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•Réchauffement, acidification, désoxygénation, 
élévation du niveau de la mer : à quoi ressemblera 
l’océan de l’Anthropocène ?

•En quoi sera-t-il différent de l’océan du passé 
géologique de notre planète ?

•Nous rendra-t-il des services tels que sécurité 
alimentaire, protection des rivages et tourisme 
similaires à ceux qu’il fournit aujourd’hui ?

•Quelles solutions peuvent être mises en œuvre  (y 
compris négociations internationales) ?
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Anthropocène
Période durant laquelle l'influence de l’homme sur la biosphère a 
atteint un tel niveau qu'elle est devenue une force géologique 
majeure capable de marquer l’atmosphère, l’hydrosphère, la 
cryosphère, la biosphère et la lithosphère. (adoption en 2021?)
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week. As a result, the gap between anthropogenic mass and overall 
biomass has quickly shrunk. We find that the two curves intersect in 
the year 2020 ± 6 years (1 s.d.), at which point anthropogenic mass will 
surpass biomass.

The anthropogenic mass is divided into sub-groups, which constitute 
human-made objects22 (Extended Data Table 1): concrete, aggregates, 
bricks, asphalt, metals and ‘other’ components (wood used for paper 
and industry, glass and plastic). As shown in Fig. 1, the anthropogenic 
mass is dominated by concrete and aggregates (such as gravel). The 
crossover year has an uncertainty that arises from an uncertainty 
of ±16% for overall biomass and ±6% for anthropogenic mass, with all 
uncertainties reported as ±1 s.d. The analysis shown in Fig. 1 presents 
biomass on a dry-weight basis. To provide a complementary point 
of view, Fig. 2 shows biomass on a wet-mass basis and compares it to 
anthropogenic mass and accumulated anthropogenic mass waste. 
Anthropogenic mass waste is anthropogenic mass that has been demol-
ished or taken out of service (time-integrated cumulative solid waste 
flow, subsequently referred to as simply ‘waste’. This does not include 
unused mass excavated through mining, landscape modification and so 
on). When we include the waste component, dry biomass is surpassed 
at 2013 (± 5 years). On a wet-weight basis, the current biomass stands at 
approximately 2.2 Tt and is expected to be exceeded by anthropogenic 
mass by the 2030s, with (2031 ± 9 years) or without (2037 ± 10 years) the 
inclusion of waste. A sensitivity analysis of the effect of the anthropo-
genic mass definition on the intersection year is presented in Extended 
Data Fig. 1 and detailed in Supplementary Information section 1.

Figure 3 shows some key relations between major human-made and 
biological entities. The two dominant mass categories in our analysis 
are buildings and infrastructure (composed of concrete, aggregates, 
bricks and asphalt) and trees and shrubs (the majority of plant mass 
and, therefore, of the overall biomass). We find that the former has 
recently outweighed the latter. Similarly, we show that the global mass 

of produced plastic is greater than the overall mass of all terrestrial and 
marine animals combined.

Discussion
At the beginning of the twentieth century, anthropogenic mass was 
equal to only 3% of global biomass, with a massive difference of about 1.1 
Tt on a dry-weight basis. About 120 years later, in 2020, anthropogenic 
mass is exceeding overall biomass in the world. As shown above, the 
exact timing of the point at which anthropogenic mass surpasses living 
biomass is sensitive to the definitions of biomass and anthropogenic 
mass; for example, whether they are defined on a wet- or dry-mass 
basis. However, we find that under a range of definitions, the point of 
transition is in either the past decade or the next two (Supplementary 
Information section 1, Extended Data Fig. 1).

The analysis of the changes in anthropogenic mass composition 
across the studied period highlights specific trends (Extended Data 
Fig. 2). For example, the gradual shift from construction dominated 
by bricks to concrete, which tilted in favour of concrete in the 
mid-1950s, is clear, as is the emergence of asphalt as a major road 
pavement material from the 1960s. Analysis of the rate of accumula-
tion of anthropogenic mass further provides a material-based view 
of humanity’s path since the beginning of the twentieth century, as 
shown in Extended Data Fig. 3. Shifts in total anthropogenic mass are 
tied to global events, such as world wars and major economic crises. 
Most notably, continuous increases in anthropogenic mass, peaking 
at over 5% per year, mark the period immediately following World 
War II. This period, frequently termed the ‘Great Acceleration’, is 
characterized by enhanced consumption and urban development23. 
If current trends continue, anthropogenic mass, including waste, 
is expected to exceed 3 Tt by 2040—almost triple the dry biomass 
on Earth.
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Fig. 1 | Biomass and anthropogenic mass estimates since the beginning of 
the twentieth century on a dry-mass basis. The green line shows the total 
weight of the biomass (dashed green lines, ±1 s.d.). Anthropogenic mass weight 
is plotted as an area chart, where the heights of the coloured areas represent 
the mass of the corresponding category accumulated until that year. The 
anthropogenic mass presented here is grouped into six major categories. The 
year 2020 ± 6 marks the time at which biomass is exceeded by anthropogenic 
mass. Anthropogenic mass data since 1900 were obtained from ref. 22, at a 
single-year resolution. The current biomass value is based on ref. 11, which for 
plants relies on the estimate of ref. 10, which updates earlier, mostly higher 
estimates. The uncertainty of the year of intersection was derived using a 
Monte Carlo simulation, with 10,000 repeats (see Methods). Data were 
extrapolated for the years 2015–2025 (lighter area; see Methods). For a detailed 
view of the stock accumulation for the ‘metals’ and ‘other’ groups, see 
Extended Data Figs. 4, 5.

W
ei

gh
t (

Tt
)

0

1

2

3

Biomass (wet)

Biomass (dry)

Anthropogenic mass waste
Anthropogenic mass

Year

1900 1920 1940 1960 1980 2000 2020

2037 ± 10

2031 ± 9

2020 ± 6

2013 ± 5

Fig. 2 | Biomass (dry and wet), anthropogenic mass and anthropogenic 
mass waste estimates since the beginning of the twentieth century. Green 
lines show the total weight of biomass (± 1 s.d.). Anthropogenic mass weight is 
plotted as an area chart. The wet-weight estimate is based on the results 
presented in Fig. 1 and the respective water content of major components 
(see Methods). The year 2013 ± 5 marks the time at which the dry biomass is 
exceeded by the anthropogenic mass, including waste. The years 2037 ± 10 and 
2031 ± 9 mark the times at which the wet biomass is exceeded by the 
anthropogenic mass and the total produced anthropogenic mass, respectively. 
The uncertainties of the years of intersection were derived using a Monte Carlo 
simulation, with 10,000 repeats (see Methods). Weights are extrapolated for 
the years 2015–2037 (lighter area; see Methods).
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Previous efforts, such as quantifying the human appropriation of net 
primary production24–26, have focused on the allocation of the biosphere 
productivity flow for human usage. The anthropogenic mass, the accu-
mulation of which is documented in this study, does not arise out of the 
biomass stock but from the transformation of the orders-of-magnitude 
higher stock of mostly rocks and minerals. In doing so, humanity is 
converting near-surface geological deposits into a socially useful form, 
with wide implications for natural habitats, biodiversity, and various 
climatic and biogeochemical cycles.

This study joins recent efforts to quantify and evaluate the scale 
and impact of human activities on our planet9,23,27,28. The impacts of 
these activities have been so abrupt and considerable that it has been 
proposed that the current geological epoch be renamed the Anthro-
pocene29–32. Our study rigorously and quantitatively substantiates this 
proposal. In parallel, it adds another dimension to this discussion—a 
symbolic quantitative demarcation of the transition to our epoch.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
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Fig. 3 | Contrasting key components of global biomass and anthropogenic 
mass in the year 2020 (dry-weight basis). The ratio between the circle areas 
within each pair represents the corresponding mass ratio of the two illustrated 
masses. For visual clarity, the two pairs use different scales. The plastic estimate  
includes plastic currently in use and plastic waste, taking into account recycling.  
Infrastructure includes the mass of constructed elements, such as roads.
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Un océan



Océan: valeur économique considérable
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• Modère le changement climatique
• Représente plus de 90 % de l’espace habitable de la 

planète
• Abrite 25 % des espèces évoluées
• Fournit 11% des protéines consommées par l’homme
• Protège les côtes (ses écosystèmes)
• …
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Budget global du carbone (2009-2018)

5.5 Gt CO2/yr (9%)
+

34.7 Gt CO2/yr (91%)

Atmosphere
44%

Vegetation
29%

Oceans
23%

30 millions tonnes CO2 per 
day

Imbalance: 4% (1.8 Gt CO2/yr)
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Scénarios de changement futur

Fortes émissions de GES in the absence of 
policies to combat climate change (RCP8.5). 
2081-2100 temperature = +4.3°C (±1.1°C) 
2081-2100 CO2 concentration = 850 ppm

Faibles émissions de GES, with high 
mitigation (RCP2.6).  
Gives a 2 in 3 chance of limiting warming to 
below 2°C by 2100. 
2081-2100 temperature = +1.6°C (±0.7°C) 
2081-2100 CO2 concentration = 426 ppm



Photo: Glenn R. Specht Sea Level Rise



Changements dans l’océan
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Deep ocean

Elévation du niveau de la mer: 
• +15 cm au 20ème siècle 
• Actuellement 2 fois plus rapide 
• Aucun scénario permet de la 

stopper 
• Révisée à la hausse: jusqu’à 

1.10 m en 2100 
• Événements extrêmes 

historiquement rares (1 fois 
par siècle) se produiront plus 
fréquemment en 2100 (au 
moins 1 fois par an) dans 
beaucoup de régions avec 
tous les scénarios, 
particulièrement en zone 
tropicale 

• En 2050, > 1 milliard 
d'habitants < 10 m 

• Jusqu’à 5.4 m en 2300



Évènements extrêmes
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Petits états insulaires
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Deep ocean

Contenu en chaleur: 
• L’océan a absorbé plus de 

90 % de l’excès de 
chaleur. D’ici 2100, il va 
absorber 2 à 4 fois plus 
de chaleur si le 
réchauffement global est 
limité à 2°C et jusqu’à 5 à 7 
fois plus pour des 
émissions plus élevées. 

• Nombreuses consequences 
(mortalité, déclin de la 
biomasse, redistribution des 
espèces…)



Changements dans l’océan

Chen et al. (2020)



Changements dans l’océan
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Deep ocean

Vagues de chaleur: 
• Devenues plus fréquentes 

(x2) et intenses. 
Dommages sur coraux, 
forêts d’algues et 
distribution des espèces 

• Continueront à augmenter 
en fréquence, durée, 
étendue et intensité: 20 
fois plus fréquentes à 
+2°C, par rapport au 
niveau pré-industriel et 
jusqu’à 50 fois plus 
fréquentes si les 
émissions continuent à 
augmenter 

• Nombreuses 
conséquences (mortalités 
massives)



Température dans la rade de Villefranche
Réchauffement très rapide : 
0.8 °C par décennie 
(0.11°C par décennie à l’échelle 
globale)
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Figure 2. Time series observations (a–g) and anomaly trends (h–n) for temperature, salinity, and seawater carbonate chemistry at Point B,
1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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Réchauffement : redistribution des espèces

Poloczanska et al. (2014)
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Contenu en oxygène: 
• Le réchauffement de 

l’océan de surface diminue 
le mélange avec les eaux 
profondes, réduisant la 
fourniture d’oxygène et de 
sels nutritifs pour la vie 
marine
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Acidité: 
• L’océan absorbe une partie 

du carbone émis par les 
activités humaines, ce qui 
augmente son acidité. Il a 
absorbé 20 à 30% de ces 
émissions ce qui se 
poursuivra dans le futur, 
augmentant encore 
l’acidité de l’eau de mer 

• Nombreuses 
conséquences, notamment 
pour les espèces calcifiées



• CO2 est un gaz acide (il 
forme de l’acide carbonique 
lorsqu’il se dissous dans 
l’eau) 

• Chacun de nous ajoute 4 kg 
CO2 par jour dans l’océan

Qu’est ce que l’acidification des océans?
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Figure 2. Time series observations (a–g) and anomaly trends (h–n) for temperature, salinity, and seawater carbonate chemistry at Point B,
1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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Figure 2. Time series observations (a–g) and anomaly trends (h–n) for temperature, salinity, and seawater carbonate chemistry at Point B,
1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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Impacts de l’acidification

 

 

32 

 

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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Acidification et biodiversité
Sources naturelles de CO2 (Ischia) 
• Disparition de certaines espèces 

calcaires 
• Réduction de la biodiversité 
• Changement des communautés 
• Réchauffement peut augmenter ces 

impacts de l’acidification



Risques d’impacts majeurs sur la 
biodiversité, la structure et la fonction 
des écosystèmes côtiers seront plus 
importants si avec des émissions 
élevées de gaz à effet de serre 
Les réponses incluent la perte des 
habitats et de diversité, ainsi que la 
dégradation des fonctions 
écosystémiques 
Capacités d’acclimatation et 
d’adaptation sont plus importantes 
avec de fortes émissions 
Herbiers de plantes et forêts de 
macroalgues : risques élevés à 
+2°C, en association avec les autres 
facteurs environnementaux 
Coraux d’eau chaude risque élevé 
aujourd'hui; transition vers risque très 
élevé à +1.5°C

Risques sur les écosystèmes marins et côtiers
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Figure RID.3 |  Projections des changements, impacts et risques dans les régions et les écosystèmes océaniques :
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• L’océan subit le changement climatique depuis 
plusieurs décennies 

• Les conséquences pour la nature et l’humanité 
sont très larges et sévères 

• SROCC souligne l’urgence de prioriser une action 
ambitieuse, coordonnée, rapide et dans la durée



Accord de Paris
“contenir l’élévation de la température 
moyenne de la planète nettement en 
dessous de 2 °C par rapport aux 
niveaux préindustriels et de poursuivre 
l’action menée pour limiter l’élévation 
des températures à 1,5 °C…”
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Projections de température après Accord de Paris
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• Le changement climatique affecte déjà les 
écosystème marins et côtiers et les services 
qu’ils nous fournissent 

• L’Accord de Paris peut permettre d’éviter une 
situation hors de contrôle mais on doit contrôler 
l’inévitable 

• Besoin urgent d’une atténuation globale et 
ambitieuse ainsi que d’une adaptation locale. 
L’océan fournit des solutions pour ces deux 
réponses.

Océan et climat

Gattuso et al. (2018)



Prochaines échéances : CCNUCC



Solutions basées sur l’océan



Assessment— 18 ocean-based measures
G

attuso et al. (2018, 2019)

Nature-based solutions



Clusters of ocean actions
G

attuso et al. (2019)
Decisive

Policy clusters

Already implemented in the
real-world
High effectiveness to
reduce climate-related
ocean drivers globally (for
mitigation actions)
Range of low to high
effectiveness to reduce
impacts/risks locally
Relatively limited uncertain-
ties, and few disbenefits

Currently at concept stage
!otentially low to moderate
effectiveness to reduce
climate-related ocean
drivers globally
!otentially low to moderate
effectiveness to reduce
impacts/risks locally
!otentially low-to-
moderate disbenefits

Unproven Risky

Currently at concept stage
!otentially high
effectiveness to reduce
climate-related ocean
drivers globally
!otentially low to high
effectiveness to reduce
impacts/risks locally
!otentially high
disbenefits

Already implemented in
the real-world
"ow effectiveness to
reduce climate-related
ocean drivers globally
#oderate-to-high
effectiveness to reduce
impacts/risks locally
High non-climatic co-
benefits and no-to-very-
limited disbenefits

Low Re�re�

Ocean-base� �easures

Marine renewable energy

Bioenergy with carbon capture and storage

Carbon capture and storage

Enhancing open-ocean productivity

Infrastructure-based adaptation
Relocating & diversifying economic activities
Relocating people

Cloud brightening
Surface albedo enhancement

Enhancing weathering and alkalinization

!ssisted evolution

" Mitigation #reducing sources of $%$&���ress t�e causes o� cli�ate c�an�e

���ress t�e i��acts o� cli�ate c�an�e

" Mitigation #increasing sinks of $%$&

" Solar Radiation management

" Ecological'Societal !daptation

(ollution reduction
Reducing atmospheric pollution

Conservation
Restoring and enhancing habitats

Community-based adaptation

Improving risk-reduction policies
Restoring and increasing coastal vegetation



Clusters of ocean actions
G

attuso et al. (2019)
Decisive

Policy clusters

Already implemented in the
real-world
High effectiveness to
reduce climate-related
ocean drivers globally (for
mitigation actions)
Range of low to high
effectiveness to reduce
impacts/risks locally
Relatively limited uncertain-
ties, and few disbenefits

Currently at concept stage
!otentially low to moderate
effectiveness to reduce
climate-related ocean
drivers globally
!otentially low to moderate
effectiveness to reduce
impacts/risks locally
!otentially low-to-
moderate disbenefits

Unproven Risky

Currently at concept stage
!otentially high
effectiveness to reduce
climate-related ocean
drivers globally
!otentially low to high
effectiveness to reduce
impacts/risks locally
!otentially high
disbenefits

Already implemented in
the real-world
"ow effectiveness to
reduce climate-related
ocean drivers globally
#oderate-to-high
effectiveness to reduce
impacts/risks locally
High non-climatic co-
benefits and no-to-very-
limited disbenefits

Low Re�re�

Ocean-base� �easures

Marine renewable energy

Bioenergy with carbon capture and storage

Carbon capture and storage

Enhancing open-ocean productivity

Infrastructure-based adaptation
Relocating & diversifying economic activities
Relocating people

Cloud brightening
Surface albedo enhancement

Enhancing weathering and alkalinization

!ssisted evolution

" Mitigation #reducing sources of $%$&���ress t�e causes o� cli�ate c�an�e

���ress t�e i��acts o� cli�ate c�an�e

" Mitigation #increasing sinks of $%$&

" Solar Radiation management

" Ecological'Societal !daptation

(ollution reduction
Reducing atmospheric pollution

Conservation
Restoring and enhancing habitats

Community-based adaptation

Improving risk-reduction policies
Restoring and increasing coastal vegetation



• Possner & Caldeira (PNAS, 2017)
• La surface continentale disponible est limitée
• Océan:

• Vitesse du vent jusqu’à 70 % supérieure qu’à terre
• Vent plus constant 
• Surface disponible très supérieure

• L’énergie éolienne disponible dans 
l’Atlantique nord suffisante pour fournir 
l’énergie nécessaire à toute la planète

• Mais:
• Calculs théoriques
• Vents changent en fonction des saisons
• Technologie pas disponible, notamment pour le 

transfert de l’énergie à terre
• Modèles suggèrent qu’une extraction de cette 

ampleur pourrait avoir de très importantes 
conséquences climatiques, par exemple un 
refroidissement de l’Arctique jusqu’à 13°C

Énergie éolienne
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D’après Ocean Energy Europe, les 
énergies tirées de l’océan pourraient 
fournir 10 % de la demande en 
électricité européenne 



Messages clés
• Malgré le changement climatique, les actions basées sur 

l’océan peuvent aider à maintenir ou augmenter les nombreux 
services fournit par l’océan 

• Les mesures évaluées couvrent atténuation et adaptation et 
sont réparties dans 4 groupes (Décisive, Faible Regret, Non 
Prouvées, Risquées)  

• Accroître la connaissance sur les mesures basées sur l’océan 
est important avant la COP26 (révision des contributions 
nationales, NDCs) 

• Cette révision doit augmenter nation climatique basée sur 
l’océan en priorisant les approches Décisives et Faible Regret,  
améliorer les connaissances sur les méthodes Non Prouvées, 
et en considérant avec prudence celles qui sont risquées 

• Les measures Décisives et Faible Regret sont prioritaires car 
(1) la mise en œuvre des mesures Décisives n’éliminera pas les 
risques et (2) l’efficacité des mesures Faible Regret, 
particulièrement celles qui sont basées sur la nature, dépendent 
du degré de réchauffement





Pessimistic views of the ocean abound

M
cC

auley et al (2015)

J. Jackson





Marine spatial planning and governance in the ocean space

Desalination: 
Growth: 15% year-1

Marine Genetic Resources: 
Growth: 12 % year-1

Seafloor Mining: 
Growth: infinite!

Increasing focus 
on Blue Growth 
and human  
dependence on 
the ocean as a 
source of 
resources and 
wealth 

Duarte et al. (2014)



The blue acceleration

among the world’s most heavily trafficked regions, its waters
sustain major commercial fish populations, its coastline fosters
globally important aquaculture and cruise tourism industries,
and its seabed contains large oil and gas reserves.85 Although
the offshore hydrocarbon industry tops the list in economic
terms, oil and gas operations are recognized to have the poten-
tial to have a negative impact on shipping, capture fisheries,
tourism, and aquaculture.86 In some cases, governance tools
have been able to manage conflict risk. New traffic separation
rules, for instance, have helped to minimize damage to fixed
fishing gear and collisions between shipping and fishing
vessels.86

A risk linked to local optimization efforts is the tendency for in-
dustries to embark on ambitious individual growth trajectories
that threaten to collectively exceed the capacity of the ocean
and result in the inequitable distribution of harms and benefits.
The Norwegian government, for instance, is aiming for a 5-fold
increase in salmon production by 2050,85 although the aquacul-
ture industry is already constrained by a lack of production
spaces and the fishing sector is concerned about existing
farming operations because of pollution, sea lice outbreaks,
and escaped salmonmixing with wild populations.85,87 Likewise,

Norway’s cruise tourism industry has grown for the last 15 years
at an annual rate of 9% and is preparing for a 5-fold increase in
visitors by 2030.88 Oil and gas production is expected to
continue growing for the next 5 years, while in June 2019, floating
offshore wind farms were proposed off the southern tip of Nor-
way to quadruple the country’s wind power capacity,89 and in
September 2019, massive sulfide deposits rich in metals and
minerals were found on Norway’s continental shelf.90 Precau-
tionary approaches by individual industries can reduce risk,
but the saturation of ocean space and tendency toward optimi-
zation render such areas particularly vulnerable to shocks.3

Case 2: New Frontiers
The race to claim the ocean is extending even to its most remote
areas. Consider, for instance, the scaly-foot snail (Chrysomallon
squamiferum), which was first discovered in 1999, named in
2015, and by July 2019 had already been placed on the Red
List of Threatened Species by the International Union for Conser-
vation of Nature.91 Found more than 2,400 m beneath the
ocean’s surface, on just 3 deep-sea hydrothermal vent systems
that collectively cover an area of 0.02 km2, the scaly-foot snail’s
future was deemed threatened when two of these vent systems
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Figure 2. The Blue Acceleration
Global trends in (A) marine aquaculture production; (B) deep offshore hydrocarbon production, including gas, crude oil, and natural gas liquids below 125 m; (C)
total area of seabed under mining contract in areas beyond national jurisdiction; (D) cumulative contracted seawater desalination capacity; (E) accumulated
number of marine genetic sequences associated with a patent with international protection; (F) accumulated number of casts added to the World Ocean
Database; (G) container port traffic measured in Twenty-Foot Equivalent Units (TEU); (H) total length of submarine fiber optic cables; (I) number of cruise pas-
sengers; (J) cumulative offshore wind energy capacity installed; (K) total marine area protected; (L) total area of claimed extended continental shelf. See Note S1
for details and data sources.
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• Types : ports, cables sous marins, marinas, pipe-line, 
plateformes, parcs éoliens, récifs artificiels, digues, fermes 
aquacoles, usines marémotrices et à vagues, ponts et 
tunnels 

• Empreinte : 32000 km2 en 2018 (39400 km2 en 2028). 
• Surface affectée :  

• 1.0 à 3.4 millions km2 en 2018 (+50 à 70 % d’ici 2028). 
• En 2018, les infrastructures côtières affectaient 1.5 % 

des ZEE, comparable aux zones urbaines à terre (0.02 à 
1.7 %).

Infrastructures côtièresARTICLES NATURE SUSTAINABILITY

global growth rate of 8.2%, which would translate as an increase 
in their physical footprint to a total of 98 km2 by 2028 (Fig. 1; maps 
can be found at www.submarinecablemap.com). Although the 

extent of alternative sources of energy such as wave, tidal and wind 
farms was smaller in scale than oil or gas in 2018 (Fig. 1), these 
are projected to have the greatest growth, expanding at a yearly rate 
of ~208% (growth of 358 km2) for tidal farms and 30% (growth of 
2.3 km2) for wind farms based on projects planned in 2018. Most 
wind (39%) and wave and tidal farms (97.5%) will expand along the 
coast of the United Kingdom (Fig. 3). Particularly for tidal farms, 
their expansion is likely to replace large areas of natural habitats due 
to their sheer size (up to 3.86 × 105 m2 per farm for planned tidal 
energy projects in the United States). Underwater tunnels are also 
estimated to increase 0.15% by 2028, which represents a growth in 
physical footprint of 0.02 km2 based on eight projects planned as of 
2018 in the North Sea, Brazil, India and Malaysia.

Even though there are clear indications that the extent of other 
structure types will increase in the next decade, calculations of their 
future extent were not possible. For example, population density in 
low-elevation coastal areas is expected to increase by 40–50% from 
2000 to 2030 (ref. 27), but its effect on the rate of construction of 
coastal defences cannot be directly predicted. Commercial port 
capacity is predicted to double by 2030 (ref. 28), and regional reports 
predict a 0.6–2.5% growth in berth demand in Australia and the 
United States29,30. China is the third largest shipping country in the 
world and experienced 41% growth in vessel throughput between 
1949 and 2010, with substantial growth still occurring31. It is uncer-
tain, however, how this growth will translate into increases in the 
physical footprint of on-water infrastructure of ports and marinas 
in the future. In the state of New South Wales (Australia) alone, two 
new artificial reefs were deployed in 2019 and two more are planned 
to be built by the end of 202032. In addition, the Rigs-to-Reefs pro-
gramme in the United States estimated that 400 existing rigs are eli-
gible for decommissioning and may become artificial reefs33. Over 
220 offshore installations will also need to be decommissioned in 
the North Sea by 2025, yet the future of these structures is uncertain 
while policy in regard to the North Sea prevents a Rigs-to-Reef pro-
gramme34. Finally, new extraction activities, such as deep-sea min-
ing, are expected to grow exponentially, creating the opportunity for 
habitat modification in previously undeveloped locations5.
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Fig. 2 | Global distribution of the physical footprint of marine construction 
(2018). a, Total physical footprint (km2) per EEZ. b, Percentage of EEZ 
area occupied by marine construction. Map colours are scaled to allow 
visual comparisons among countries with footprints that span many orders 
of magnitude. Grey indicates missing data. This figure does not include 
submarine cables, because they extend beyond the EEZ.
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Fig. 3 | Global distribution of wind, wave and tidal farms. a, Locations of built wind farms as of 2018. b, Locations of planned wind farms predicted to be 
built before 2028. c, Locations of built tidal farms as of 2018. d, Locations of planned tidal and wave farms predicted to be built before 2028. Data gathered 
from 4COffshore54.
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Box 2 | History of marine construction

Marine construction was !rst introduced well before 2000 bc 
(see the !gure in this Box), to support maritime tra$c and pro-
tect low-lying coasts. %e oldest known seaport was built by the 
Minoans around 1800 bc in Alexandria (Egypt) to accommodate 
~400 ships66. %e Romans introduced many innovations, includ-
ing the discovery of pozzolanic ash hydraulic cement that enabled 
construction underwater and along exposed coasts, and devel-
oped techniques to control silting and dredge sediments, which 
were used for centuries67. %e !&eenth to the eighteenth century 
saw the development of the !rst dry dock in intertidal 'ats, port 
defence structures (breakwaters) and enclosed docks in England68. 
However, it was not until the nineteenth century, with the advent 
of the steam engine and the search for new lands and trade routes, 
that modern port works started69.

Coastal armouring is also a practice that dates back millennia. 
In China, large coastal defences initiated between about 220  
and 25 bc (ref. 66). In northern Europe, the Frisians developed 
coastal defences by using earth mounds or dams as early as 
175 bc70. A contraction of coastal developments was observed in 
the Middle Ages, when sea defences were constructed in Europe 
only in response to severe 'ooding events71. %e Renaissance saw 
the birth of the science of maritime hydraulics, with Leonardo da 
Vinci as a precursor of coastal engineering science anticipating 
ideas and solutions by over three centuries. He also championed 
the credo of ‘working with Nature’, rather than against it, warning 
against fundamental errors in land and water engineering 
management70.

Aquaculture construction started in Europe, with the Etruscans 
managing coastal lagoons for aquaculture in the fourth and  
!&h centuries bc72. In Japan, in the 1600s, building rubble  
and rocks were sunk for growing kelp73. In the 1830s log reefs 
started to be built to improve !shing o( the coast of South 
Carolina (USA)73. %e o(shore petroleum industry began in the 
late nineteenth century with the drilling of piers at Summerland, 
California74. By the 1940s, wells had been developed far into 
the Gulf of Mexico and, in 1947, the Kerr–McGee Corporation 
drilled the !rst well from a !xed platform out of sight of land, 
marking the beginning of the modern o(shore industry75. %e 
world’s !rst o(shore renewable energy !eld was established in 
1991 in Germany, and kick-started the marine renewable energy 
industry76.

%e !rst International Conference on Coastal Engineering 
(Long Beach, California, 1950) marked the start of the scienti!c 
contemporary age in marine construction. In that year the 
invention of the Tetrapod—very stable under wave attack and 
easier to obtain than quarried rock—revolutionized the design 
of maritime structures and hydraulic works77. By the 1980s it was 
clear that certain coastal defence works were failing to ful!l their 
aims and that erosion problems had shi&ed further along the coast 
or, in some cases, were even aggravated78. %e Centre for Research 
on Ecological Impacts of Coastal Cities (%e University of Sydney, 
1997–2009) led the development of environmentally bene!cial 
seawalls79, and the EU project DELOS (2001–2004) made 
important advances in the search for more sustainable approaches 
to marine and coastal engineering80. Numerous projects are 
continuing to build on these scienti!c foundations, including %e 
World Harbour Project and Living Seawalls (www.sims.org.au). 
See the !gure in this Box.
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global growth rate of 8.2%, which would translate as an increase 
in their physical footprint to a total of 98 km2 by 2028 (Fig. 1; maps 
can be found at www.submarinecablemap.com). Although the 

extent of alternative sources of energy such as wave, tidal and wind 
farms was smaller in scale than oil or gas in 2018 (Fig. 1), these 
are projected to have the greatest growth, expanding at a yearly rate 
of ~208% (growth of 358 km2) for tidal farms and 30% (growth of 
2.3 km2) for wind farms based on projects planned in 2018. Most 
wind (39%) and wave and tidal farms (97.5%) will expand along the 
coast of the United Kingdom (Fig. 3). Particularly for tidal farms, 
their expansion is likely to replace large areas of natural habitats due 
to their sheer size (up to 3.86 × 105 m2 per farm for planned tidal 
energy projects in the United States). Underwater tunnels are also 
estimated to increase 0.15% by 2028, which represents a growth in 
physical footprint of 0.02 km2 based on eight projects planned as of 
2018 in the North Sea, Brazil, India and Malaysia.

Even though there are clear indications that the extent of other 
structure types will increase in the next decade, calculations of their 
future extent were not possible. For example, population density in 
low-elevation coastal areas is expected to increase by 40–50% from 
2000 to 2030 (ref. 27), but its effect on the rate of construction of 
coastal defences cannot be directly predicted. Commercial port 
capacity is predicted to double by 2030 (ref. 28), and regional reports 
predict a 0.6–2.5% growth in berth demand in Australia and the 
United States29,30. China is the third largest shipping country in the 
world and experienced 41% growth in vessel throughput between 
1949 and 2010, with substantial growth still occurring31. It is uncer-
tain, however, how this growth will translate into increases in the 
physical footprint of on-water infrastructure of ports and marinas 
in the future. In the state of New South Wales (Australia) alone, two 
new artificial reefs were deployed in 2019 and two more are planned 
to be built by the end of 202032. In addition, the Rigs-to-Reefs pro-
gramme in the United States estimated that 400 existing rigs are eli-
gible for decommissioning and may become artificial reefs33. Over 
220 offshore installations will also need to be decommissioned in 
the North Sea by 2025, yet the future of these structures is uncertain 
while policy in regard to the North Sea prevents a Rigs-to-Reef pro-
gramme34. Finally, new extraction activities, such as deep-sea min-
ing, are expected to grow exponentially, creating the opportunity for 
habitat modification in previously undeveloped locations5.
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(2018). a, Total physical footprint (km2) per EEZ. b, Percentage of EEZ 
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Fig. 3 | Global distribution of wind, wave and tidal farms. a, Locations of built wind farms as of 2018. b, Locations of planned wind farms predicted to be 
built before 2028. c, Locations of built tidal farms as of 2018. d, Locations of planned tidal and wave farms predicted to be built before 2028. Data gathered 
from 4COffshore54.
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Extinct species
Steller’s Cow, about 7 m long 
Last seen  1768 

Great auk (Pinguinus impennis) 
Last seen 1852  

Japanese sea lion 
(1970)

Caribbean monk seal (1954)

Red Sea Torpedo fish (1898) 
Torpedo suessii  

Vache de mer Grand pingouin



Who is next? Endangered species

Dauphin d'Hector 
Hector’s Dolphin (Cephalorhynchus hectori)

Requin-baliai
Pondicherry Shark (Carcharhinus hemiodon)
Last seen 1979
Listed as probably extinct by IUCN

Galapagos Damsel (Azurina eupalam)
Last seen in 1982 
Listed as probably extinct by IUCN

BycatchBycatch

Overfishing Heat wave

Currently, over 550 species of 
marine fishes and 
invertebrates are listed on the 
IUCN Red List as Critically 
Endangered, Endangered, 
and Vulnerable.

Marsouin du Pacifique

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/red-list


An inexhaustible ocean?
In his 1883 inaugural address to the International Fisheries 
Exhibition in London, Thomas Huxley recognised that: 
“Steam and refrigerating apparatus combined have made it 
possible for us to draw upon the whole world for our supplies of 
fresh fish” 
but he discounted reports of declines in fish catches: “in 
relation to our present modes of fishing, a number of the most 
important sea fisheries, such as the cod fishery, the herring 
fishery, and the mackerel fishery, are inexhaustible”



Overfishing leads to declining fish catches

H
illborn and C

ostello (2018)

Globally 53% of 414 fish stocks are 
below the Biomass delivering the 
Maximum Sustainable Yield (BMSY) 
and of these, 265 are estimated to 
be below 80% of the BMSY level 
(Rosenberg et al. 2017)

Example whitefish



Global marine biodiversity loss

• 20 species extinct in historic times 
• 830 species of conservation concern 
• 89% decline in exploited marine megafauna 
• 1/3 of fisheries overexploited 
• 2/3 of fisheries below targets 
• 42-66% loss of biomass of exploited fish stocks 
• >35% of mangrove area lost 
• >29% of seagrass area lost 
• >16% of tidal flats lost 
• >85% of oyster reefs lost 
• >2/3 of salt-marshes lost 
• 40% of coral reefs lost or degraded
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Duarte et al. (2008), Waycott et al. (2009), Krumhansl  et al. (2016) 

Long-term decline rates of key ecosystems ( % year-1)



Diminution massive des grands prédateurs

Pauly et al. (1998)



Diminution des baleines

Humpback whales: from pre-exploitation  population 
sizes of more than 50,000 to a few hundred in 1970

Whale hunting, thousands of individuals across species 
hunted per year in Antarctica (peak 50,000 per year)

Smetacek (2007)



Rétablissement des baleines
Humpback whales: globally > 50% above 1940 estimates  
Down-listed from “Vulnerable” to “Least Concern” by IUCN

Out of 92 marine mammal 
populations (Roman et al. 2015): 

• 42% increasing 
• 10% decreasing 
• remainder: no change  



Éléphant de mer du nord et phoques gris

Northern elephant seal population growth: 
Minimum 20 in 1880 to > 200,000 at present

Grey seal population growth

Roman et al. (2015)



Loutre de mer

US Geological 
Survey and US Fish 
and Wildlife Service

Increase from only 50 individuals left in 1911



• Sharp decline followed in 2000-2014 by a 5-fold 
reduction in loss rates

• Reaching pre-disturbance values by 2050 requires 
a commitment to expand their area by 1.5% year-1  
implying an increase in annual planting from 2,000 
in 2018 to 3,000 km2 year-1 in 2050

• Challenges:
• Lost mangrove area occupied by housing, 

infrastructure and aquaculture ponds. Buy back 
or relocate

• Cost 1.6 billion year-1 (2% of Apple annual profit)

Restauration des mangroves 

Sharp Decline

Slowing down

Rebuilding

-2.2 % year-1

-1.9 % year-1

-1.7 % year-1

-0.3 % year-1



Restauration de la mangrove du delta du Mekong

The reforestation of the Mekong Delta, the largest mangrove forest 
in the world, 15 years after its destruction by the US Air Force is the 
largest-scale ecosystem restoration ever undertaken (Duarte et al., 
2008) 
 

1972 1997 • 1964 to 1970: 57% of all Mekong Delta 
mangrove forest destroyed 

• 1978 to 1998: 2700 km2 planted 
• Carbon storage (Nam et al., 2016): 

• restored mangrove: 889 ± 111 MgC ha−1  
• natural mangrove: 844 ± 58 MgC ha−1 



The Indian Ocean Tsunami of 26 Dec. 2004:  
A Catalyst of awareness on the value of Mangroves

• Where mangrove belts existed 
losses of human lives were very 
low or nil. 

• Governments initiated large 
scale mangrove plantation 
programs. 

• Mangrove plantation is easy and 
cost-effective. 



Restauration des marais maritimes

• Salt marsh restoration is well 
proven and can often be achieved 
by restoring tidal flows 

• Restored breached levee salt 
marshes in San Francisco Bay 
Estuary 

• Recovery in one decade 

Williams and Orr (2002)



Rétablissement des plantes marines en Europe
• 1/3 of European seagrass area 

lost, loss peaking in the 1970s and 
1980s 

• Loss rates slowed down for most 
of the species and fast-growing 
species recovered in some 
locations 

• Net rate of change reversed in 
the 2000s 

• Density metrics improved or 
remained stable in most sites 

• In contrast with global 
assessments, seagrass decline is 
no longer a generalised state in 
Europe 

• Deceleration and reversal of 
declining trends is possible

1990s, the number of sites, within each decade, experiencing an
improvement in the area trajectory was always lower than those
worsening, but this pattern changed in 2000s, when the number
of sites improving surpassed the number of those worsening
(Fig. 4d). In terms of density metrics and depth limits, there was
an increase of sites improving and in steady state (not improve-
ment, not worsening) from the 1980s to the 2000s, even though
there was also an increase of sites getting worst (Fig. 4e, f).

Causes of change in European seagrasses. The causes for decline
or increase of European seagrass meadows were reported for 31%
and 7% of the compiled seagrass sites, respectively. Most of the
declines were attributed to water quality degradation (26%) and
wasting disease (25%), followed by coastal modification (16%),
mechanical damage (14%), and multiple causes (12%, Fig. 5a).
Whereas the wasting disease caused by Labyrinthula sp. was the
dominant driver for losses of Z. marina, losses of other seagrass
species were dominated by water quality degradation (P. oceanica
and Z. noltei) and coastal modification (C. nodosa) (Fig. 5a).
Seagrass recovery was mostly (68%) attributed to management
actions (Fig. 5a), which included improvement of water quality,
reduction of industrial sewage, and anchoring and trawl-
ing regulation. The rest of cases were attributed to natural colo-
nization that could not be directly associated with any human
intervention (Fig. 5a), which included the recovery from wasting
disease in the 1950s, recovery after drastic losses in coastal
lagoons caused by floods. Water quality degradation was the
major loss factor in the 1970s, whereas losses due to extreme
events became the most important cause of decline during the
2000s (Fig. 5b, c). Management intervention along with natural
colonization emerged as drivers of recovery in the 1990s and
2000s (Fig. 5d).

Discussion
From 1869 to 2016, about one third of the area of European
seagrasses was lost in relation to the maximum compiled area,
due to several causes including wasting disease, water quality
degradation, coastal development, mechanical disturbance, and
the combination of them. However, and contrary to other global
reports on seagrass losses4,5, this work reveals for the first time
since the 1950s a trend reversal for declining European seagrass
meadows at the end of the 20th century that continued through
the 2000s. Whereas losses occurred in all regional seas and spe-
cies, seagrass gains were concentrated in fewer locations and were
mostly due to the recovery of Zostera species.

The predominant seagrass trajectory of our compilation was
decline, revealed mostly by area and depth limit changes rather
than density metrics. This does not mean that those are the best
indicators of seagrass loss but rather the consequence of the fact
that area and depth limits have been reported more often, since
the beginning of seagrass studies in Europe. Density metrics were
mainly introduced in the past decades after the highest seagrass
losses of the 1970s had occurred, mostly in 2000s because of the
broad geographical monitoring imposed by the WFD. Loss of
seagrass area was mostly attributed to the species Z. marina and
C. nodosa. The wasting disease outbreak during the 1930s deci-
mated large pristine Z. marina areas along the Atlantic coast27–29.
Other causes behind the seagrass losses in Europe included water
quality degradation, coastal modification, and mechanical
impacts, in accordance to those previously identified at the global
scale4,5. Seagrass declines in Europe during the 20th century were
reported elsewhere for P. oceanica16,17, with an estimated area
loss of 13–50%, and for Z. marina in Nordic countries30. For Z.
noltei and C. nodosa, this is the first assessment revealing both
losses and gains at the continental scale.

Loss rates of European seagrasses peaked in the 1970s and
1980s and started to slowdown in magnitude toward the end of
century, when it reached the loss rate of the 1950s (Fig. 3).
Decadal rates before the 1950s were not possible to assess due to
the data deficiency. The combination of this deceleration with the
area gains observed during the 1990s and 2000s, mainly due to
large expansions of Z. noltei and Z. marina along the Atlantic
coasts (79% and 9% of total gains, respectively), led to the recent
reversal of the negative decadal rate of net change during the
2000s. The improvement of the seagrass trajectory in Europe was
also evident in density metrics, which become stable or improved
during the 1990s and 2000s. Most of the sites reporting gains in
seagrass area during the 2000s did not include the causes for
those gains. The available information indicates that the largest
increase in seagrass area during the 2000s, of Z. noltei in the
Northern Wadden Sea (9017 ha), was due to the reduction of
nutrient loads19,31. The second biggest contribution was the
recovery of 913 ha of Z. noltei at the Vaccarès lagoon, France, due
to the natural restoration of water clarity and salinity, which had
been drastically reduced by two consecutive river floods32.
Another contribution to area gains, the recovery of Z. marina in
Puck Bay, Poland, was ascribed to an improvement in water
quality following management actions to reduce water pollu-
tion33. Thus a combination of natural recovery of seagrasses after
environmental improvement related or not to management
actions may explain the recent positive trajectory of European
seagrasses.

The effects of management actions to improve water quality on
seagrass recovery are well documented at the national and sub-
national scales: nutrient input reduction to fjords in Denmark
resulted in an increase of the depth limit of eelgrass34, decreased
nitrogen inputs in a Portuguese estuary in 1998 reversed the
declining trajectory of Z. noltei after severe eutrophication events
during the 1980s and early 1990s35, and the increase of wastewater
treatment plants from 2003 to 2010 along the Catalonia coasts in
Spain resulted in significant improvements of water quality and of
the biochemical indicators of P. oceanica36. These cases add up to
success stories reported outside of Europe, such as the recovery of
seagrasses in Chesapeake Bay37, Tampa Bay38, and in Mumford
Cove39, following water quality improvement.

Even though the structure of the data compiled here do not
allow us to relate European seagrass recovery to specific manage-
ment actions, seagrass meadows in Europe may have benefited
from policies and management initiatives adopted in the 1990s to
reduce nutrient loading from urban waters40 and from agricultural
sources41. The subsequent identification of seagrasses as key
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Rétablissement des récifs coralliens après des essais nucléaires
• 76.3 megatons (TNT equivalent) were 

conducted across seven test sites (1946 to 
1958), Marshall Is. 

• Five craters were created 

• Surface seawater temperatures raised by 
55,000 °C after air-borne tests 

• Blast waves with speeds of up to 8 m/s; 
and shock and surface waves up to 30 m 
high with blast columns reaching the floor 
of the lagoon (approximately 70 m depth) 

• Coral reefs in the Bikini Atoll recovered 
40 years after the end of tests, although 
with some biodiversity changes 
(Richards et al. 2008) 

• “While nuclear testing is devastating on an 
acute timescale, it may prove to be 
beneficial to the local ecosystem over a 
more chronic duration through human 
exclusion” (Lawrence et al. 2015)



Durée du rétablissement des récifs coralliens
Overgrazing (crown-of-thorns, Acanthaster): < 10 yrs 
Cyclones (2 to 14 years), depending on severity of 
damage 
Bleaching: 2-4 years 
Sedimentation: 1 year 
Chronic Sewage inputs: 10 years 

Many cases of decline without recovery where other 
concurrent impacts occurred (e.g. loss of herbivores) 

Connell (1997) 



Aires marines protégées et programmes de restauration
D

uarte et al. (2020)
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Fig. 2 | Global growth of restoration interventions. Distribution and growth 
of MPAs (a) and ecosystem restoration projects for coral and oyster reefs (b), 
saltmarshes and mangroves (c), and kelps and seagrasses (d); and the growth of 
MPAs as per cent of the total ocean area (e) and reported restoration projects 
(f) over time. NA, date not available. Numbers within symbols represent 

aggregated restoration projects for which the location was not provided  
(see Supplementary Information 1 for detailed examples, Supplementary 
Information 2 for data sources and Supplementary Videos 1, 2 for the animation 
of growth over time).

D
uarte et al. (2020)
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Fig. 2 | Global growth of restoration interventions. Distribution and growth 
of MPAs (a) and ecosystem restoration projects for coral and oyster reefs (b), 
saltmarshes and mangroves (c), and kelps and seagrasses (d); and the growth of 
MPAs as per cent of the total ocean area (e) and reported restoration projects 
(f) over time. NA, date not available. Numbers within symbols represent 

aggregated restoration projects for which the location was not provided  
(see Supplementary Information 1 for detailed examples, Supplementary 
Information 2 for data sources and Supplementary Videos 1, 2 for the animation 
of growth over time).
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levels are therefore a good indicator of MPA performance.

In this study, we focused on the Mediterranean Sea, which is
both a global hotspot for biodiversity and for human pres-
sure,18–20 and is an area that features an extensive system of
MPAs.21 Our assessment took a critical look at whether conser-
vation efforts are appropriately strategized to deliver ecological
benefits.

RESULTS AND DISCUSSION

We exctracted the list of MPAs fromMAPAMED,22 themost com-
plete database for MPAs in the Mediterranean. For multiple-zone
MPAs, we worked at the zone level and compiled and reviewed
the management plans and legal texts for the 1,062 existing
MPAs (or 1,346 zones) to classify themusing the regulation-based
classification system.17 All 1,062 MPAs included in our study are
approved by countries or focal points of the Barcelona
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Figure 2. Distribution of the Different Levels of Protection in the Mediterranean Sea
The proportion and distribution of the different levels of protection are displayed at different scales: (A) the entire Mediterranean Sea, European Union, and non-

European Union countries (percentages below the progress bars indicate the overall percentage cover of protection in the corresponding grouping, percentages

in the colored pie charts show how the different levels of protection are distributed in the corresponding grouping); (B) at the country level (gray bars on the left

show the percentage cover of the country’s coastal and marine areas under protection for all cumulated levels of protection, percentages inside brackets show

the percentage cover of only full and high levels of protection, colored bars on the right show how the levels of protection are distributed inside each country’s

coastal and marine areas); and (C) at the ecoregion level (colored pie charts show the distribution of the levels of protection inside each ecoregion and per-

centages indicate the percentage cover of the ecoregion under protection).
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Figure 2. Distribution of the Different Levels of Protection in the Mediterranean Sea
The proportion and distribution of the different levels of protection are displayed at different scales: (A) the entire Mediterranean Sea, European Union, and non-

European Union countries (percentages below the progress bars indicate the overall percentage cover of protection in the corresponding grouping, percentages

in the colored pie charts show how the different levels of protection are distributed in the corresponding grouping); (B) at the country level (gray bars on the left

show the percentage cover of the country’s coastal and marine areas under protection for all cumulated levels of protection, percentages inside brackets show

the percentage cover of only full and high levels of protection, colored bars on the right show how the levels of protection are distributed inside each country’s

coastal and marine areas); and (C) at the ecoregion level (colored pie charts show the distribution of the levels of protection inside each ecoregion and per-

centages indicate the percentage cover of the ecoregion under protection).
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• No single solution for achieving substantial (50-90% of past 
metrics) recovery of marine life by 2050

• Recovery requires the strategic stacking of a number of 
complementary actions, here termed recovery wedges:
• protecting vulnerable habitats and species
• adopting cautionary harvesting strategies
• restoring habitats
• reducing pollution
• mitigating climate change 

• The strength of the contribution of each of these wedges vary 
across species and ecosystems

• For instance, mitigating climate change is the critical wedge to set 
coral reefs on a recovery trajectory, whereas improved habitat 
protection and fisheries management are the critical wedges for the 
recovery of marine vertebrates and deep-sea habitats

Recovery wedges



• A number of roadblocks may delay or prevent recovery of some of the critical components:
• Climate change is the critical backdrop against which all rebuilding efforts will play out. 

Much stronger efforts to reduce the gap between target and projected emissions under 
the present voluntary NDCs is a challenging but not impossible task

• Need to consider unavoidable impacts brought about by ocean warming, acidification 
and sea-level rise already committed by past emissions, even if the climate mitigation 
wedge, represented by the Paris Agreement, is fully implemented.

• Natural variability and intensification of environmental extremes 
• failure to reduce pressures other than climate change mitigation
• unexpected natural or social events
• growing human population will create additional demands for seafood, coastal space 

and other ocean resources
• Substantial to complete recovery (60-100% increase relative to the present) appears 

realistic and achievable for most components
• Partial to substantial recovery (10 to >50%) can be targeted for deep-sea habitats, 

where slow recovery rates lead to a modest rebuilding scope by 2050, and for coral reefs, 
where existing and projected climate change severely limits the rebuilding prospects

Roadblocks



• Substantial rebuilding of marine life by 2050 requires sustained effort and 
financial support:
• at least US$10–20 billion per year to reach protection of 50% of the ocean 

space plus substantial additional funds for restoration
• Benefits: considerable economic return (x10) and in excess of one million 

new jobs:
• Rebuilding fish stocks can be achieved by market-based instruments, 

such as rationalizing global fishing subsidies, taxes and catch shares, to 
end perverse incentives and by the growth of truly sustainable aquaculture 
to reduce pressure on wild stocks

• Whereas most regulatory measures focus on commercial fisheries, 
subsistence and recreational fishing are also globally relevant and need 
to be aligned with rebuilding efforts to achieve sustainability

• Rebuilt fisheries alone could increase the annual profits of the global 
seafood industry by US$53 billion

• A global rebuilding of exploited fish stocks could increase fishing yields 
by 15% and profits by about 80% while reducing bycatch mortality

• Conserving coastal wetlands could save the insurance industry US$52 
billion annually  while providing additional benefits of carbon sequestration, 
income and subsistence from harvesting, and from fisheries

• Ecotourism in protected areas provides 4-12 times greater economic returns 
than fishing without reserves (for example, AUS$5.5 billion annually and 
53,800 full time jobs in the Great Barrier Reef Marine Park)

Necessary investments and expected returns



National jurisdiction
Jouffray et al. (2020)

Claiming the ocean for food, material, and space is not new to
humanity, but the current rush for the ocean is unfolding with un-
precedented diversity and intensity. We describe this as the blue
acceleration (Figure 2), a new phase in humanity’s relationship
with the biosphere, where the ocean is not only crucial for sus-
taining global development trajectories but is being fundamen-
tally changed in the process.

The Blue Acceleration
The multitude of claims that collectively illustrate the blue accel-
eration exhibit a phenomenal rate of change over the last 50
years, with a sharp acceleration characterizing the onset of the
21st century (Figure 2). With claims extending across renewable
and non-renewable resources, and entailing both mobile and
stationary activities, the blue acceleration is intensifying the
pressure on the ocean (Table S2) and leading to a range of
synergistic, antagonistic, and additive interactions between
claims.2,79–81 For example, offshore hydrocarbon operations
have an impact on wild-capture fisheries through the displace-

ment of fish stocks and altered fish biochemistry,82 submarine
pipelines and cables prevent trawl fishing, and large offshore
wind farms may conflict with coastal tourism and recreational
activities. In other situations, claims can benefit from each other,
such as marine research enabling bioprospecting,83 or the
establishment of marine protected areas increasing fish biomass
and potential catch gains in neighboring areas.84

As the blue acceleration unfolds, the impacts of claims will in-
crease (Table S2) and new dynamics will emerge. Below, we use
case descriptions to illustrate different aspects of how the blue
acceleration manifests and what this implies for the emergence
of new challenges and interconnected risks.

Case 1: Local Optimization
Many highly industrialized countries of the world are primarily
focused on optimizing marine spatial planning while mitigating
the inherent conflict potential related to different overlapping
ocean claims. An illustrative example is the North Sea and Ska-
gerrak management area around the southern tip of Norway. It is

Box 1. Seabed Grabbing

One of the most significant geopolitical transformations in recent times is occurring in the ocean depths.73 Article 76 of the United
Nations Convention on the Law of the Sea (UNCLOS) allows countries to claim an extended continental shelf to explore and exploit
the resources of the seafloor beyond the 200 nautical miles of their exclusive economic zone.74,75

Since the first claim was made by Russia in 2001 concerning the Arctic region, submissions or preliminary information from a total
of 83 countries have been sent to the UN Commission on the Limits of the Continental Shelf, together encompassing more than 37
million km2 of the seafloor (Note S1). This is more than twice the size of Russia—the world’s largest country—and nearly 80 times
the reported global area of ‘‘land grabs’’ since 2000 (www.landmatrix.org). In many cases, the territorial basis of a state is made of
more seabed than land. Small island developing states are indeed becoming large ocean states. The Cook Islands, for instance,
has claimed an area of extended continental shelf equivalent to 1,700 times its land surface. Countries that include islands and
overseas territories are benefitting in particular from Article 76. Remarkably, Australia was able to secure more than 2.5 million
km2 of additional seabed thanks to Heard Island and theMcDonald Islands, two uninhabited territories of 368 and 2.5 km2, respec-
tively.76

This recent surge in submissions has also given rise to several overlapping claims, adding an extra dimension tomaritime disputes
and foreshadowing the need for future negotiations on boundary delimitation agreements.77,78 Overall, the expansion of national
sovereignty rights over maritime space raises issues of equity and benefit sharing since only a limited number of states have ac-
cess to an extended continental shelf, and every claim happens at the expense of the area of the seabed and subsoil located
outside national jurisdiction. The extension of the continental shelf is therefore not only transforming the geopolitical landscape,
it is also substantially shrinking the area designated as the common heritage of humankind.

The figure shows (A) landmass under national jurisdiction versus (B) landmass and seabed under national jurisdiction. The expan-
sion of rights of national sovereignty over maritime space, including exclusive economic zones and claimed extended continental
shelves, happens at the expense of the global ocean commons. Based on the extended continental shelf claims submitted as of
2019, only 48% of the seabed would remain as humanity’s shared inheritance. Note the exception of Antarctica, currently gov-
erned under the international Antarctic Treaty System and for which claims are made in anticipation of 2048 when the treaty
will become modifiable. See Note S1 for details and data sources.
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Claiming the ocean for food, material, and space is not new to
humanity, but the current rush for the ocean is unfolding with un-
precedented diversity and intensity. We describe this as the blue
acceleration (Figure 2), a new phase in humanity’s relationship
with the biosphere, where the ocean is not only crucial for sus-
taining global development trajectories but is being fundamen-
tally changed in the process.

The Blue Acceleration
The multitude of claims that collectively illustrate the blue accel-
eration exhibit a phenomenal rate of change over the last 50
years, with a sharp acceleration characterizing the onset of the
21st century (Figure 2). With claims extending across renewable
and non-renewable resources, and entailing both mobile and
stationary activities, the blue acceleration is intensifying the
pressure on the ocean (Table S2) and leading to a range of
synergistic, antagonistic, and additive interactions between
claims.2,79–81 For example, offshore hydrocarbon operations
have an impact on wild-capture fisheries through the displace-

ment of fish stocks and altered fish biochemistry,82 submarine
pipelines and cables prevent trawl fishing, and large offshore
wind farms may conflict with coastal tourism and recreational
activities. In other situations, claims can benefit from each other,
such as marine research enabling bioprospecting,83 or the
establishment of marine protected areas increasing fish biomass
and potential catch gains in neighboring areas.84

As the blue acceleration unfolds, the impacts of claims will in-
crease (Table S2) and new dynamics will emerge. Below, we use
case descriptions to illustrate different aspects of how the blue
acceleration manifests and what this implies for the emergence
of new challenges and interconnected risks.

Case 1: Local Optimization
Many highly industrialized countries of the world are primarily
focused on optimizing marine spatial planning while mitigating
the inherent conflict potential related to different overlapping
ocean claims. An illustrative example is the North Sea and Ska-
gerrak management area around the southern tip of Norway. It is

Box 1. Seabed Grabbing

One of the most significant geopolitical transformations in recent times is occurring in the ocean depths.73 Article 76 of the United
Nations Convention on the Law of the Sea (UNCLOS) allows countries to claim an extended continental shelf to explore and exploit
the resources of the seafloor beyond the 200 nautical miles of their exclusive economic zone.74,75

Since the first claim was made by Russia in 2001 concerning the Arctic region, submissions or preliminary information from a total
of 83 countries have been sent to the UN Commission on the Limits of the Continental Shelf, together encompassing more than 37
million km2 of the seafloor (Note S1). This is more than twice the size of Russia—the world’s largest country—and nearly 80 times
the reported global area of ‘‘land grabs’’ since 2000 (www.landmatrix.org). In many cases, the territorial basis of a state is made of
more seabed than land. Small island developing states are indeed becoming large ocean states. The Cook Islands, for instance,
has claimed an area of extended continental shelf equivalent to 1,700 times its land surface. Countries that include islands and
overseas territories are benefitting in particular from Article 76. Remarkably, Australia was able to secure more than 2.5 million
km2 of additional seabed thanks to Heard Island and theMcDonald Islands, two uninhabited territories of 368 and 2.5 km2, respec-
tively.76

This recent surge in submissions has also given rise to several overlapping claims, adding an extra dimension tomaritime disputes
and foreshadowing the need for future negotiations on boundary delimitation agreements.77,78 Overall, the expansion of national
sovereignty rights over maritime space raises issues of equity and benefit sharing since only a limited number of states have ac-
cess to an extended continental shelf, and every claim happens at the expense of the area of the seabed and subsoil located
outside national jurisdiction. The extension of the continental shelf is therefore not only transforming the geopolitical landscape,
it is also substantially shrinking the area designated as the common heritage of humankind.

The figure shows (A) landmass under national jurisdiction versus (B) landmass and seabed under national jurisdiction. The expan-
sion of rights of national sovereignty over maritime space, including exclusive economic zones and claimed extended continental
shelves, happens at the expense of the global ocean commons. Based on the extended continental shelf claims submitted as of
2019, only 48% of the seabed would remain as humanity’s shared inheritance. Note the exception of Antarctica, currently gov-
erned under the international Antarctic Treaty System and for which claims are made in anticipation of 2048 when the treaty
will become modifiable. See Note S1 for details and data sources.
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“virtually all the seas and oceans in the whole world are 
already protected by international law.”
“The problem, …, is lax enforcement and apathy”
Deborah Rowan Wright



• Conserve and sustain what is left: no longer acceptable  
• Sustainable Development Goal 14 of the United 

Nations aims to “conserve and sustainably use the 
oceans, seas and marine resources for sustainable 
development” 

• Here we document the recovery of marine populations, 
habitats and ecosystems following past conservation 
interventions 

• Recovery rates across studies suggest that substantial 
recovery of the abundance, structure and function of 
marine life could be achieved by 2050, if major 
pressures—including climate change—are mitigated 

• Rebuilding marine life represents a doable Grand 
Challenge for humanity, an ethical obligation and a 
smart economic objective to achieve a sustainable 
future

Reconstituer la biodiversité marine d’ici 2100 : un grand défi

Nature | Vol 580 | 2 April 2020 | 39
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Rebuilding marine life

Carlos M. Duarte1,2,3ಞᅒ, Susana Agusti1, Edward Barbier4, Gregory L. Britten5,  
Juan Carlos Castilla6, Jean-Pierre Gattuso7,8,9, Robinson W. Fulweiler10,11, Terry P. Hughes12, 
Nancy Knowlton13, Catherine E. Lovelock14, Heike K. Lotze15, Milica Predragovic1,  
Elvira Poloczanska16, Callum Roberts17 & Boris Worm15

Sustainable Development Goal 14 of the United Nations aims to “conserve and 
sustainably use the oceans, seas and marine resources for sustainable development”. 
Achieving this goal will require rebuilding the marine life-support systems that deliver 
the many bene!ts that society receives from a healthy ocean. Here we document the 
recovery of marine populations, habitats and ecosystems following past conservation 
interventions. Recovery rates across studies suggest that substantial recovery of the 
abundance, structure and function of marine life could be achieved by 2050, if major 
pressures—including climate change—are mitigated. Rebuilding marine life 
represents a doable Grand Challenge for humanity, an ethical obligation and a smart 
economic objective to achieve a sustainable future.

The ability of the ocean to support human wellbeing is at a crossroads. 
The ocean currently contributes 2.5% of global gross domestic prod-
uct (GDP) and provides employment to 1.5% of the global workforce1, 
with an estimated output of US$1.5 trillion in 2010, which is expected 
to double by 20301. Furthermore, there is increased attention on the 
ocean as a source of food and water2, clean energy1 and as a means to 
mitigate climate change3,4. However, many marine species, habitats and 
ecosystems have suffered catastrophic declines5–8, and climate change 
is further undermining ocean productivity and biodiversity9–14 (Fig. 1).

The conflict between the growing dependence of humans on ocean 
resources and the decline in marine life under human pressures (Fig. 1) is 
focusing the attention on the connection between ocean conservation 
and human wellbeing15. The United Nations Sustainable Development 
Goal 14 (UN SDG 14 or ‘life below water’) aims to “conserve and sustain-
ably use the oceans, seas and marine resources for sustainable develop-
ment” (https://sustainabledevelopment.un.org/sdg14). Achieving this 
goal will require rebuilding marine life, defined in the context of SDG 14 
as the life-support systems (populations, habitats and ecosystems) that 
deliver the many benefits that society receives from a healthy ocean16,17. 
Here we show that, in addition to being a necessary goal, substantially 
rebuilding marine life within a human generation is largely achievable, 
if the required actions—including, notably, the mitigation of climate 
change—are deployed at scale.

Reversing the decline of marine life
By the time the general public admired life below water through the 
television series ‘The Undersea World of Jacques Cousteau’ (1968–1976), 
the abundance of large marine animals was already greatly reduced5–7,18. 
Since the first frameworks to conserve and sustain marine life were 

introduced in the 1980s, the abundance of marine animals and habitats 
that provide essential ecosystems services has shrunk even further5,6,19,20 
(Fig. 1). Currently, at least one-third of fish stocks are overfished21, one-
third to half of vulnerable marine habitats have been lost8, a substantial 
fraction of the coastal ocean suffers from pollution, eutrophication, 
oxygen depletion and is stressed by ocean warming22,23, and many 
marine species are threatened with extinction7,24,25. Nevertheless, biodi-
versity losses in the ocean are less pronounced than on land7 and many 
marine species are capable of recovery once pressures are reduced or 
removed (Figs. 2, 3). Substantial areas of wilderness remain in remote 
regions26 and large populations of marine animals are still found, for 
example, in mesopelagic (200–1,000 m depth) ocean waters27.

Regional examples of impressive resilience include the rebound of 
fish stocks during World War I and World War II following a marked 
reduction in fishing pressure28, the recovery since 1958 of coral reefs 
in the Marshall Islands from 76 megatons of nuclear tests29 and the 
improved health of the Black Sea30 and Adriatic Sea31 following a sudden 
reduction in the application of fertilizers after the collapse of the Soviet 
Union. Although these rapid recoveries were unrelated to conservation 
actions, they helped to inform subsequent interventions that have been 
deployed in response to widespread ocean degradation7,32,33. These 
interventions include a suite of initiatives to save threatened species, 
protect and restore vulnerable habitats, constrain fishing, reduce pol-
lution and mitigate climate change (Fig. 1 and Table 1).

Impactful interventions
The regulation of hunting. The protection of species through the 
Convention on International Trade of Endangered Species (CITES, 
1975, https://cites.org/) and the global Moratorium on Commercial 
Whaling (1982, https://iwc.int/home) are prominent examples of inter-
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L’océan de l’Anthropocène

• L’avenir de l’océan est entre nos mains
• Les risques ont été bien évalués
• Les principales solutions sont connues 
• L’océan de l’Anthropocène sera ce que 

l’on en fera
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Interdépendance entre océan  
et climat : implications  
pour les négociations climatiques 
internationales
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MESSAGES CLÉS
 | Le climat et l’océan sont indissociables : l’océan atténue le changement climatique 

d’origine anthropique en absorbant une quantité significative de la chaleur et du CO2 
qui s’accumulent dans l’atmosphère, et en recevant l’eau libérée par la fonte des 
glaciers et des calottes polaires.

 | Cette fonction de régulation du climat se fait au prix d’une altération profonde du 
fonctionnement physique et chimique de l’océan, induisant un réchauffement et une 
acidification de l’eau ainsi qu’une élévation du niveau de la mer. Ces évolutions af-
fectent profondément l’écologie de l’océan (organismes et écosystèmes) et, au final, 
les activités humaines marines et côtières (pêche, aquaculture, tourisme, santé, etc.).

 | Le nombre et l’efficacité des solutions se réduisent à mesure que la concentration de 
CO2 dans l’atmosphère augmente.

 | Ce constat apporte de nouveaux arguments irréfutables en faveur d’une réduction 
immédiate et ambitieuse des émissions de CO2 à l’échelle internationale. Cette 
conclusion s’applique à la COP21 comme au régime climatique de l’après-2015.

INTRODUCTION

L’atmosphère et l’océan sont deux composantes du système 
terrestre cruciales pour la vie. Les activités humaines sont 
pourtant en train de les affecter. Le changement climatique 
contemporain est un problème désormais bien connu : 
causes anthropiques, modifications des phénomènes clima-

tiques extrêmes, dégradation progressive de l’environnement, impacts 
généralisés sur la vie et les ressources naturelles, et multiples menaces 
pesant sur les sociétés humaines. Une partie du problème reste toute-
fois encore largement méconnue en dehors de la communauté scien-
tifique, à savoir les changements profonds que connaît l’océan et qui 
menacent l’ensemble de la vie sur terre.

Ce Policy Brief expose l’importance des évolutions observées dans 
l’océan. Il est fondé sur un article paru dans la revue Science qui 
fournit une synthèse des impacts récents et futurs du changement 
climatique sur les océans et leurs écosystèmes, mais aussi sur les biens 
et les services fournis à l’homme. Deux scénarios contrastés d’émis-
sions de CO sont étudiés : un scénario de poursuite des tendances 
actuelles, dit business-as-usual ou RCP. ; et un scénario de réduc-
tion drastique de ces émissions ou RCP., qui permettrait d’atteindre 
l’objectif de l’accord de Copenhague de contenir le réchauffement 
climatique mondial à + °C d’ici .

. Gattuso J.-P. et al. (). Contrasting Futures for Ocean and Society from 
Different Anthropogenic CO Emissions Scenarios. Science,  ().

. Convention-cadre des Nations unies sur les changements climatiques (), 
Accord de Copenhague, Décision /CP., Genève.

Ce travail a bénéficié du soutien financier du 
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nationale de la recherche (ANR) sous la référence 
ANR-10-LABX-14-01.
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Ocean Solutions to Address Climate
Change and Its Effects on Marine
Ecosystems
Jean-Pierre Gattuso1,2,3* , Alexandre K. Magnan2,4, Laurent Bopp5,6,
William W. L. Cheung7, Carlos M. Duarte8,9, Jochen Hinkel10,11, Elizabeth Mcleod12,
Fiorenza Micheli13, Andreas Oschlies14, Phillip Williamson15,16, Raphaël Billé17,
Vasiliki I. Chalastani1,6, Ruth D. Gates18, Jean-Olivier Irisson1, Jack J. Middelburg19,
Hans-Otto Pörtner20 and Greg H. Rau21
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for Sustainable Development and International Relations, Sciences Po, Paris, France, 3 Monegasque Association on Ocean
Acidification, Prince Albert II of Monaco Foundation, Monaco, Monaco, 4 UMR LIENSs 7266, Université de La Rochelle –
Centre National de la Recherche Scientifique, La Rochelle, France, 5 CNRS/ENS/UPMC/École Polytechnique, Laboratoire
de Météorologie Dynamique, Institut Pierre-Simon Laplace, Paris, France, 6 Département de Géosciences, École Normale
Supérieure, Paris, France, 7 Nippon Foundation – UBC Nereus Program and Changing Ocean Research Unit, Institute
for the Oceans and Fisheries, The University of British Columbia, Vancouver, BC, Canada, 8 King Abdullah University
of Science and Technology, Red Sea Research Center, Thuwal, Saudi Arabia, 9 Arctic Research Centre, Department
of Bioscience, Aarhus University, Aarhus, Denmark, 10 Adaptation and Social Learning, Global Climate Forum e.V., Berlin,
Germany, 11 Division of Resource Economics, Albrecht Daniel Thaer-Institute and Berlin Workshop in Institutional Analysis
of Social-Ecological Systems (WINS), Humboldt University of Berlin, Berlin, Germany, 12 The Nature Conservancy, Austin, TX,
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14 GEOMAR – Helmholtz Centre for Ocean Research Kiel, Kiel, Germany, 15 Natural Environment Research Council, Swindon,
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The Paris Agreement target of limiting global surface warming to 1.5–2�C compared
to pre-industrial levels by 2100 will still heavily impact the ocean. While ambitious
mitigation and adaptation are both needed, the ocean provides major opportunities
for action to reduce climate change globally and its impacts on vital ecosystems and
ecosystem services. A comprehensive and systematic assessment of 13 global- and
local-scale, ocean-based measures was performed to help steer the development
and implementation of technologies and actions toward a sustainable outcome. We
show that (1) all measures have tradeoffs and multiple criteria must be used for
a comprehensive assessment of their potential, (2) greatest benefit is derived by
combining global and local solutions, some of which could be implemented or scaled-up
immediately, (3) some measures are too uncertain to be recommended yet, (4) political
consistency must be achieved through effective cross-scale governance mechanisms,
(5) scientific effort must focus on effectiveness, co-benefits, disbenefits, and costs of
poorly tested as well as new and emerging measures.

Keywords: climate change, ocean acidification, ocean solutions, global, local, governance

Frontiers in Marine Science | www.frontiersin.org 1 October 2018 | Volume 5 | Article 337

Un large panel de mesures fondées sur 
l’océan existe pour limiter le changement cli-
matique et ses impacts sur les écosystèmes 
marins. Cela suggère que la communauté 
des océans, des institutions internationales 
au secteur privé, peut jouer un rôle impor-
tant à l’échelle globale en matière d’adapta-
tion comme d’atténuation.

Au-delà d’opportunités, chaque mesure pré-
sente des limites. Si plusieurs mesures offrent 
un potentiel élevé pour résoudre le pro-
blème à l’échelle mondiale, elles présentent 
trop d’incertitudes et/ou de risques d’effets 
collatéraux négatifs pour que l’on recom-
mande leur déploiement à grande échelle. 
En revanche, la plupart des mesures locales 
apparaissent « sans regret », mais elles ne 
répondent pas au défi à l’échelle planétaire.

Appréhender la pertinence de chacune des 
mesures impose de considérer en même 
temps plusieurs critères, notamment son 
efficacité potentielle, sa faisabilité, ses 
co-bénéfices, ses inconvénients, son rapport 
coût-efficacité et sa gouvernabilité.

La « solution » réside dans l’association 
de mesures globales et locales, certaines 
d’entre elles pouvant être déployées à 
grande échelle dès à présent. Cela en appelle 
toutefois à une coopération internationale 
encadrée.

Résumé vidéo : http://bit.ly/2QcUetB.

Le rôle potentiel  
de l’océan dans 
l’action climatique
A.K. Magnan, R. Billé, L. Bopp, V.I. Chalastani, W.W.L. Cheung, C.M. Duarte,  
R.D. Gates, J. Hinkel, J.-O. Irisson, E. Mcleod, F. Micheli, J.J. Middelburg,  
A. Oschlies, H.-O. Pörtner, G.H. Rau, P. Williamson, J.-P. Gattuso

Face à l’insuffisance des efforts mondiaux d’atténuation des émissions de gaz à effet de 
serre (GES) pour maintenir le réchauffement global « bien en-dessous de 2 °C » (en 2100, 
par rapport à la période préindustrielle) et ainsi favoriser l’atteinte des objectifs de déve-
loppement durable des Nations unies, il est critique, aujourd’hui, de relever l’ambition 
politique tant en matière d’atténuation que d’adaptation des écosystèmes et des sociétés. 
Dans cette perspective, ce Document de propositions pose la question des opportunités 
offertes par l’océan pour soutenir l’action climatique internationale. L’océan joue un 
rôle déterminant dans la minimisation du changement climatique d’origine anthropique 
(en termes d’absorption de la chaleur atmosphérique et du CO2), mais au prix de réper-
cussions importantes sur son fonctionnement chimique et physique : réchauffement, 
acidification, désoxygénation et élévation du niveau de la mer. Cela a bien entendu des 
implications, déjà détectables, sur les écosystèmes et les services écosystémiques. 
À la fois victime et acteur, quel est le potentiel de l’océan et de ses écosystèmes pour 
limiter les causes du changement climatique et ses conséquences ? Ce Document de 
propositions résume les principales conclusions de l’Ocean Solutions Initiative1, qui a 
évalué le potentiel de 13 mesures fondées sur l’océan.

1 Document en libre accès (avec affiliations des auteurs) : Gattuso, J.-P. et al. (2018). Ocean solutions to address climate change and its 
effects on marine ecosystems. Frontiers in Marine Science, http://bit.ly/2MVx4pm
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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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Plus d’information: 
Ocean 2015 Initiative: http://bit.ly/1M6YiS6 
Ocean Solutions Initiative: http://bit.ly/2xJ3EV6
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