remaining quota decreases with time. Here, we first 
update the remaining emissions quota by providing updated esti-
mates of cumulative emissions through to 2013 before projecting 
emissions up to 2019. CO2 emissions from fossil fuel combustion 
and cement production (EFF) were estimated at 36.1 (34.3–37.9) 
GtCO2 in 2013, 2.3% above emissions in 2012 (Fig. 1a, Methods). 
Cumulative EFF from 1870 to 2013 were 1,430  ±  70  GtCO2, with 
historical estimates based on energy consumption statistics31 
and including uncertainties in the energy statistics and conver-
sion rates31,32. Recent attempts have been made to verify emis-
sions from atmospheric measurements and modelling33, but their 
interpretation is hindered by the influence of the carbon sinks34,35.

On short timescales, the changes in CO2 EFF are generally driven 
by increases in economic activity as measured by the gross domes-
tic product (GDP) and the decrease (improvement) in the carbon 
intensity of the world economy (IFF)36,37. A decomposition of emis-
sions into a simplified Kaya identity, EFF  =  GDP  ×  IFF, offers an 
effective way to understand short-term emissions trends38–42. This 
simple relationship will be used throughout this article to under-
stand drivers of recent emission changes and provide short-term 
emission projections.

In the past decade (2004–2013) global CO2 emissions have 
had continued strong growth of 2.5%  yr–1. This growth rate was 
below the 3.3% yr–1 averaged over 2000–2009 because of the lower 
2.4%  yr–1 growth rate since 2010 (Fig.  1a). Using the simplified 
Kaya identity, the decrease in the growth rate of global CO2 emis-
sions in recent years has been due, in roughly equal parts, to a 
slight decrease in GDP growth rate and a slightly stronger decrease 
in IFF (Supplementary Fig. 2). The positive decadal growth rate in 
global emissions is due to strong growth in economic activity and 

1990 1995 2000 2005 2010 2015 2020

25

30

35

40

45
a

b

CO
2 e

m
is

si
on

s (
G

tC
O

2 y
r–1

)

2012–2013
+2.3%

2013–2014
+2.5%

1990–1999
+1.0% yr–1

2000–2009
+3.3% yr–1

2019
43.2 GtCO2
(39.7–45.6)

2014
37.0 GtCO2
(34.8–39.3)

1990 1995 2000 2005 2010 2015 2020
0

20

40

60

80

100

G
D

P
(P

PP
; t

ril
lio

n 
20

05
U

SD
)

0.40

0.45

0.50

0.55

0.60

0.65

Em
issions intensity

(CO
2 /G

D
P; kgCO

2  U
SD

–1)

Figure 1 | Global CO2 emissions and decomposition into GDP and carbon 
intensity. a,b, Global CO2 emissions from fossil fuel combustion and 
cement production (a; black dots); and global GDP (blue dots) and carbon 
intensity of GDP (IFF, green dots) (b) over 1990–2013 period and estimates 
to 2019 (red dots). Historical emissions are from CDIAC and BP, while GDP 
are from IEA and IMF (Methods). Uncertainty in CO2 emissions is ± 5% (1σ) 
over the historical period with an additional uncertainty for the projection 
based on a sensitivity analysis of GDP and IFF. PPP, purchasing power parity.

Table 1 | Cumulative carbon budget (GtCO2), remaining emissions quotas from 2015 and 2020 (GtCO2) and equivalent emission-years 
associated with a 66% or 50% probability of global-mean warming below 2 °C, 3 °C and 4 °C (relative to 1850–1900). 

2 °C 3 °C 4 °C
 66% 50% 66% 50% 66% 50%
Cumulative budget (since 1870) 3,200  

(2,900–3,600)
3,500  
(3,100–3,900)

4,900  
(4,500–5,700)

5,300  
(5,000–6,200)

6,400  
(6,100–7,700)

7,100  
(7,000–8,500)

From 2015
Remaining quota 1,200  

(900–1,600)
1,500  
(1,100–1,900)

2,900  
(2,500–3,700)

3,300  
(3,000–4,200)

4,400  
(4,100–5,700)

5,100  
(5,000–6,500)

Emission years 30 (22–40) 37 (27–47) 72 (62–92) 82 (74–104) - -
From 2020
Remaining quota 1,000  

(700–1,400)
1,300  
(800–1,700)

2,700  
(2,300–3,500)

3,100  
(2,800–4,000)

4,200  
(3,900–5,500)

4,900  
(4,700–6,300)

Emission years 22 (15–30) 28 (19–38) 58 (49–75) 67 (60–86) - -

The equivalent emission-years correspond to the emission quota divided by the last available year of emissions, given for 2 °C and 3 °C only. Cumulative emissions and quotas are shown with a 5–95% range, 
rounded to the nearest 100.

REVIEW ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO2248

© 2014 Macmillan Publishers Limited. All rights reserved

Friedlinstein et al. (2014)
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Figure 1 | Global CO2 emissions and decomposition into GDP and carbon 
intensity. a,b, Global CO2 emissions from fossil fuel combustion and 
cement production (a; black dots); and global GDP (blue dots) and carbon 
intensity of GDP (IFF, green dots) (b) over 1990–2013 period and estimates 
to 2019 (red dots). Historical emissions are from CDIAC and BP, while GDP 
are from IEA and IMF (Methods). Uncertainty in CO2 emissions is ± 5% (1σ) 
over the historical period with an additional uncertainty for the projection 
based on a sensitivity analysis of GDP and IFF. PPP, purchasing power parity.
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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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How are climate projections made?

(1) Scenarios of 
greenhouse 
gas emissions

 

(2) Climate models
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Past and future changes

1901 to 2010 : 0.19 m
Projections 2100 :
+28-61 cm to +52-98 cm
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TFE.2 (continued)

When calibrated appropriately, recently improved dynamical ice sheet models can reproduce the observed rapid 
changes in ice sheet outflow for individual glacier systems (e.g., Pine Island Glacier in Antarctica; medium confi-
dence). However, models of ice sheet response to global warming and particularly ice sheet–ocean interactions are 
incomplete and the omission of ice sheet models, especially of dynamics, from the model budget of the past means 
that they have not been as critically evaluated as other contributions. {13.3, 13.4}

GMSL rise for 2081–2100 (relative to 1986–2005) for the Representative Concentration Pathways (RCPs) will likely 
be in the 5 to 95% ranges derived from Coupled Model Intercomparison Project Phase 5 (CMIP5) climate projec-
tions in combination with process-based models of other contributions (medium confidence), that is, 0.26 to 0.55 m 
(RCP2.6), 0.32 to 0.63 m (RCP4.5), 0.33 to 0.63 m (RCP6.0), 0.45 to 0.82 (RCP8.5) m (see Table TS.1 and Figure TS.15 for 
RCP forcing). For RCP8.5 the range at 2100 is 0.52 to 0.98 m. Confidence in the projected likely ranges comes from 
the consistency of process-based models with observations and physical understanding. It is assessed that there is 
currently insufficient evidence to evaluate the probability of specific levels above the likely range. Based on current 
understanding, only the collapse of marine-based sectors of the Antarctic ice sheet, if initiated, could cause GMSL 
to rise substantially above the likely range during the 21st century. There is a lack of consensus on the probability 
for such a collapse, and the potential additional contribution to GMSL rise cannot be precisely quantified, but there 
is medium confidence that it would not exceed several tenths of a metre of sea level rise during the 21st century. It 
is virtually certain that GMSL rise will continue beyond 2100. {13.5.1, 13.5.3} 

Many semi-empirical models projections of GMSL rise are higher than process-based model projections, but there is 
no consensus in the scientific community about their reliability and there is thus low confidence in their projections. 
{13.5.2, 13.5.3}

TFE.2, Figure 2 combines the paleo, tide gauge and altimeter observations of sea level rise from 1700 with the pro-
jected GMSL change to 2100. {13.5, 13.7, 13.8}

TFE.2, Figure 2 |  Compilation of paleo sealevel data (purple), tide gauge data (blue, red and green), altimeter data (light blue) and central estimates and likely ranges 
for projections of global mean sea level rise from the combination of CMIP5 and process-based models for RCP2.6 (blue) and RCP8.5 (red) scenarios, all relative to 
pre-industrial values. {Figures 13.3, 13.11, 13.27}

TFE.2 (continued)

Stocker et al. (2013). IPC
C
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5 W

G
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Bopp et al. (2013)
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illustrate impacts of extreme weather and climate events experienced
across regional contexts:
• In Africa, extreme weather and climate events including droughts

and floods have significant impacts on economic sectors, natural
resources, ecosystems, livelihoods, and human health. The floods of
the Zambezi River in Mozambique in 2008, for example, displaced
90,000 people, and along the Zambezi River Valley, with
approximately 1 million people living in the flood-affected areas,
temporary displacement is taking on permanent characteristics.
[22.3, 22.4, 22.6]

• Recent floods in Australia and New Zealand caused severe damage
to infrastructure and settlements and 35 deaths in Queensland
alone (2011). The Victorian heat wave (2009) increased heat-related
morbidity and was associated with more than 300 excess deaths,
while intense bushfires destroyed more than 2000 buildings and
led to 173 deaths. Widespread drought in southeast Australia
(1997–2009) and many parts of New Zealand (2007–2009;
2012–2013) resulted in economic losses (e.g., regional GDP in the
southern Murray-Darling Basin was below forecast by about
5.7% in 2007–2008, and New Zealand lost about NZ$3.6 billion in

direct and off-farm output in 2007–2009). [13.2, 25.6, 25.8, Table
25-1, Boxes 25-5, 25-6, and 25-8]

• In Europe, extreme weather events currently have significant impacts
in multiple economic sectors as well as adverse social and health
effects (high confidence). [Table 23-1]

• In North America, most economic sectors and human systems have
been affected by and have responded to extreme weather, including
hurricanes, flooding, and intense rainfall (high confidence). Extreme
heat events currently result in increases in mortality and morbidity
(very high confidence), with impacts that vary by age, location, and
socioeconomic factors (high confidence). Extreme coastal storm
events have caused excess mortality and morbidity, particularly
along the east coast of the United States, and the gulf coast of both
Mexico and the United States. Much North American infrastructure
is currently vulnerable to extreme weather events (medium
confidence), with deteriorating water-resource and transportation
infrastructure particularly vulnerable (high confidence). [26.6, 26.7,
Figure 26-2]

• In the Arctic, extreme weather events have had direct and indirect
adverse health effects for residents (high confidence). [28.2]
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TFE.2 (continued)
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that they have not been as critically evaluated as other contributions. {13.3, 13.4}

GMSL rise for 2081–2100 (relative to 1986–2005) for the Representative Concentration Pathways (RCPs) will likely 
be in the 5 to 95% ranges derived from Coupled Model Intercomparison Project Phase 5 (CMIP5) climate projec-
tions in combination with process-based models of other contributions (medium confidence), that is, 0.26 to 0.55 m 
(RCP2.6), 0.32 to 0.63 m (RCP4.5), 0.33 to 0.63 m (RCP6.0), 0.45 to 0.82 (RCP8.5) m (see Table TS.1 and Figure TS.15 for 
RCP forcing). For RCP8.5 the range at 2100 is 0.52 to 0.98 m. Confidence in the projected likely ranges comes from 
the consistency of process-based models with observations and physical understanding. It is assessed that there is 
currently insufficient evidence to evaluate the probability of specific levels above the likely range. Based on current 
understanding, only the collapse of marine-based sectors of the Antarctic ice sheet, if initiated, could cause GMSL 
to rise substantially above the likely range during the 21st century. There is a lack of consensus on the probability 
for such a collapse, and the potential additional contribution to GMSL rise cannot be precisely quantified, but there 
is medium confidence that it would not exceed several tenths of a metre of sea level rise during the 21st century. It 
is virtually certain that GMSL rise will continue beyond 2100. {13.5.1, 13.5.3} 

Many semi-empirical models projections of GMSL rise are higher than process-based model projections, but there is 
no consensus in the scientific community about their reliability and there is thus low confidence in their projections. 
{13.5.2, 13.5.3}

TFE.2, Figure 2 combines the paleo, tide gauge and altimeter observations of sea level rise from 1700 with the pro-
jected GMSL change to 2100. {13.5, 13.7, 13.8}

TFE.2, Figure 2 |  Compilation of paleo sealevel data (purple), tide gauge data (blue, red and green), altimeter data (light blue) and central estimates and likely ranges 
for projections of global mean sea level rise from the combination of CMIP5 and process-based models for RCP2.6 (blue) and RCP8.5 (red) scenarios, all relative to 
pre-industrial values. {Figures 13.3, 13.11, 13.27}

TFE.2 (continued)

Stocker et al. (2013). IPC
C
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1971-2010: 0.11 °C per 
decade
Projections 2100: 
+0.6 à +2.7 °C surface

Bopp et al. (2013)

Also, global decrease of 
oxygen concentration

1850-2000 : -0.1 units pH
Projections 2100: 
-0.1 à -0.3 units at surface
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illustrate impacts of extreme weather and climate events experienced
across regional contexts:
• In Africa, extreme weather and climate events including droughts

and floods have significant impacts on economic sectors, natural
resources, ecosystems, livelihoods, and human health. The floods of
the Zambezi River in Mozambique in 2008, for example, displaced
90,000 people, and along the Zambezi River Valley, with
approximately 1 million people living in the flood-affected areas,
temporary displacement is taking on permanent characteristics.
[22.3, 22.4, 22.6]

• Recent floods in Australia and New Zealand caused severe damage
to infrastructure and settlements and 35 deaths in Queensland
alone (2011). The Victorian heat wave (2009) increased heat-related
morbidity and was associated with more than 300 excess deaths,
while intense bushfires destroyed more than 2000 buildings and
led to 173 deaths. Widespread drought in southeast Australia
(1997–2009) and many parts of New Zealand (2007–2009;
2012–2013) resulted in economic losses (e.g., regional GDP in the
southern Murray-Darling Basin was below forecast by about
5.7% in 2007–2008, and New Zealand lost about NZ$3.6 billion in

direct and off-farm output in 2007–2009). [13.2, 25.6, 25.8, Table
25-1, Boxes 25-5, 25-6, and 25-8]

• In Europe, extreme weather events currently have significant impacts
in multiple economic sectors as well as adverse social and health
effects (high confidence). [Table 23-1]

• In North America, most economic sectors and human systems have
been affected by and have responded to extreme weather, including
hurricanes, flooding, and intense rainfall (high confidence). Extreme
heat events currently result in increases in mortality and morbidity
(very high confidence), with impacts that vary by age, location, and
socioeconomic factors (high confidence). Extreme coastal storm
events have caused excess mortality and morbidity, particularly
along the east coast of the United States, and the gulf coast of both
Mexico and the United States. Much North American infrastructure
is currently vulnerable to extreme weather events (medium
confidence), with deteriorating water-resource and transportation
infrastructure particularly vulnerable (high confidence). [26.6, 26.7,
Figure 26-2]

• In the Arctic, extreme weather events have had direct and indirect
adverse health effects for residents (high confidence). [28.2]
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Figure 3

Fig. 3. Model-mean time series of global sea surface warming
(�C), surface pH change (pH unit), ocean O2 content change (%),
and global NPP change (%) over 1870–2100 using historical sim-
ulations as well as all RCP simulations. Shading indicates one
inter-model standard deviation. All variables are plotted relative
to 1990–1999.

and some greenhouse gases concentrations other than CO2
may differ between models for the same scenario; Szopa et
al., 2012), and in (2) climate sensitivities (Knutti and Hegerl,
2008). For example, the SST warming for the RCP8.5 sce-
nario reaches+3.5 �C in three of the models (MPI-ESM-LR,
IPSL-CM5A-LR and IPSL-CM5A-MR) and only 2.25 �C in
two others (GFDL-ESMs) (Fig. 4). This has been explained
by the differences in climate sensitivity: IPSL-CMs andMPI-
ESM-LR have high 2⇥CO2 equilibrium climate sensitivi-
ties, whereas the GFDL-ESMs are on the low range of cli-
mate sensitivities as demonstrated by Andrews et al. (2012).
Sea surface pH decreases as a consequence of the ocean

taking up a significant fraction of anthropogenic carbon ac-
cumulated in the atmosphere. Even more than for SST, the
magnitude of pH decrease is entirely dictated by the sce-
nario (for a given atmospheric CO2 concentrations). In the
2090s, the drop in global-average surface pH compared to
1990s values amounts to �0.33 (±0.003), �0.22 (±0.002),
�0.15 (±0.001) and �0.07 (±0.001) pH unit, for RCP8.5,
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3, Table 3).
The model-mean projection for RCP8.5 is slightly larger than
that by Orr et al. (2005) for the IS92a scenario, in which
atmospheric CO2 reaches 712 ppmv in 2100 as compared
to 935 ppm in RCP8.5. Projections of surface carbonate ion
concentrations, a better variable than pH to discuss poten-
tial impacts on calcification and calcifiers, are detailed in
Sect. 3.2.2.
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Figure 4

Fig. 4. Individual model time series of global sea surface warming
(�C), surface pH change (pH unit), ocean O2 content change (%),
and global NPP change (%) over 1870–2100 using historical simu-
lations as well as all RCP8.5 simulations.

In contrast to SST projections, the model spread for global
surface pH projections (estimated as the inter-model stan-
dard deviation) is very low (less than 0.003 pH unit). This
is explained by (1) the weak interannual variability in global
mean surface pH (Fig. 4), (2) a weak climate–pH feedback,
as demonstrated in Orr et al. (2005) for earlier Earth sys-
tem models, (3) the similar carbonate chemistry equations
and well-defined constants based on the OCMIP-2 protocol
used by most, if not all, models (Orr et al., 2000) and (4)
the uniqueness of the ocean acidification forcing (i.e., of the
atmospheric CO2 trajectory of each RCP scenarios; Moss
et al., 2010). Indeed, changes in surface ocean pCO2, and
hence corresponding changes in carbonate chemistry, closely
track changes in atmospheric CO2 because the equilibration
time for CO2 between the atmosphere and mixed layer is fast
enough in most areas (global average of⇠ 8 months) to allow
near equilibration.
All models lose O2 from the ocean in response to cli-

mate change under every RCP scenario (Fig. 3). The model-
mean reduction in global ocean oxygen content reaches
�3.45 (±0.44), �2.57 (±0.39), �2.37 (±0.30), and �1.81
(±0.31)% in the 2090s relative to the 1990s, for RCP8.5,
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3 and Ta-
ble 3). For RCP8.5, this translates into a�9.03 (±1.15) Tmol
O2 or �6.13 (±0.78)mmolm�3 decrease in the 2090s rela-
tive to the 1990s, based on the reference global O2 inventory
fromWOA 2009. This long-term decline in O2 inventory is a
consistent trend simulated in many coupled climate–marine
biogeochemical models (e.g., Sarmiento et al., 1998). Our

Biogeosciences, 10, 6225–6245, 2013 www.biogeosciences.net/10/6225/2013/
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Reduction in terrestrial carbon sink: Carbon stored in terrestrial 
ecosystems is vulnerable to loss back into the atmosphere, resulting from 
increased fire frequency due to climate change and the sensitivity of 
ecosystem respiration to rising temperatures (medium confidence)

[4.2, 4.3]

• Adaptation options include managing land use 
(including deforestation), fire and other disturbances, 
and non-climatic stressors. 

Boreal tipping point: Arctic ecosystems are vulnerable to abrupt 
change related to the thawing of permafrost, spread of shrubs in 
tundra, and increase in pests and fires in boreal forests 
(medium confidence)

[4.3, Box 4-4]

• There are few adaptation options in the Arctic.

Amazon tipping point: Moist Amazon forests could change abruptly 
to less-carbon-dense, drought- and fire-adapted ecosystems 
(low confidence)

[4.3, Box 4-3]

• Policy and market measures can reduce deforestation 
and fire.

Increased risk of species extinction: A large fraction of the species 
assessed is vulnerable to extinction due to climate change, often in 
interaction with other threats. Species with an intrinsically low 
dispersal rate, especially when occupying flat landscapes where the 
projected climate velocity is high, and species in isolated habitats such 
as mountaintops, islands, or small protected areas are especially at 
risk. Cascading effects through organism interactions, especially those 
vulnerable to phenological changes, amplify risk (high confidence) 

[4.3, 4.4]

• Adaptation options include reduction of habitat 
modification and fragmentation, pollution, 
over-exploitation, and invasive species; protected area 
expansion; assisted dispersal; and ex situ conservation.

Marine biodiversity loss with high rate of climate change  
(medium confidence) 

[6.3, 6.4, Table 30-4, Box CC-MB]

• Adaptation options are limited to reducing other stresses, 
mainly pollution, and limiting pressures from coastal human 
activities such as tourism and fishing.

Reduced growth and survival of commercially valuable shellfish and 
other calcifiers (e.g., reef-building corals, calcareous red algae) due to 
ocean acidification (high confidence)

[5.3, 6.1, 6.3, 6.4, 30.3, Box CC-OA]

• Evidence for differential resistance and evolutionary 
adaptation of some species exists, but they are likely to be 
limited at higher CO2 concentrations and temperatures.
• Adaptation options include exploiting more resilient 
species or protecting habitats with low natural CO2 levels, 
as well as reducing other stresses, mainly pollution, and 
limiting pressures from tourism and fishing.

Table TS.4 | Key sectoral risks from climate change and the potential for reducing risks through adaptation and mitigation. Key risks have been identified based on assessment of 
the relevant scientific, technical, and socioeconomic literature detailed in supporting chapter sections. Identification of key risks was based on expert judgment using the following 
specific criteria: large magnitude, high probability, or irreversibility of impacts; timing of impacts; persistent vulnerability or exposure contributing to risks; or limited potential to 
reduce risks through adaptation or mitigation. Each key risk is characterized as very low to very high for three timeframes: the present, near term (here, assessed over 
2030–2040), and longer term (here, assessed over 2080–2100). The risk levels integrate probability and consequence over the widest possible range of potential outcomes, 
based on available literature. These potential outcomes result from the interaction of climate-related hazards, vulnerability, and exposure. Each risk level reflects total risk from 
climatic and non-climatic factors. For the near-term era of committed climate change, projected levels of global mean temperature increase do not diverge substantially for 
different emission scenarios. For the longer-term era of climate options, risk levels are presented for two scenarios of global mean temperature increase (2°C and 4°C above 
preindustrial levels). These scenarios illustrate the potential for mitigation and adaptation to reduce the risks related to climate change. For the present, risk levels were estimated 
for current adaptation and a hypothetical highly adapted state, identifying where current adaptation deficits exist. For the two future timeframes, risk levels were estimated for a 
continuation of current adaptation and for a highly adapted state, representing the potential for and limits to adaptation. Climate-related drivers of impacts are indicated by 
icons. Risk levels are not necessarily comparable because the assessment considers potential impacts and adaptation in different physical, biological, and human systems across 
diverse contexts. This assessment of risks acknowledges the importance of differences in values and objectives in interpretation of the assessed risk levels.
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Reduction in terrestrial carbon sink: Carbon stored in terrestrial 
ecosystems is vulnerable to loss back into the atmosphere, resulting from 
increased fire frequency due to climate change and the sensitivity of 
ecosystem respiration to rising temperatures (medium confidence)

[4.2, 4.3]

• Adaptation options include managing land use 
(including deforestation), fire and other disturbances, 
and non-climatic stressors. 

Boreal tipping point: Arctic ecosystems are vulnerable to abrupt 
change related to the thawing of permafrost, spread of shrubs in 
tundra, and increase in pests and fires in boreal forests 
(medium confidence)

[4.3, Box 4-4]

• There are few adaptation options in the Arctic.

Amazon tipping point: Moist Amazon forests could change abruptly 
to less-carbon-dense, drought- and fire-adapted ecosystems 
(low confidence)

[4.3, Box 4-3]

• Policy and market measures can reduce deforestation 
and fire.

Increased risk of species extinction: A large fraction of the species 
assessed is vulnerable to extinction due to climate change, often in 
interaction with other threats. Species with an intrinsically low 
dispersal rate, especially when occupying flat landscapes where the 
projected climate velocity is high, and species in isolated habitats such 
as mountaintops, islands, or small protected areas are especially at 
risk. Cascading effects through organism interactions, especially those 
vulnerable to phenological changes, amplify risk (high confidence) 

[4.3, 4.4]

• Adaptation options include reduction of habitat 
modification and fragmentation, pollution, 
over-exploitation, and invasive species; protected area 
expansion; assisted dispersal; and ex situ conservation.

Marine biodiversity loss with high rate of climate change  
(medium confidence) 

[6.3, 6.4, Table 30-4, Box CC-MB]

• Adaptation options are limited to reducing other stresses, 
mainly pollution, and limiting pressures from coastal human 
activities such as tourism and fishing.

Reduced growth and survival of commercially valuable shellfish and 
other calcifiers (e.g., reef-building corals, calcareous red algae) due to 
ocean acidification (high confidence)

[5.3, 6.1, 6.3, 6.4, 30.3, Box CC-OA]

• Evidence for differential resistance and evolutionary 
adaptation of some species exists, but they are likely to be 
limited at higher CO2 concentrations and temperatures.
• Adaptation options include exploiting more resilient 
species or protecting habitats with low natural CO2 levels, 
as well as reducing other stresses, mainly pollution, and 
limiting pressures from tourism and fishing.

Table TS.4 | Key sectoral risks from climate change and the potential for reducing risks through adaptation and mitigation. Key risks have been identified based on assessment of 
the relevant scientific, technical, and socioeconomic literature detailed in supporting chapter sections. Identification of key risks was based on expert judgment using the following 
specific criteria: large magnitude, high probability, or irreversibility of impacts; timing of impacts; persistent vulnerability or exposure contributing to risks; or limited potential to 
reduce risks through adaptation or mitigation. Each key risk is characterized as very low to very high for three timeframes: the present, near term (here, assessed over 
2030–2040), and longer term (here, assessed over 2080–2100). The risk levels integrate probability and consequence over the widest possible range of potential outcomes, 
based on available literature. These potential outcomes result from the interaction of climate-related hazards, vulnerability, and exposure. Each risk level reflects total risk from 
climatic and non-climatic factors. For the near-term era of committed climate change, projected levels of global mean temperature increase do not diverge substantially for 
different emission scenarios. For the longer-term era of climate options, risk levels are presented for two scenarios of global mean temperature increase (2°C and 4°C above 
preindustrial levels). These scenarios illustrate the potential for mitigation and adaptation to reduce the risks related to climate change. For the present, risk levels were estimated 
for current adaptation and a hypothetical highly adapted state, identifying where current adaptation deficits exist. For the two future timeframes, risk levels were estimated for a 
continuation of current adaptation and for a highly adapted state, representing the potential for and limits to adaptation. Climate-related drivers of impacts are indicated by 
icons. Risk levels are not necessarily comparable because the assessment considers potential impacts and adaptation in different physical, biological, and human systems across 
diverse contexts. This assessment of risks acknowledges the importance of differences in values and objectives in interpretation of the assessed risk levels.
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Large differences depending on the scenario

In 2100 relative to 
2000:
• warming ranges 
from 0.7 to 2.7°C

• pH decrease by 
-0.07 to -0.33 units 
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+1.5 °C and 
-0.2 pH over 
69% of the 
surface ocean
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Sea level rise

MUCH 
?

Sea levels have been 
edging upwards at an 
accelerated rate over 
the past decade, and 
the pace will quicken 

Filling of large 
dams on the 
continents 
counteracted 
some sea-level 
rise since the 
1970s.

In 2007, researchers 
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Sea-level rise 
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Highest 2007 
estimate for 
sea-level rise in 
twenty-first century

187million 
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… people would be 
swamped by a 
2-metre rise in sea 
levels. That is roughly 
the combined 
population of the 
United Kingdom, 
Germany and Spain.
 

Jones (2013; Nature)
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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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What is ocean acidification?
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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
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pH and acidity

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

+34 %

+152 %
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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).
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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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global climatology products such as the 
Global Ocean Data Project (GLODAP; 
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In A Colored Ocean (CARIACO), and Munida (see Table 1 for detailed information about loca-
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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 
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• Biological and 
ecological effects: 
high to low confidence 

• Biogeochemistry: 
medium to low 
confidence
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• Biogeochemistry: 
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• Knowledge gaps:
• Multiple drivers
• Evolutionary adaptation
• Response of 

communities
• Food web, up to 

predators
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4 key messages
主要信息

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 RCP2.6

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

1. ⼈人类⽂文明的前景取决于海
洋的发展

2. 影响在不同领域可以观测
到

3. ⽴立即减少碳排放已经前所
未有的迫切

4. 碳排放量增加，⾯面对⻛风险
的措施将减少，效果将降
低
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A simple, 3 min summary
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