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Les forêts que l'on peut considérer comme intactes, c'est à dire dont la structure et la 
dynamique résultent pour l'essentiel de processus non contrôlés par les humains, ne 
couvrent plus aujourd'hui que 23,5 % de la zone considérée comme forestière.
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11. Régression des espaces forestiers intacts

https://fr.wikipedia.org/wiki/For%C3%AAt d’après Potapov et al. 2008. Ecology and Society: 13, 51

https://fr.wikipedia.org/wiki/For%C3%AAt


Un autre biome majeur en régression est celui des savanes. Au Brésil, le "Cerrado", 
extrêmement riche en biodiversité, ne subsiste plus que sous forme de fragments 
plus ou moins isolés./
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It’s certainly not the archetype of scenic beauty.
“Even scientists in Brazil tend to think that this
is a secondary kind of ecosystem,” says Klink.
“That’s a pity. I find it a lovely place.” 

It is also a fragile ecosystem, which can be
severely damaged by fires that start on neigh-
bouring pasture. The savannah depends on
natural fires, started by lightning, to clear out
dead grasses and pop open seed-pods. “But
you must have the right amount of fire,” says
Roberto Cavalcanti, another University of
Brasilia ecologist, who is currently working
with Conservation International in Washing-
ton DC. Alas, the oily molasses grass (Melinis
minutiflora), which was once widely planted
for pasture and has since invaded the fringes of
the wild Cerrado, can cause fires to rage so
hotly that they burn through the tough fire-
adapted bark of native woody plants. 

Fires are also set deliberately to clear land for
pasture. But the soil is so poor that, without
extensive use of fertilizer, the imported grasses
tend to fail after two or three years of busy
grazing, leaving just dust, rock and carbuncu-
lar termite mounds several feet high. 

Price of progress
For hundreds of years, the Cerrado’s inaccessi-
bility and poor soil saved it from large-scale
exploitation. But as Brazil embraced the Green
Revolution in the 1970s, new soya varieties and
fertilizers made the region a viable agricultural
prospect. By then, the gleaming new adminis-
trative capital of Brasilia had been built in the
midst of the area, bringing with it roads and
people, eager for fresh economic opportunities. 

For a while, clearing of savannah was
encouraged by the government, because it
eased development pressure on the Amazon.
Today, there is official recognition of the need
for conservation in the Cerrado. But still the
odds remain stacked in favour of the rain-
forest. Brazil’s Forest Code requires owners 
of Amazon land to set aside 80% as a reserve.
In the Cerrado, the requirement is just 20%,
and enforcement is poor. 

Ruth DeFries, a geographer at the University

of Maryland in College Park, can testify to the
problems. She is keeping track of changes in
land use in Brazil using data from the Terra and
Aqua satellites. But it is not easy because the
Cerrado and pasture look very similar from low
orbit. So she travels periodically to the region of
Mato Grosso, where the Cerrado meets the
rainforest, to verify her satellite observations. 
In Mato Grosso alone, she has seen some one
million hectares of Cerrado and forest cleared
for cropland between 2001 and 2004. “I have
seen an awful lot of clearing,” she says.

Slowing this destruction will mean working
with the government and agricultural inter-
ests, say ecologists. And the window of oppor-
tunity may be small. “These are the crucial five
years,” says Cavalcanti. “Remember, conserva-
tion is cheaper than restoration.”

John Buchanan, director of agriculture and
fisheries at Conservation International’s Cen-
ter for Environmental Leadership in Business
in Washington DC, is grasping the opportu-
nity in partnership with
Bunge, the largest pro-
ducer of soya beans in
Brazil, headquartered 
in White Plains, New
York. In a pilot project,
Buchanan has worked
with Bunge employees
and local farmers to set up the legally required
reserves so that a contiguous corridor of Cer-
rado snakes across the landscape. “We really
have no choice but to work with agribusiness,”
says Buchanan. “It’s not an either/or situation.”

Trading places
In July, when the Society for Conservation
Biology held its annual meeting in Brasilia,
such projects came under scrutiny in a session
on assessing trade-offs between human and
ecological needs. Some representatives from
the state-run Brazilian Agricultural Research
Corporation, known as EMBRAPA, attended
warily, worried that their role in bringing
about the large-scale development of the 
Cerrado would see them cast as villains.

Geraldo Martha Júnior, an agrono-
mist at EMBRAPA based in Brasilia,
gave one of the most provocative pre-
sentations, arguing that the best way
to avoid unnecessary encroachment
into the Cerrado is to ensure that
introduced pasture grasses are ade-
quately fertilized. He also considered
the option of pasturing cattle on nat-
ural vegetation. But his presentation
showed that it wasn’t economically
viable: the cows just wouldn’t get fat
enough to turn a profit.

By the end of the session, the
EMBRAPA scientists seemed less
cautious — and by and large, their
presentations were received gra-
ciously by the assembled conserva-
tion biologists. In part, that reflects a
sense of relief that research into pro-

tecting the Cerrado is now under way. Until
recently, Brazil’s savannah was a minority sci-
entific interest, and there was no organized
effort to save it from the plough. 

The welcome extended to Martha Júnior
and his colleagues is also indicative of a grow-
ing realization among conservationists that
their strategies must accommodate economic
development (see Nature 437, 614–616; 2005).
To this end, ecologists working in the Cerrado
are now stressing the ‘ecosystem services’ it
provides — many of which have a tangible
economic value. Some are investigating the
role of the native landscape as a carbon sink, as
a centre of genetic diversity for the crop cas-
sava, or as a protector of Brazil’s soil and water. 

Klink is working to map the region in terms
of carbon storage and movement. Native pas-
ture, with its huge root systems, stores more
carbon than pasture and crops. He and his
team have also quantified the amount of water
held in different ecosystems. They found that

in planted pasture, evap-
oration equalled rainfall,
whereas in the Cerrado
it was about 20% less,
keeping more water
available in the ground.

João Campari, direc-
tor of the central savan-

nah programme at the Nature Conservancy in
Brazil, has taken this approach a step further
and proposed a Cerrado Grassland Exchange
— a financial instrument that would attach
monetary, tradable value to the areas that are
protected by Brazil’s Forest Code.

DeFries is saddened by the thought of more
savannah being cleared for the inevitable
expansion of agriculture. But pragmatism has
to be the order of the day, she says. “Agricultural
production and the revenue that it provides is
important for the development of Brazil. I don’t
think it’s effective to take the viewpoint that the
entire Cerrado be conserved,” says DeFries.
“That’s not realistic or desirable.” !

Emma Marris is a correspondent for Nature in
Washington DC.

“We really have no choice but 
to work with agribusiness. It’s

not an either/or situation.” 
— John Buchanan
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nition or celebrity advocacy that has helped
advance the cause of conservation in the Ama-
zon. If some of the savannah is to be saved,
conservationists have realized, they will have 
to stress its importance to Brazil’s economic
well-being. This may also mean working hand-
in-hand with those who are developing the
Cerrado for agriculture — risking accusations
of ‘greenwash’ from purists in the environmen-
tal movement. Given that similar pressures face
other neglected ecosystems, the Cerrado could
become an important barometer of the
prospects for conservation worldwide. 

In from the cold
The Cerrado might still have been an over-
looked ecosystem had it not been for a project
to document the workings of the world’s trop-
ical savannahs, set up in the mid-1980s by the
United Nations Educational, Scientific and
Cultural Organization. Under that project, a
group of students at the University of Brasilia
were given their start in ecology. “Seven of us
went abroad to get our PhDs, and we formed 
a little revolution,” says Carlos Klink, who is
now a professor at the university. Today, they
are in the vanguard of efforts to characterize
and preserve what remains of the Cerrado.

At his field site, 35 kilometres south of
Brasilia, Klink shows off the pits he has dug to
study the Cerrado’s underground life. Below
the surface, huge root systems stretch to suck
up water and nutrients from the poor soil.
Klink points to fields that he has burned off
after various intervals to see how the natural
fire cycle affects the pattern of vegetation. 

“This is a pequi,” he says, grasping a skinny
tree with wilted-looking leaves. Its fruits have
a yellow pulp and taste divine. “It’s pollinated
by bats,” he adds. The pequi tree (Caryocar
brasiliense), at three metres, is the tallest thing
in this bit of the Cerrado — an untidy patch-
work of tall floppy grasses, greyish bromeliads
and nondescript scrubs with puckered leaves.

On the savannah of central Brazil, it is
dry and hot, but far from lifeless.
Iridescent blue butterflies the size of
handkerchiefs fly by. Leafcutter ants

march in line across the dusty red soil, holding
snippets of foliage like sails. The silica-filled
leaves of shoulder-high shrubs clatter like
snare drums in the breeze.

Yet just over the next rise lies another land-
scape: the unvarying green of a soya field. In a
dramatic change in land use, this vast inland
region of savannah and dry woodland, known
as the Cerrado, is rapidly being replaced with
crops and pasture. Over the past 35 years, more
than half of the Cerrado’s original expanse of
two million square kilometres has been taken
for agriculture. It is now among the world’s top
regions for the production of beef and soya. 

Agriculture is one of the largest and most
dynamic parts of Brazil’s economy, and those
working to save the Cerrado are unlikely to be
able to slow or stop the sector’s expansion. Just
2.2% of the Cerrado is protected, and it is los-
ing ground faster than the Amazon rainforest
to the north. At the current rate of loss, the
ecosystem could be gone by 2030, according 
to estimates by Conservation International in
Washington DC (see map, opposite).

Like the Amazon basin, the Cerrado is a
great source of biodiversity. Its 137 threatened
species include the maned wolf (Chrysocyon
brachyurus), a striking, long-legged beast that
resembles a fox on stilts. And the sparse,
scrubby vegetation features more than 4,000
species that grow only here.

Yet the Cerrado has little of the global recog-
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Everyone knows about the Amazon rainforest, but Brazil’s
tropical savannah is arguably under greater threat. Emma Marris
visits a testing ground for future conservation strategies.

The forgotten
ecosystem
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The push to grow soya beans (above) is
destroying the habitat of endangered species
such as the maned wolf (top).
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10 000 espèces
végétales, 4000 espèces
de ligneux buissonnants, 
935 oiseaux, 14 000 
insectes



Le blanchiment des coraux est principalement observé dans des zones qui subissent 
des anomalies de températures d'intensité et de fréquence élevées. On les observe 
dans la zone équatoriale jusqu'à 15-20 degrés de laQtude nord et sud.
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11. Dégradation des récifs coralliens
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Distribution mondiale
des récifs coralliens

Distribution mondiale des 
récifs coralliens blanchis

Etat des récifs
coralliens

français



A parQr de suivis d'espèces iniQés depuis 1500, il a été possible d'esQmer la 
proporQon d'espèces éteintes chez certains groupes de vertébrés

5

IPBES, 2019. Summary for Policy 
Makers of the Global 
Assessment Report on 
Biodiversity and Ecosystem 
Services of the 
Intergovernmental Science-
Policy PlaGorm on Biodiversity 
and Ecosystem Services.

11. Un échantillon des espèces disparues depuis 1500
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A gauche: pourcentage de gen ses de mammifères herbivores éteint au cours des 130 000 dernières
En abscisse: les classes de poids en kilogrammes.
En ordonnée: le pourcentage de genres éteints.
A droite: pourcentage d’espèces de mammifères herbivores non éteintes au cours du temps dans 
En abscisse: le temps e,n années
En ordonnée: le pourcentage de survie
Plus les herbivores sont de grande taille, plus ils ont subi d'exQncQons, au point d'une dispariQon

Begon M., Townsend C.R.  & 
Harper J.L . 2006. Ecology: From 

Individuals to Ecosystems. 
Oxford, Blackwell Publishing

11. Ex&nc&ons avant 1500

Percentage of genera of large 
mammalian herbivores exMnct in the 
last 130 000 years vs. body size (Data 
from America, Europe and Australia)

Pourcentage de survie des 
animaux de grand taille sur des 

continents et des îles



En abscisse: la durée d'occupaQon de ces îles par les populaQons humaines.
En ordonnée: le pourcentage de l'avifaune éQente ou en danger d'exQncQon.
La colonisaQon humaine des îles Fidji et Tonga, de la Nouvelle-Zélande et d'Hawaï a 
commencé il y a respecQvement 3500, 3200 et 2600 ans.  Un Qers à la moiQé des 
oiseaux de ces îles a disparu à ce moment là, c'est-à-dire 10 % des espèces d'oiseaux
à l'échelle mondiale.
Pourquoi ? La chasse, la collecte des œufs, et surtout l'introducQon d'animaux
domesQques comme le chien) et commensaux (comme les rats) qui ont exercé une
forte prédaQon sur de peQts oiseaux non adaptés.

7

La colonisation humaine des îles Fidji et 
Tonga, de la Nouvelle-Zélande et d'Hawaï
a commencé il y a respectivement 3500, 
3200 et 2600 ans.  Un tiers à la moitié
des oiseaux ont disparu, c'est-à-dire 10 % 
des espèces d'oiseaux à l'échelle
mondiale.

Pourquoi ? La chasse, la collecte des 
œufs, l'introduction d'animaux
domestiques comme le chien) et 
commensaux (comme les rats) ont eu un 
effet prédateur sur de petits oiseaux non 
adaptés.

The human occupancy of the pacific islands
induced the extinction of many bird species

Gaston K.J. & Spicer J.I.
2004. Biodiversity. Oxford,
Blackwell Science Ltd

Espèces éteintes ou en danger en fonction de 
la durée d’occupation d’îles par les humains

11. Ex>nc>ons avant 1500



En abscisse: les divers groupes animaux considérés.
En ordonnée: le rythme d'exQncQon en nombre d'espèces éteintes par millier 
d'espèces et par millier d'années.
À parQr de l'évaluaQon du taux d'exQncQon moyen des espèces au cours de l'histoire 
de la terre, on esQme que le rythme actuel est au moins 100 fois plus rapide et qu'il 
pourrait encore s'accroître d'un facteur 100 dans le futur.
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Millenium Ecosystem 
Assessment 2005. Ecosystem and 

human well-being synthesis. 
Island Press, Washington D.C.

x 100

x 100
Futur

Présent

Passé

11. Des taux d’extinction inédits ?



En abscisse: le temps, en dates (années)
En ordonnée: la valeur relaQve de l'abondance des vertébrés; la référence est l'année 
1970, avec la valeur 1.
L'abondance moyenne des. vertébrés à l'échelle planétaire a diminué de près de 70 % 
en un peu moins de cinquante ans.

9
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The Living Planet Index (LPI) tracks changes in the relative 
abundance of wild species populations over time 42-44. The global 
Index is constructed by calculating an average trend for tens 
of thousands of terrestrial, freshwater and marine vertebrate 
populations from across the globe. Despite 30 years of policy 
interventions to stop biodiversity loss we continue to observe 
similar declines to those shown in previous reports. 

7KH������JOREDO�/3,�VKRZV�DQ�DYHUDJH�����GHFOLQH�LQ�PRQLWRUHG�
SRSXODWLRQV�EHWZHHQ������DQG�������UDQJH�������WR�������� 
The Index contains both increasing and declining trends. 

To ensure the accuracy of the statistics, the Index has been stress-
tested by recalculating it excluding certain species or populations. 
7KLV�FRQ¿UPV�LW�LV�QRW�GULYHQ�E\�H[WUHPH�GHFOLQHV�RU�LQFUHDVHV�
LQ�VSHFLHV�RU�SRSXODWLRQV��7KH�/3,�LV�FRQWLQXDOO\�FKDQJLQJ������
new species and 11,011 new populations have been added to the 
dataset since the 2020 Living Planet Report. The new data has 
OHG�WR�D�VXEVWDQWLDO�LQFUHDVH�LQ�WKH�QXPEHU�RI�¿VK�VSHFLHV�LQFOXGHG�
�����������VSHFLHV��DQG�KDV�LPSURYHG�FRYHUDJH�IRU�SUHYLRXVO\�
XQGHUUHSUHVHQWHG�DUHDV�VXFK�DV�%UD]LO��

Why trends in abundance are important
The Living Planet Index tracks the abundance of populations of 
PDPPDOV��ELUGV��¿VK��UHSWLOHV�DQG�DPSKLELDQV�DURXQG�WKH�ZRUOG��,Q�
2022 the Index included almost 32,000 species populations, which 
is 11,000 more than in 2020, the largest increase yet in number of 
populations between two editions of this report.

These populations, or trends in relative abundance, are important 
because they give a snapshot of changes in an ecosystem. 
Essentially, declines in abundance are early warning indicators 
of overall ecosystem health. At the same time, population trends 
DUH�UHVSRQVLYH�±�WKHUHIRUH�LI�FRQVHUYDWLRQ�RU�SROLF\�PHDVXUHV�DUH�
successful, species abundance trends will quickly show this.  

Sourcing data in languages other than English
Around the world, many languages are used to communicate 
science���. However, global biodiversity databases such as the 
LPI store fewer records for countries where English is not widely 
spoken���, which are often in the most biodiverse regions. This is 
partly a result of the greater accessibility of English language data 
sources, and also because the working language of the LPI team is 
English. 

For this year’s Living Planet Report, collaborators from WWF-
%UD]LO�DQG�WKH�8QLYHUVLW\�RI�6mR�3DXOR�KDYH�VHDUFKHG�WKURXJK�
MRXUQDOV�DQG�HQYLURQPHQWDO�LPSDFW�UHSRUWV�LQ�3RUWXJXHVH��7KDQNV�
WR�WKHLU�H̆RUWV��ZH�QRZ�KDYH�������SRSXODWLRQV�IRU�������%UD]LOLDQ�
VSHFLHV������RI�ZKLFK�DUH�QHZ�WR�WKH�GDWDEDVH��FRQWULEXWLQJ�WR�WKH�
/3,��7KH�QXPEHU�RI�VFLHQWL¿F�DUWLFOHV�RQ�FRQVHUYDWLRQ�LQ�RWKHU�
languages has been increasing over the past few decades at a rate 
similar to English-language articles���. In the future, we plan to 
expand our collaboration network to introduce data in many other 
languages into the Living Planet Index Database. This not only 
creates a more representative biodiversity data set, but also ensures 
WKDW�LPSRUWDQW�VFLHQWL¿F�DQG�PRQLWRULQJ�VWXGLHV�IURP�DURXQG�WKH�
world are included in the index. 

The Living Planet Index: an early warning indicator
We now have a better picture than ever before of how species 
populations are faring around the world. The 2022 global Living 
3ODQHW�,QGH[�VKRZV�DQ�DYHUDJH�����GHFUHDVH�LQ�UHODWLYH�DEXQGDQFH�
RI�PRQLWRUHG�ZLOGOLIH�SRSXODWLRQV�EHWZHHQ������DQG�������

Valentina Marconi, Louise McRae, 
Sophie Ledger, Kate Scott-Gatty, 

Hannah Puleston, Charlotte Benham, 
and Robin Freeman  

(Zoological Society of London)
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Figure 3: The global Living 
Planet Index (1970 to 2018)
The average change in relative 
abundance of 31,821 populations, 
representing 5,230 species 
monitored across the globe, 
was a decline of 69%. The white 
line shows the index values and 
the shaded areas represent the 
statistical certainty surrounding 
the trend (95% statistical  
certainty, range 63% to 75%). 
Source: WWF/ZSL (2022) 184.
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11. Extinction = réduction de l’abondance



La perte d'espèces (toutes espèces confondues, animales et végétales) depuis 2005 
est très concentrées dans les zones intertropicales et tempérées, là où l'expansion 
quanQtaQve et qualitaQve des sociétés humaines est la plus forte.
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globally and up to 50 per cent in certain regions {5.3.2.6}. 
Although important advances have been made in reducing 
global food insecurity in the past decade, there are still 
nearly 800 million people worldwide without access to 
adequate nutrition {4.2.5.1, 5.3.3.1}. Land degradation 
impairs water security through a reduction in the reliability, 
quantity and quality of water flows {5.8.2}. 1314

13. Haberl, H., Erb, K-H., Krausmann, F., Gaube, V., Bondeau, A., 
Plutzar, C., Gingrich, S., Lucht, W., and Fischer-Kowalski, M. (2007). 
Quantifying and mapping the human appropriation of net primary 
production in Earth’s terrestrial ecosystems. PNAS, 104 (31), 12942–
12947. DOI: 10.1073/pnas.0704243104.

14. Van der Esch, S., ten Brink, B., Stehfest, E., Bakkenes, M., Sewell, 
A., Bouwman, A., Meijer, J., Westhoek, H., and van den Berg, M. 
(2017). Exploring future changes in land use and land condition and 
the impacts on food, water, climate change and biodiversity: Scenarios 
for the UNCCD Global Land Outlook. The Hague: PBL Netherlands 
Environmental Assessment Agency. Retrieved from http://www.pbl.nl/
sites/default/files/cms/publicaties/pbl-2017-exploring-future-changes-
in-land-use-and-land-condition-2076.pdf.

Degradation of catchment and aquatic ecosystems, 
combined with increasing water abstraction and pollution 
by human activities, have contributed to deterioration in 
water quality and supply, such that four fifths of the world’s 
population now live in areas where there is a threat to water 
security {4.2.4.3, 4.2.5.1, 5.8.1}.15 16 17

15. Stoorvogel, J. J., Bakkenes, M., Temme, A. J., Batjes, N. H., and 
Ten Brink, B. J. (2017). S-World: A Global Soil Map for Environmental 
Modelling. Land Degradation and Development, 28 (1), 22–33. DOI: 
10.1002/ldr.2656.

16. Watson, J. E. M., Shanahan, D. F., Di Marco, M., Allan, J., Laurance, W. 
F., Sanderson, E. W., Mackey, B., and Venter, O. (2016). Catastrophic 
Declines in Wilderness Areas Undermine Global Environment Targets. 
Current Biology, 26 (21), 2929–2934. DOI: 10.1016/j.cub.2016.08.049.

17. Newbold, T., Hudson, L. N., Arnell, A. P., Contu, S., De Palma, A., 
Ferrier, S., Hill, S. L. L., Hoskins, A. J., Lysenko, I., Phillips, H. R. P., 
Burton, V. J., Chng, C. W. T., Emerson, S., Gao, D., P (2016). Has land 
use pushed terrestrial biodiversity beyond the planetary boundary? 
A global assessment. Science, 353(6296), 288–291. DOI: 10.1126/
science.aaf2201.

Figure SPM 7    Human activity has changed the surface of the planet in profound and  
far-reaching ways. 

Panel (a) shows the degree to which humans have appropriated production of biomass.13 In some cases, particularly areas of intensive 
agriculture, human use is equivalent to 100 per cent of the total biomass that would have been produced by plant natural conditions 
(darker blue). Panel (b) shows the decline in soil organic carbon, an indicator of soil degradation (decline in red, increase in blue), 
relative to an estimated historical condition that predates anthropogenic land use.14 15 Panel (c) shows the parts of the land surface that 
can be considered as “wilderness”. The areas shown in green are wilderness in the sense that ecological and evolutionary processes 
operate there with minimal human disturbance.16 In the remaining three quarters of the Earth’s surface, natural processes are impaired 
by human activities to a significant degree. Panel (d) shows (in purple) the levels of species loss, estimated for all species groups, 
relative to the originally-present species composition.17 

0% 20% 40% 60% 80% 100%

a  Human appropriation of production of biomass

Remaining areas of wilderness in 2009 
(23.2% of total land area)

c  Wilderness area
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b  Change in soil organic carbon (SOC)
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d  Loss of species richness

Percent of potential NPP (Appropriated for human use in 2000)

Percent change in soc from original condition to 2010 Percent of species lost from original condition to 2005

11. Ex>nc>on = réduc>on de l’abondance
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IPBES assessment 
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IPBES



En abscisse: le temps, en dates (années).
En ordonnée: la valeur rela(ve de l'abondance des 
requins; la référence est l'année 1970, avec la valeur 1.
La régression de l'abondance des requins est 
d'autant plus rapide que les requins sont de grande 
taille ( de moins de 2,5 m à plus de 5 m de 
longueur). Cela correspond au schéma classique de 
concentration des prélèvements humains sur les 
plus grosses proies. Par ailleurs, les grosses espèces 
ont des âges de maturité sexuelle plus tardifs que les 
petites espèces, ce qui contribue à accélérer la 
diminution de leur abondance.
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Requins < 2,5 m

Requins 2,5 – 5 m
Requins > 5 m
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En abscisse: le temps, en dates (années).
En ordonné: le nombre de niveaux trophiques (plancton végétal-plancton animal-
prédateur 1-prédateur 2).
Dans tous les milieux marins, on observe une tendance au raccourcissement des 
chaînes trophiques. Cela traduit sans doute une modification profonde de la structure 
des communautés dans les océans, aux conséquences encore difficles à évaluer.

%COSYSTEMS�AND�(UMAN�7ELLBEING��# J P E J W F S T J U Z � 4 Z O U I F T J T��

'JHVSF��������$ECLINE�IN�4ROPHIC�,EVEL�OF�&ISHERIES�#ATCH�SINCE�������#��	�

"�USPQIJD�MFWFM�PG�BO�PSHBOJTN�JT�JUT�QPTJUJPO�JO�B�GPPE�DIBJO��-FWFMT�BSF�OVNCFSFE�BDDPSEJOH�UP�IPX�GBS�QBSUJDVMBS�PSHBOJTNT�BSF�BMPOH�UIF�DIBJO�
GSPN�UIF�QSJNBSZ�QSPEVDFST�	MFWFM��
�UP�IFSCJWPSFT�	MFWFM��
�UP�QSFEBUPST�	MFWFM��
�UP�DBSOJWPSFT�PS�UPQ�DBSOJWPSFT�	MFWFM���PS��
��'JTI�BU�IJHIFS�
USPQIJD�MFWFMT�BSF�UZQJDBMMZ�PG�IJHIFS�FDPOPNJD�WBMVF��5IF�EFDMJOF�JO�UIF�USPQIJD�MFWFM�IBSWFTUFE�JT�MBSHFMZ�B�SFTVMU�PG�UIF�PWFSIBSWFTU�PG�mTI�BU�IJHIFS�
USPQIJD�MFWFMT�

'JHVSF��������%XTENT�OF�#ULTIVATED�3YSTEMS��������#��	

4PVSDF��.JMMFOOJVN�&DPTZTUFN�"TTFTTNFOU11. Des changements structurels fondamentaux dans l’ocean ?



En abscisse: le temps, en dates (années)
En ordonnée: l'abondance des arthropodes, en nombre d'individus capturés à l'aide 
de filets tournants et de pièges à interception de vol.
Dans les prairies de trois régions d'Allemagne (sud-ouest, centre et nord-est), 
l'abondance des arthropodes a régressé de trois quarts environ en 10 ans. Dans les 
forêts, cette réduction n'a pas été observée. 
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communities via changes in tree species composition or forest struc-
ture22. In addition, local arthropod populations can be affected by land 
use in the surrounding landscape; for example, through the drift and 
transport of pesticides and nitrogen by air or water23,24, through the 
effects of habitat loss on meta-communities (source–sink dynamics25) 
or by hampering dispersal.

To disentangle the local and landscape-level effects of land use on 
temporal trends in arthropod communities of grasslands and forests, 
we used data from the ‘Biodiversity Exploratories’ research programme 
that pertain to more than 1 million individual arthropods (2,675 species) 
(Extended Data Table 1). Arthropods were collected annually at 150 grass-
land sites by standardized sweep-net sampling in June and August from 
2008 to 2017, and at 30 forest sites with flight-interception traps over 
the whole growing period from 2008 to 2016. An additional 110 forest 
sites were sampled in 2008, 2011 and 2014 to test for trends across a 
larger number of sites. Both the grassland and the forest sites cover 
gradients in local land-use intensity. Land-use intensity was quantified 
in the form of compound indices that are based on grazing, mowing and 
fertilization intensity in grasslands26, and on recent biomass removal, the 
proportion of non-natural tree species and deadwood origin in forests27. 
To analyse landscape-level effects, we quantified the cover of arable 
fields, grassland and forest in circles, with a radius between 250 m and 
2 km, around each sampling site. We modelled temporal trends in arthro-
pod biomass (estimated from body size; Methods), abundance and the 
number of species separately for grasslands and forests, and tested 
for the effects of local and landscape-scale land-use intensity on these 
trends, accounting for weather conditions. Analyses were conducted 
for all species together, and for different dispersal and trophic guilds.

The total number of arthropod species across all sites (gamma diver-
sity) was substantially lower in later than in earlier years in both forests 
and grasslands (Fig. 1). Gamma diversity, biomass, abundance and num-
ber of species fluctuated over time but revealed an overall decrease 
with strongest declines from 2008 to 2010, especially in grasslands 
(Fig. 1). Year-to-year fluctuations in arthropod biomass, abundance 
and number of species were partially explained by weather conditions 
(Extended Data Fig. 1, Supplementary Table 1-1, Supplementary Informa-
tion section 2). Accounting for weather, fitted trends from our models 
showed declines in biomass of 67% for grasslands and 41% for forests, 
declines in species numbers of 34% for grasslands and 36% for forests, 
and declines in abundance of 78% for grasslands, with no significant 
change in abundances for forests (−17%) (Fig. 1, Supplementary Table 3-
1). In grasslands, declines occurred consistently across all trophic guilds 
(herbivores, myceto-detritivores, omnivores and carnivores), although 
the trend for carnivores was not significant (Supplementary Table 1-1). In 
forests, the patterns were more complex: herbivores showed an increase 
in abundance and species number, whereas all other trophic guilds 
declined. Temporal trends of arthropods on the basis of data recorded in 
3-year intervals from all 140 forest sites were similar to the trends based 
on the 30 sites with annual data (Supplementary Table 1-1). Sensitivity 
analyses that removed or reshuffled years showed that the decline was 
influenced by, but not solely dependent on, high numbers of arthropods 
in 2008. Fluctuations in numbers (including the numbers from 2008) 
appear to match trends that have been observed in other studies2, which 
suggests that the recent decline is part of a longer-term trend that had 
begun by at least the early 1990s (Extended Data Fig. 2, Supplementary 
Information section 3). Further sensitivity analyses showed consistent 
declines when data from individual sampling dates were not aggregated 
per year, and also showed that declines concerned all three regions that 
we analysed (Supplementary Tables 3-2, 3-3, Supplementary Fig. 3-1).

Linking changes in biomass, abundance and the number of species 
to one another enables further inferences regarding the mechanisms 
that drive arthropod declines. In grasslands, both abundant and less-
abundant species declined in abundance (Fig. 2), but loss in the number 
of species occurred mostly among less-frequent species (Fig. 1, Extended 
Data Fig. 3, Supplementary Information section 4). This suggests that the 

decline in the number of species in grasslands was attributable mainly 
to a loss of individuals among rare species. In forests, species that were 
initially less abundant decreased in abundance, whereas some of the 
most abundant species—including invasive species and potential pest 
species—increased in abundance (Fig. 2, Supplementary Table 5-1). The 
loss of species was, however, irrespective of their frequency (Fig. 1, 
Extended Data Fig. 3, Supplementary Information section 4). This sug-
gests that the decline of arthropods in forests is driven by mechanisms 
that negatively affect the abundances of many species, which leads to an 
overall decline in biomass and the number of species but favours some 
species that are able to compensate declines in abundance.

The magnitudes of declines in biomass, abundance and the number of 
species in arthropod communities were independent of local land-use 
intensity (Supplementary Table 1-1) as well as changes in plant commu-
nities (Supplementary Information section 6) at all sites. However, in 
forests declines in the number of species were weaker at sites with high 
natural or anthropogenic tree mortality, possibly owing to increased 
heterogeneity in local habitats (Extended Data Fig. 4). Landscape com-
position had no effect on arthropod trends in forests (note that forest 
sites covered only limited gradients of the landscape variables, Extended 
Data Fig. 5), but it mediated declines in the number of species in grass-
lands: the magnitude of the declines increased with increasing cover of 
arable fields, and marginally increased with cover of grasslands in the 
surrounding landscape (Fig. 3, Supplementary Table 1-1). This suggests 
that major drivers of arthropod decline in grasslands are associated with 
agricultural land use at the landscape scale.

The interaction between a species and the landscape around its 
habitat depends on its dispersal ability, which ultimately determines 
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Fig. 1 | Temporal trends in arthropod communities. a–d, Gamma diversity 
(total number of species across all grassland or forest sites) (a), biomass (b), 
abundance (c) and number of species (d) of arthropods were recorded in 30 
forest and 150 grassland sites across Germany. Gamma diversity shows mean 
incidence-based, bias-corrected diversity estimates (Chao’s BSS, that is, the 
higher value of the minimum doubled reference sample size and the maximum 
reference sample size among years29) for q = 0 and 95% confidence intervals 
derived from bootstrapping (n = 200). Non-overlapping confidence intervals 
indicate significant difference30. Box plots show raw data per site and year 
(n = 1,406 (grassland) or 266 (forest) independent samples). Solid lines indicate 
significant temporal trends (P < 0.05) based on linear mixed models that 
included weather conditions, and local and landscape-level land-use intensity as 
covariates. Shaded areas represent confidence intervals. Boxes represent data 
within the 25th and 75th percentile, black lines show medians, and whiskers show 
1.5× the interquartile range. Data points beyond that range (outliers) are not 
shown for graphical reasons. Plots for biomass and species number have 
separate y axes for grassland and forest.
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communities via changes in tree species composition or forest struc-
ture22. In addition, local arthropod populations can be affected by land 
use in the surrounding landscape; for example, through the drift and 
transport of pesticides and nitrogen by air or water23,24, through the 
effects of habitat loss on meta-communities (source–sink dynamics25) 
or by hampering dispersal.

To disentangle the local and landscape-level effects of land use on 
temporal trends in arthropod communities of grasslands and forests, 
we used data from the ‘Biodiversity Exploratories’ research programme 
that pertain to more than 1 million individual arthropods (2,675 species) 
(Extended Data Table 1). Arthropods were collected annually at 150 grass-
land sites by standardized sweep-net sampling in June and August from 
2008 to 2017, and at 30 forest sites with flight-interception traps over 
the whole growing period from 2008 to 2016. An additional 110 forest 
sites were sampled in 2008, 2011 and 2014 to test for trends across a 
larger number of sites. Both the grassland and the forest sites cover 
gradients in local land-use intensity. Land-use intensity was quantified 
in the form of compound indices that are based on grazing, mowing and 
fertilization intensity in grasslands26, and on recent biomass removal, the 
proportion of non-natural tree species and deadwood origin in forests27. 
To analyse landscape-level effects, we quantified the cover of arable 
fields, grassland and forest in circles, with a radius between 250 m and 
2 km, around each sampling site. We modelled temporal trends in arthro-
pod biomass (estimated from body size; Methods), abundance and the 
number of species separately for grasslands and forests, and tested 
for the effects of local and landscape-scale land-use intensity on these 
trends, accounting for weather conditions. Analyses were conducted 
for all species together, and for different dispersal and trophic guilds.

The total number of arthropod species across all sites (gamma diver-
sity) was substantially lower in later than in earlier years in both forests 
and grasslands (Fig. 1). Gamma diversity, biomass, abundance and num-
ber of species fluctuated over time but revealed an overall decrease 
with strongest declines from 2008 to 2010, especially in grasslands 
(Fig. 1). Year-to-year fluctuations in arthropod biomass, abundance 
and number of species were partially explained by weather conditions 
(Extended Data Fig. 1, Supplementary Table 1-1, Supplementary Informa-
tion section 2). Accounting for weather, fitted trends from our models 
showed declines in biomass of 67% for grasslands and 41% for forests, 
declines in species numbers of 34% for grasslands and 36% for forests, 
and declines in abundance of 78% for grasslands, with no significant 
change in abundances for forests (−17%) (Fig. 1, Supplementary Table 3-
1). In grasslands, declines occurred consistently across all trophic guilds 
(herbivores, myceto-detritivores, omnivores and carnivores), although 
the trend for carnivores was not significant (Supplementary Table 1-1). In 
forests, the patterns were more complex: herbivores showed an increase 
in abundance and species number, whereas all other trophic guilds 
declined. Temporal trends of arthropods on the basis of data recorded in 
3-year intervals from all 140 forest sites were similar to the trends based 
on the 30 sites with annual data (Supplementary Table 1-1). Sensitivity 
analyses that removed or reshuffled years showed that the decline was 
influenced by, but not solely dependent on, high numbers of arthropods 
in 2008. Fluctuations in numbers (including the numbers from 2008) 
appear to match trends that have been observed in other studies2, which 
suggests that the recent decline is part of a longer-term trend that had 
begun by at least the early 1990s (Extended Data Fig. 2, Supplementary 
Information section 3). Further sensitivity analyses showed consistent 
declines when data from individual sampling dates were not aggregated 
per year, and also showed that declines concerned all three regions that 
we analysed (Supplementary Tables 3-2, 3-3, Supplementary Fig. 3-1).

Linking changes in biomass, abundance and the number of species 
to one another enables further inferences regarding the mechanisms 
that drive arthropod declines. In grasslands, both abundant and less-
abundant species declined in abundance (Fig. 2), but loss in the number 
of species occurred mostly among less-frequent species (Fig. 1, Extended 
Data Fig. 3, Supplementary Information section 4). This suggests that the 

decline in the number of species in grasslands was attributable mainly 
to a loss of individuals among rare species. In forests, species that were 
initially less abundant decreased in abundance, whereas some of the 
most abundant species—including invasive species and potential pest 
species—increased in abundance (Fig. 2, Supplementary Table 5-1). The 
loss of species was, however, irrespective of their frequency (Fig. 1, 
Extended Data Fig. 3, Supplementary Information section 4). This sug-
gests that the decline of arthropods in forests is driven by mechanisms 
that negatively affect the abundances of many species, which leads to an 
overall decline in biomass and the number of species but favours some 
species that are able to compensate declines in abundance.

The magnitudes of declines in biomass, abundance and the number of 
species in arthropod communities were independent of local land-use 
intensity (Supplementary Table 1-1) as well as changes in plant commu-
nities (Supplementary Information section 6) at all sites. However, in 
forests declines in the number of species were weaker at sites with high 
natural or anthropogenic tree mortality, possibly owing to increased 
heterogeneity in local habitats (Extended Data Fig. 4). Landscape com-
position had no effect on arthropod trends in forests (note that forest 
sites covered only limited gradients of the landscape variables, Extended 
Data Fig. 5), but it mediated declines in the number of species in grass-
lands: the magnitude of the declines increased with increasing cover of 
arable fields, and marginally increased with cover of grasslands in the 
surrounding landscape (Fig. 3, Supplementary Table 1-1). This suggests 
that major drivers of arthropod decline in grasslands are associated with 
agricultural land use at the landscape scale.

The interaction between a species and the landscape around its 
habitat depends on its dispersal ability, which ultimately determines 
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Fig. 1 | Temporal trends in arthropod communities. a–d, Gamma diversity 
(total number of species across all grassland or forest sites) (a), biomass (b), 
abundance (c) and number of species (d) of arthropods were recorded in 30 
forest and 150 grassland sites across Germany. Gamma diversity shows mean 
incidence-based, bias-corrected diversity estimates (Chao’s BSS, that is, the 
higher value of the minimum doubled reference sample size and the maximum 
reference sample size among years29) for q = 0 and 95% confidence intervals 
derived from bootstrapping (n = 200). Non-overlapping confidence intervals 
indicate significant difference30. Box plots show raw data per site and year 
(n = 1,406 (grassland) or 266 (forest) independent samples). Solid lines indicate 
significant temporal trends (P < 0.05) based on linear mixed models that 
included weather conditions, and local and landscape-level land-use intensity as 
covariates. Shaded areas represent confidence intervals. Boxes represent data 
within the 25th and 75th percentile, black lines show medians, and whiskers show 
1.5× the interquartile range. Data points beyond that range (outliers) are not 
shown for graphical reasons. Plots for biomass and species number have 
separate y axes for grassland and forest.
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communities via changes in tree species composition or forest struc-
ture22. In addition, local arthropod populations can be affected by land 
use in the surrounding landscape; for example, through the drift and 
transport of pesticides and nitrogen by air or water23,24, through the 
effects of habitat loss on meta-communities (source–sink dynamics25) 
or by hampering dispersal.

To disentangle the local and landscape-level effects of land use on 
temporal trends in arthropod communities of grasslands and forests, 
we used data from the ‘Biodiversity Exploratories’ research programme 
that pertain to more than 1 million individual arthropods (2,675 species) 
(Extended Data Table 1). Arthropods were collected annually at 150 grass-
land sites by standardized sweep-net sampling in June and August from 
2008 to 2017, and at 30 forest sites with flight-interception traps over 
the whole growing period from 2008 to 2016. An additional 110 forest 
sites were sampled in 2008, 2011 and 2014 to test for trends across a 
larger number of sites. Both the grassland and the forest sites cover 
gradients in local land-use intensity. Land-use intensity was quantified 
in the form of compound indices that are based on grazing, mowing and 
fertilization intensity in grasslands26, and on recent biomass removal, the 
proportion of non-natural tree species and deadwood origin in forests27. 
To analyse landscape-level effects, we quantified the cover of arable 
fields, grassland and forest in circles, with a radius between 250 m and 
2 km, around each sampling site. We modelled temporal trends in arthro-
pod biomass (estimated from body size; Methods), abundance and the 
number of species separately for grasslands and forests, and tested 
for the effects of local and landscape-scale land-use intensity on these 
trends, accounting for weather conditions. Analyses were conducted 
for all species together, and for different dispersal and trophic guilds.

The total number of arthropod species across all sites (gamma diver-
sity) was substantially lower in later than in earlier years in both forests 
and grasslands (Fig. 1). Gamma diversity, biomass, abundance and num-
ber of species fluctuated over time but revealed an overall decrease 
with strongest declines from 2008 to 2010, especially in grasslands 
(Fig. 1). Year-to-year fluctuations in arthropod biomass, abundance 
and number of species were partially explained by weather conditions 
(Extended Data Fig. 1, Supplementary Table 1-1, Supplementary Informa-
tion section 2). Accounting for weather, fitted trends from our models 
showed declines in biomass of 67% for grasslands and 41% for forests, 
declines in species numbers of 34% for grasslands and 36% for forests, 
and declines in abundance of 78% for grasslands, with no significant 
change in abundances for forests (−17%) (Fig. 1, Supplementary Table 3-
1). In grasslands, declines occurred consistently across all trophic guilds 
(herbivores, myceto-detritivores, omnivores and carnivores), although 
the trend for carnivores was not significant (Supplementary Table 1-1). In 
forests, the patterns were more complex: herbivores showed an increase 
in abundance and species number, whereas all other trophic guilds 
declined. Temporal trends of arthropods on the basis of data recorded in 
3-year intervals from all 140 forest sites were similar to the trends based 
on the 30 sites with annual data (Supplementary Table 1-1). Sensitivity 
analyses that removed or reshuffled years showed that the decline was 
influenced by, but not solely dependent on, high numbers of arthropods 
in 2008. Fluctuations in numbers (including the numbers from 2008) 
appear to match trends that have been observed in other studies2, which 
suggests that the recent decline is part of a longer-term trend that had 
begun by at least the early 1990s (Extended Data Fig. 2, Supplementary 
Information section 3). Further sensitivity analyses showed consistent 
declines when data from individual sampling dates were not aggregated 
per year, and also showed that declines concerned all three regions that 
we analysed (Supplementary Tables 3-2, 3-3, Supplementary Fig. 3-1).

Linking changes in biomass, abundance and the number of species 
to one another enables further inferences regarding the mechanisms 
that drive arthropod declines. In grasslands, both abundant and less-
abundant species declined in abundance (Fig. 2), but loss in the number 
of species occurred mostly among less-frequent species (Fig. 1, Extended 
Data Fig. 3, Supplementary Information section 4). This suggests that the 

decline in the number of species in grasslands was attributable mainly 
to a loss of individuals among rare species. In forests, species that were 
initially less abundant decreased in abundance, whereas some of the 
most abundant species—including invasive species and potential pest 
species—increased in abundance (Fig. 2, Supplementary Table 5-1). The 
loss of species was, however, irrespective of their frequency (Fig. 1, 
Extended Data Fig. 3, Supplementary Information section 4). This sug-
gests that the decline of arthropods in forests is driven by mechanisms 
that negatively affect the abundances of many species, which leads to an 
overall decline in biomass and the number of species but favours some 
species that are able to compensate declines in abundance.

The magnitudes of declines in biomass, abundance and the number of 
species in arthropod communities were independent of local land-use 
intensity (Supplementary Table 1-1) as well as changes in plant commu-
nities (Supplementary Information section 6) at all sites. However, in 
forests declines in the number of species were weaker at sites with high 
natural or anthropogenic tree mortality, possibly owing to increased 
heterogeneity in local habitats (Extended Data Fig. 4). Landscape com-
position had no effect on arthropod trends in forests (note that forest 
sites covered only limited gradients of the landscape variables, Extended 
Data Fig. 5), but it mediated declines in the number of species in grass-
lands: the magnitude of the declines increased with increasing cover of 
arable fields, and marginally increased with cover of grasslands in the 
surrounding landscape (Fig. 3, Supplementary Table 1-1). This suggests 
that major drivers of arthropod decline in grasslands are associated with 
agricultural land use at the landscape scale.

The interaction between a species and the landscape around its 
habitat depends on its dispersal ability, which ultimately determines 
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Fig. 1 | Temporal trends in arthropod communities. a–d, Gamma diversity 
(total number of species across all grassland or forest sites) (a), biomass (b), 
abundance (c) and number of species (d) of arthropods were recorded in 30 
forest and 150 grassland sites across Germany. Gamma diversity shows mean 
incidence-based, bias-corrected diversity estimates (Chao’s BSS, that is, the 
higher value of the minimum doubled reference sample size and the maximum 
reference sample size among years29) for q = 0 and 95% confidence intervals 
derived from bootstrapping (n = 200). Non-overlapping confidence intervals 
indicate significant difference30. Box plots show raw data per site and year 
(n = 1,406 (grassland) or 266 (forest) independent samples). Solid lines indicate 
significant temporal trends (P < 0.05) based on linear mixed models that 
included weather conditions, and local and landscape-level land-use intensity as 
covariates. Shaded areas represent confidence intervals. Boxes represent data 
within the 25th and 75th percentile, black lines show medians, and whiskers show 
1.5× the interquartile range. Data points beyond that range (outliers) are not 
shown for graphical reasons. Plots for biomass and species number have 
separate y axes for grassland and forest.
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communities via changes in tree species composition or forest struc-
ture22. In addition, local arthropod populations can be affected by land 
use in the surrounding landscape; for example, through the drift and 
transport of pesticides and nitrogen by air or water23,24, through the 
effects of habitat loss on meta-communities (source–sink dynamics25) 
or by hampering dispersal.

To disentangle the local and landscape-level effects of land use on 
temporal trends in arthropod communities of grasslands and forests, 
we used data from the ‘Biodiversity Exploratories’ research programme 
that pertain to more than 1 million individual arthropods (2,675 species) 
(Extended Data Table 1). Arthropods were collected annually at 150 grass-
land sites by standardized sweep-net sampling in June and August from 
2008 to 2017, and at 30 forest sites with flight-interception traps over 
the whole growing period from 2008 to 2016. An additional 110 forest 
sites were sampled in 2008, 2011 and 2014 to test for trends across a 
larger number of sites. Both the grassland and the forest sites cover 
gradients in local land-use intensity. Land-use intensity was quantified 
in the form of compound indices that are based on grazing, mowing and 
fertilization intensity in grasslands26, and on recent biomass removal, the 
proportion of non-natural tree species and deadwood origin in forests27. 
To analyse landscape-level effects, we quantified the cover of arable 
fields, grassland and forest in circles, with a radius between 250 m and 
2 km, around each sampling site. We modelled temporal trends in arthro-
pod biomass (estimated from body size; Methods), abundance and the 
number of species separately for grasslands and forests, and tested 
for the effects of local and landscape-scale land-use intensity on these 
trends, accounting for weather conditions. Analyses were conducted 
for all species together, and for different dispersal and trophic guilds.

The total number of arthropod species across all sites (gamma diver-
sity) was substantially lower in later than in earlier years in both forests 
and grasslands (Fig. 1). Gamma diversity, biomass, abundance and num-
ber of species fluctuated over time but revealed an overall decrease 
with strongest declines from 2008 to 2010, especially in grasslands 
(Fig. 1). Year-to-year fluctuations in arthropod biomass, abundance 
and number of species were partially explained by weather conditions 
(Extended Data Fig. 1, Supplementary Table 1-1, Supplementary Informa-
tion section 2). Accounting for weather, fitted trends from our models 
showed declines in biomass of 67% for grasslands and 41% for forests, 
declines in species numbers of 34% for grasslands and 36% for forests, 
and declines in abundance of 78% for grasslands, with no significant 
change in abundances for forests (−17%) (Fig. 1, Supplementary Table 3-
1). In grasslands, declines occurred consistently across all trophic guilds 
(herbivores, myceto-detritivores, omnivores and carnivores), although 
the trend for carnivores was not significant (Supplementary Table 1-1). In 
forests, the patterns were more complex: herbivores showed an increase 
in abundance and species number, whereas all other trophic guilds 
declined. Temporal trends of arthropods on the basis of data recorded in 
3-year intervals from all 140 forest sites were similar to the trends based 
on the 30 sites with annual data (Supplementary Table 1-1). Sensitivity 
analyses that removed or reshuffled years showed that the decline was 
influenced by, but not solely dependent on, high numbers of arthropods 
in 2008. Fluctuations in numbers (including the numbers from 2008) 
appear to match trends that have been observed in other studies2, which 
suggests that the recent decline is part of a longer-term trend that had 
begun by at least the early 1990s (Extended Data Fig. 2, Supplementary 
Information section 3). Further sensitivity analyses showed consistent 
declines when data from individual sampling dates were not aggregated 
per year, and also showed that declines concerned all three regions that 
we analysed (Supplementary Tables 3-2, 3-3, Supplementary Fig. 3-1).

Linking changes in biomass, abundance and the number of species 
to one another enables further inferences regarding the mechanisms 
that drive arthropod declines. In grasslands, both abundant and less-
abundant species declined in abundance (Fig. 2), but loss in the number 
of species occurred mostly among less-frequent species (Fig. 1, Extended 
Data Fig. 3, Supplementary Information section 4). This suggests that the 

decline in the number of species in grasslands was attributable mainly 
to a loss of individuals among rare species. In forests, species that were 
initially less abundant decreased in abundance, whereas some of the 
most abundant species—including invasive species and potential pest 
species—increased in abundance (Fig. 2, Supplementary Table 5-1). The 
loss of species was, however, irrespective of their frequency (Fig. 1, 
Extended Data Fig. 3, Supplementary Information section 4). This sug-
gests that the decline of arthropods in forests is driven by mechanisms 
that negatively affect the abundances of many species, which leads to an 
overall decline in biomass and the number of species but favours some 
species that are able to compensate declines in abundance.

The magnitudes of declines in biomass, abundance and the number of 
species in arthropod communities were independent of local land-use 
intensity (Supplementary Table 1-1) as well as changes in plant commu-
nities (Supplementary Information section 6) at all sites. However, in 
forests declines in the number of species were weaker at sites with high 
natural or anthropogenic tree mortality, possibly owing to increased 
heterogeneity in local habitats (Extended Data Fig. 4). Landscape com-
position had no effect on arthropod trends in forests (note that forest 
sites covered only limited gradients of the landscape variables, Extended 
Data Fig. 5), but it mediated declines in the number of species in grass-
lands: the magnitude of the declines increased with increasing cover of 
arable fields, and marginally increased with cover of grasslands in the 
surrounding landscape (Fig. 3, Supplementary Table 1-1). This suggests 
that major drivers of arthropod decline in grasslands are associated with 
agricultural land use at the landscape scale.

The interaction between a species and the landscape around its 
habitat depends on its dispersal ability, which ultimately determines 
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Fig. 1 | Temporal trends in arthropod communities. a–d, Gamma diversity 
(total number of species across all grassland or forest sites) (a), biomass (b), 
abundance (c) and number of species (d) of arthropods were recorded in 30 
forest and 150 grassland sites across Germany. Gamma diversity shows mean 
incidence-based, bias-corrected diversity estimates (Chao’s BSS, that is, the 
higher value of the minimum doubled reference sample size and the maximum 
reference sample size among years29) for q = 0 and 95% confidence intervals 
derived from bootstrapping (n = 200). Non-overlapping confidence intervals 
indicate significant difference30. Box plots show raw data per site and year 
(n = 1,406 (grassland) or 266 (forest) independent samples). Solid lines indicate 
significant temporal trends (P < 0.05) based on linear mixed models that 
included weather conditions, and local and landscape-level land-use intensity as 
covariates. Shaded areas represent confidence intervals. Boxes represent data 
within the 25th and 75th percentile, black lines show medians, and whiskers show 
1.5× the interquartile range. Data points beyond that range (outliers) are not 
shown for graphical reasons. Plots for biomass and species number have 
separate y axes for grassland and forest.
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En abscisse: le temps, en années (dates)
En ordonnée: : la valeur relaQve de l'abondance des oiseaux communs spécialistes 
des milieux foresQers, urbains et agricoles; la référence est l'année 1990, avec la 
valeur 1. 
L'abondance des oiseaux communs (non spécialistes) diminue d'environ 1 % par an 
depuis une trentaine d'années, sauf dans les milieux foresQers, ce qui confirme une 
tendance générale, à savoir que dès que la pression sur un milieu diminue ou 
demeure faible, la biodiversité de mainQent.
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Abondance des oiseaux 
communs spécialistes en 

France

4

Le mauvais état de conservation 
et la disparition de certains 
habitats, comme les prairies, 
impactent les espèces qui leur 
sont inféodées. 

Alors que l’aire de répartition de 
deux espèces de papillons de jours 
sur trois a régressé ces 20 dernières 
années, les espèces qui dépendent 
de ces milieux déclinent particuliè-
rement. Le Fadet des tourbières 
(Coenonympha tullia) a par exemple

disparu de la moitié des dépar-
tements où il était recensé au 
siècle dernier. 

La situation est toutefois 
contrastée. Les espèces spécialistes 
(qui dépendent d’un habitat 
particulier et/ou qui ont besoin 
de conditions particulières pour 
réaliser leur cycle de vie) se 
portent globalement moins bien 
que les espèces généralistes (qui 
peuvent s’adapter à différents 
milieux et conditions pour 
vivre). 

C’est le cas des oiseaux. Si les 
populations d’oiseaux communs 
généralistes sont en augmenta-
tion (+ 19 %),  l’abondance des 
populations d’oiseaux communs  

spécialistes a diminué de 24 % 
entre 1989 et 2021, avec un 
effondrement de 36 % des 
populations d’oiseaux spécialistes 
des milieux agricoles. 

Les populations de chauves-
souris ont également fortement 
décliné : - 43 % entre 2006 et 
20żŻ. 

Certains groupes d’espèces se 
portent mieux. C’est par exemple 
le cas des oiseaux d’eau hivernants 
en France métropolitaine, dont 
les populations augmentent  (en 
particulier les grands échassiers,

 17 %  des espèces

de faune et de flore

sont aujourd’hui 

menacées ou éteintes 

en France, et leur risque 

d’extinction a augmenté

de près de  14 % 

en moins de dix ans.

dont de nombreuses espèces ont 
une capacité d’adaptation 
importante) : + 131 % entre 1980 
et 2022. 

De manière générale, le déclin 
des espèces spécialistes, 
communes ou rares (faune 
comme flore) engendre une 
homogénéisation de la 
biodiversité, qui constitue une 
des formes du déclin de la 
biodiversité.

Évolution de l’abondance des populations d’oiseaux communs spécialistes
en métropole entre 1989 et 2021

Source : Programme STOC de Vigie Nature
Traitement : CESCO - PatriNat, janv. 2023
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En abscisse: le temps, en années (dates)
En ordonnée: la valeur relaQve de l'abondance des chauves-souris en France 
métropolitaine; la référence est l'année 2006, avec la valeur 100. 
L'abondance des chauves-souris diminue d'environ 3 % par an depuis une dizaine 
d'années.
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22 – Biodiversité – Les chiffres clés – Édition 2018

partie 1 : comment la biodiversité évolue-t-elle en France ?

État des populations de chauves-souris
38 % des chauves-souris ont disparu en métropole entre 2006 et 2016.

ÉVOLUTION DE L’ABONDANCE DES POPULATIONS DE CHAUVES-SOURIS 
MÉTROPOLITAINES
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En abscisse: le temps, en années (dates)
En ordonnée: : la valeur relative de l'abondance des moineaux à Paris (à gauche) et 
en Europe(à droite); la référence est l'année 2003 ou 1990, avec la valeur 1 ou 100.
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https://www.parisecologie.com/Archives/Evenements2018/Enquete_
Moineaux_domestiques_Paris.htm
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moineau commun en EuropeDynamique de l’abondance du 

moineau commun à Paris



En abscisse: le temps, en années (dates)
En ordonnée: : le nombre d'espèces observées dans la Seine au niveau de Paris.
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34 espèces de poissons de la Seine présentes à Paris

11. Biodiversité, qualité de l’environnement, pressions

Les poissons du bassin de la Seine

Espèces continentales naturellement présentes

Espèces migratrices (eaux marines et continentales) naturellement présentes

Truite arc-en-ciel 
Oncorhynchus mykiss

Umbre pygmée 
Umbra pygmaea

Able de Heckel 
Leucaspius delineatus (2)

Achigan (Black-bass) 
à grande bouche 
Micropterus salmoides

Amour blanc 
Ctenopharyngodon idella (3)

Aspe 
Aspius aspius (1)

Blageon 
Telestes souffia (2)

Carassin argenté 
Carassius gibelio

Carassin commun 
Carassius carassius

Carassin doré 
Carassius auratus

Saumon Atlantique 
Salmo salar

Truite de mer 
Salmo trutta trutta

Mulet porc 
Liza ramada (5)

Anguille européenne 
Anguilla anguilla

Alose feinte 
Alosa fallax

Éperlan 
Osmerus eperlanus

Esturgeon européen 
Acipenser sturio
(DISPARU EN SEINE) 

Flet commun 
Platichthys flesus

Grande alose 
Alosa alosa

Lamproie de rivière 
Lampetra fluviatilis

Lamproie marine 
Petromyzon marinus

Vandoise 
Leuciscus leuciscus (1)

Truite fario 
Salmo trutta fario (1)

Vairon 
Phoxinus phoxinus (1)

Perche 
Perca fluviatilis (1)

Rotengle 
Scardinius erythrophthalmus (1)

Spirlin 
Alburnoides bipunctatus (1)

Tanche 
Tinca tinca (1)

Lamproie de planer 
Lamperta planeri (1)

Loche de rivière 
Cobitis taenia

Loche franche 
Barbatula barbatula (1)

Lote 
Lota lota

Brème commune 
Abramis brama (1)

Brochet 
Esox lucius (1)

Chabot 
Cottus perifretum (1)

Chevaine 
Squalius cephalus (1)

Ablette 
Alburnus alburnus (1)

Barbeau fluviatile 
Barbus barbus (1)

Bouvière 
Rhodeus amarus (1)

Brème bordelière 
Blicca bjoerkna (1)

Épinoche 
Gasterosteus gymnurus (1)

Gardon 
Rutilus rutilus (1)

Goujon 
Gobio gobio (1)

Épinochette 
Pungitius laevis *

Carpe argentée 
Hypophthalmichthys molitrix

Carpe commune 
Cyprinus carpio

Esturgeon de Sibérie 
Acipenser baerii

Gobie à tâches noires 
Neogobius melanostomus (6)

Grémille 
Gymnocephalus cernuus (1)

Ide mélanote 
Leuciscus idus (1)

Hotu 
Chondrostoma nasus (1)

Loche d’étang 
Misgurnus fossilis

Ombre commun 
Thymallus thymallus (1)

Omble de fontaine 
Salvelinus fontinalis

Perche soleil 
Lepomis gibbosus

Pseudorasbora 
Pseudorasbora parva (4)

Sandre 
Sander lucioperca (1)

Silure glane 
Silurus glanis (1)Poisson-chat 

Ameiurus melas

Eaux vives Eaux calmes
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La Plateforme internationale science-politique sur la biodiversité et les services 
écosystémiques (IPBES) a été créé le le 21 avril 2012 sous l’égide du PNUE, du PNUD, 
de l’UNESCO, de la FAO. Son premier rapport a été publié le 6 mai 2019.
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The global
assessment report on
BIODIVERSITY

AND ECOSYSTEM
SERVICES

Plateforme internaEonale science-poliEque sur la 
biodiversité et les services écosystémiques

Début de l’aventure en 2005

Créée le 21 avril 2012

Sous l’égide du PNUE, du PNUD, de l’UNESCO, de la FAO

Premier rapport publié le 6 mai 2019

12. IPBES



La modificaQon de l'usage des sols, qui est le premier facteur explicaQf du déclin de la 
biodiversité selon l'IPBES est le résultat de l'expansion des aires urbaines et smi-
urbaines et des surfaces consacrées à la producQon alimentaire pour les êtres 
humains.
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12. Usage des sols

IPBES 2018.  The 
IPBES assessment 
report on land 
degrada@on and 
restora@on. Bonn, 
IPBES
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5 % du territoire européen est artificialisé (zones urbanisées et infrastructures de 
transport). Dans les statistiques nationales et internationales, les zones agricoles ne 
sont pas considérées comme des zones artificialisées. 
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12. Usage des sols

5 % du territoire
européen est

arEficialisé (zones 
urbanisées et 

infrastructures de 
transport)



37 % de la surface des continents (49 % des surfaces continentales non couvertes de 
glace) sont consacrées à la production alimentaire pour les humains, Les zones 
agricoles sont évidemment situées dans les régions les plus productives de la planète. 
Si on ramène à 100 % la surface agricole totale, on a 70 % de prairies 
(majoritairement naturelles et semi-naturelles) et 70 de terres labourables. Plus de 
40 % de la production végétale est à destination des animaux d'élevage.
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https://www.natureworksllc.com/What-is-Ingeo/Where-Ingeo-
Comes-From/Food-and-Bioplastics 37 % de la surface des 

continents (49 % des 
surfaces continentales 
non couvertes de 
glace) sont consacrées 
à la production 
alimentaire pour les 
humains, dans les 
régions les plus 
productives.

12. Usage des sols



La plmus grtande partie des zones cultivées d'Europe de l'ouest sont soiumises à des 
pratiques de culture intensive.
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12. Usage des sols

hEps://www.eea.europa.eu/data-and-
maps/figures/agricultural-land-use-intensity-
1/map_22618.eps/image_large
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La surface foresQère française a commencé à décliner bien avant le ramachement à 
l'empire romain pour ameindre un minimum aux alentours de 1850. Elle a remonté 
depuis et elle ameint aujourd'hui 31 % du territoire métropolitain.
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Dans la majeure partie de l'Europe, la forêt est très fragmentée. En France, le seul 
espace forestier continu est celui des Landes, forêt artificielle créée à partir de 1850.

12. Usage des sols: fragmenta>on des habitats 



Dans toutes les régions producQves de la planète, une part très importante, et 
souvent majoritaire, de la producQon primaire neme est appropriée par les humains 
pour couvrir leurs besoins alimentaires, énergéQques, de matériaux, etc. C'est 
évidemment autant de moins pour les autres êtres vivants et cela consQtue un 
facteur évident de régression de la biodiversité.
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12. Usage des sols: appropria>on de la produc>on praimaire
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globally and up to 50 per cent in certain regions {5.3.2.6}. 
Although important advances have been made in reducing 
global food insecurity in the past decade, there are still 
nearly 800 million people worldwide without access to 
adequate nutrition {4.2.5.1, 5.3.3.1}. Land degradation 
impairs water security through a reduction in the reliability, 
quantity and quality of water flows {5.8.2}. 1314

13. Haberl, H., Erb, K-H., Krausmann, F., Gaube, V., Bondeau, A., 
Plutzar, C., Gingrich, S., Lucht, W., and Fischer-Kowalski, M. (2007). 
Quantifying and mapping the human appropriation of net primary 
production in Earth’s terrestrial ecosystems. PNAS, 104 (31), 12942–
12947. DOI: 10.1073/pnas.0704243104.

14. Van der Esch, S., ten Brink, B., Stehfest, E., Bakkenes, M., Sewell, 
A., Bouwman, A., Meijer, J., Westhoek, H., and van den Berg, M. 
(2017). Exploring future changes in land use and land condition and 
the impacts on food, water, climate change and biodiversity: Scenarios 
for the UNCCD Global Land Outlook. The Hague: PBL Netherlands 
Environmental Assessment Agency. Retrieved from http://www.pbl.nl/
sites/default/files/cms/publicaties/pbl-2017-exploring-future-changes-
in-land-use-and-land-condition-2076.pdf.

Degradation of catchment and aquatic ecosystems, 
combined with increasing water abstraction and pollution 
by human activities, have contributed to deterioration in 
water quality and supply, such that four fifths of the world’s 
population now live in areas where there is a threat to water 
security {4.2.4.3, 4.2.5.1, 5.8.1}.15 16 17

15. Stoorvogel, J. J., Bakkenes, M., Temme, A. J., Batjes, N. H., and 
Ten Brink, B. J. (2017). S-World: A Global Soil Map for Environmental 
Modelling. Land Degradation and Development, 28 (1), 22–33. DOI: 
10.1002/ldr.2656.

16. Watson, J. E. M., Shanahan, D. F., Di Marco, M., Allan, J., Laurance, W. 
F., Sanderson, E. W., Mackey, B., and Venter, O. (2016). Catastrophic 
Declines in Wilderness Areas Undermine Global Environment Targets. 
Current Biology, 26 (21), 2929–2934. DOI: 10.1016/j.cub.2016.08.049.

17. Newbold, T., Hudson, L. N., Arnell, A. P., Contu, S., De Palma, A., 
Ferrier, S., Hill, S. L. L., Hoskins, A. J., Lysenko, I., Phillips, H. R. P., 
Burton, V. J., Chng, C. W. T., Emerson, S., Gao, D., P (2016). Has land 
use pushed terrestrial biodiversity beyond the planetary boundary? 
A global assessment. Science, 353(6296), 288–291. DOI: 10.1126/
science.aaf2201.

Figure SPM 7    Human activity has changed the surface of the planet in profound and  
far-reaching ways. 

Panel (a) shows the degree to which humans have appropriated production of biomass.13 In some cases, particularly areas of intensive 
agriculture, human use is equivalent to 100 per cent of the total biomass that would have been produced by plant natural conditions 
(darker blue). Panel (b) shows the decline in soil organic carbon, an indicator of soil degradation (decline in red, increase in blue), 
relative to an estimated historical condition that predates anthropogenic land use.14 15 Panel (c) shows the parts of the land surface that 
can be considered as “wilderness”. The areas shown in green are wilderness in the sense that ecological and evolutionary processes 
operate there with minimal human disturbance.16 In the remaining three quarters of the Earth’s surface, natural processes are impaired 
by human activities to a significant degree. Panel (d) shows (in purple) the levels of species loss, estimated for all species groups, 
relative to the originally-present species composition.17 
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Remaining areas of wilderness in 2009 
(23.2% of total land area)

c  Wilderness area

−80% −60% −40% −20% 0% Increase

No data

No data No data

No data

b  Change in soil organic carbon (SOC)

−100% −80% −60% −40% −20% 0%

d  Loss of species richness

Percent of potential NPP (Appropriated for human use in 2000)

Percent change in soc from original condition to 2010 Percent of species lost from original condition to 2005

IPBES 2018.  The 
IPBES assessment 
report on land 
degradation and 
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Une étude publiée en 2023, portant sur 28 pays européens, 170 oiseaux communs, 
menée sur 20 000 sites pendant 37 ans pour certains sites, montre que l'abondance
des oiseaux communs a chuté de 25 % en moyenne entre 1980 et 2016. La cause 
principale a été identifiée: pesticides et fertilisants.
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UHVSRQVHV�RI�ELUG�SRSXODWLRQV�WR�
JOREDO�FKDQJH�GULYHUV��7KLV�SDSHU�
FRQWULEXWHV�WR�WKH�KLJKHVW�
SROLWLFDO�DQG�WHFKQLFDO�FKDOOHQJH�
IDFHG�E\�DJULFXOWXUDO�SROLF\�LQ�
(XURSH��VWUXJJOLQJ�WR�EDODQFH�
KLJK�SURGXFWLYLW\�IURP�LQWHQVLYH�
DJULFXOWXUDO�SUDFWLFHV�ZLWK�
HQYLURQPHQWDO�SURWHFWLRQ��
DQG�WKH�UHVXOWV�DUH�WKHUHIRUH�
FUXFLDO�WR�SROLF\PDNHUV��
VFLHQWLVWV��DQG�WKH�JHQHUDO�
SXEOLF�FRQFHUQHG�IRU�ELRGLYHUVLW\�
DQG�JOREDO�FKDQJH�LVVXHV�

7KH�DXWKRUV�GHFODUH�QR�FRPSHWLQJ�LQWHUHVW�

7KLV�DUWLFOH�LV�D�31$6�'LUHFW�6XEPLVVLRQ�

&RS\ULJKW� k� ����� WKH� $XWKRU�V��� 3XEOLVKHG� E\� 31$6���
7KLV� RSHQ� DFFHVV� DUWLFOH� LV� GLVWULEXWHG� XQGHU� &UHDWLYH�
&RPPRQV�$WWULEXWLRQ�/LFHQVH������&&�%<��
�7R� ZKRP� FRUUHVSRQGHQFH� PD\� EH� DGGUHVVHG�� 
(PDLO�� VWDQLV�ODV�ULJDO#HQV�O\RQ�IU� RU� YLQFHQW�GHYLFWRU#
XPRQWSHOOLHU�IU�

7KLV� DUWLFOH� FRQWDLQV� VXSSRUWLQJ� LQIRUPDWLRQ� RQOLQH� DW�
KWWSV���ZZZ�SQDV�RUJ�ORRNXS�VXSSO�GRL���������SQDV��
�������������'&6XSSOHPHQWDO�

3XEOLVKHG�0D\����������

(&2/2*<
6867$Ζ1$%Ζ/Ζ7<�6&Ζ(1&(

Farmland practices are driving bird population decline 
across Europe
6WDQLVODVb5LJDOa,1 ��9DVLOLVb'DNRVa ��+DQ\b$ORQVRb��$LQÃUVb$XQLĈģc,d ��=ROW£Qb%HQNēH��/OX¯Vb%URWRQVf�J,h,i��7RPDV]b&KRGNLHZLF]j�N , 
3U]HP\VĄDZb&K\ODUHFNLj ��(OLVDEHWWDbGHb&DUOLl��-XDQb&DUORVbGHOb0RUDOP ��&ULVWLDQb'RPŊDH��9LUJLQLDb(VFDQGHOOP��%HQR°Wb)RQWDLQHn��5XXGb)RSSHQR�S, 
5LFKDUGb*UHJRU\q�U��6DUDKb+DUULVs��6HUJLb+HUUDQGRi,t��0DJQHb+XVE\X,v ��&KULVWLQDbΖHURQ\PLGRXZ��)U«G«ULFb-LJXHWn��-RKQb.HQQHG\x ��$OHQDb.OYDĊRY£t,y , 
3ULPRŀb.PHFO] ��/HFKRVĄDZb.XF]\ĆVNLaa ��3HWUDVb.XUODYLÏLXVbb,cc ��-RKQb$WOHb.§O§Vdd ��$OHNVLb/HKLNRLQHQHH ���NHb/LQGVWU¸P��5RPDLQb/RUULOOLªUHn, 
&KDUORWWHb0RVKºMJJ ��5HQQRb1HOOLVhh��'DYLGb1REOHs��'DQLHOb3DOPb(VNLOGVHQJJ��-HDQ�<YHVb3DTXHWii ��0DWKLHXb3«OLVVL«a ��&ODUDb3ODGHYDOOjj , 
'DQDHb3RUWRORXNN��-Lě¯b5HLIll�PP ��+DQVb6FKPLGnn��%HQMDPLQb6HDPDQRR ��=ROW£Qb'�b6]DERH�SS ��7LERUb6]«Sqq�UU ��*XLGRb7HOOLQLb)ORUHQ]DQRss, 
1RUEHUWb7HXIHOEDXHURR��6YHQb7UDXWPDQQtt��&KULVbYDQb7XUQKRXWR�S��=GHQÝNb9HUPRX]HNy ��7KRPDVb9LNVWUºPJJ ��3HWUb9Rě¯ģHNt,y ��$QQHb:HLVHUEVii,  
DQG�9LQFHQWb'HYLFWRUa,1

(GLWHG�E\�ΖYHWWH�3HUIHFWR��8QLYHUVLW\�RI�0LFKLJDQ��$QQ�$UERU��0Ζ��UHFHLYHG�6HSWHPEHU�����������DFFHSWHG�0DUFK��������

Declines in European bird populations are reported for decades but the direct effect 
of major anthropogenic pressures on such declines remains unquantified. Causal 
relationships between pressures and bird population responses are difficult to identify 
as pressures interact at different spatial scales and responses vary among species. Here, 
we uncover direct relationships between population time-series of 170 common bird 
species, monitored at more than 20,000 sites in 28 European countries, over 37 y, 
and four widespread anthropogenic pressures: agricultural intensification, change in 
forest cover, urbanisation and temperature change over the last decades. We quantify 
the influence of each pressure on population time-series and its importance relative to 
other pressures, and we identify traits of most affected species. We find that agricultural 
intensification, in particular pesticides and fertiliser use, is the main pressure for most 
bird population declines, especially for invertebrate feeders. Responses to changes in 
forest cover, urbanisation and temperature are more species-specific. Specifically, forest 
cover is associated with a positive effect and growing urbanisation with a negative effect 
on population dynamics, while temperature change has an effect on the dynamics of 
a large number of bird populations, the magnitude and direction of which depend on 
species' thermal preferences. Our results not only confirm the pervasive and strong 
effects of anthropogenic pressures on common breeding birds, but quantify the relative 
strength of these effects stressing the urgent need for transformative changes in the 
way of inhabiting the world in European countries, if bird populations shall have a 
chance of recovering.

DQWKURSRJHQLF�SUHVVXUHVɄ_ɄDJULFXOWXUH�LQWHQVLȴFDWLRQɄ_ɄELUG�FRQVHUYDWLRQɄ_ɄODUJH�VFDOH�DQDO\VLV

Human pressures on biodiversity are intensifying (1), while, at the same time, biodiversity 
decline is accelerating. Global reductions have been reported in a wide variety of groups, includ-
ing common species (2), and ranging from marine and terrestrial vertebrates to insects (3–5).

Birds are the largest group of terrestrial vertebrates in species number and are widely 
a!ected by ongoing global change (6, 7). Bird populations have been monitored for 
decades in many countries, and their traits (e.g., thermal preference, diet, habitat special-
ization) are well documented (8, 9). Major population trends highlighting declines in 
abundance and diversity have been reported both in speci"c countries (10, 11) and at 
continental scale, e.g., in Europe (12, 13) and North America (14). Beyond such global 
approaches, trend analyses related to species traits (15, 16) have highlighted which species 
have been the most impacted and suggest that some categories of species are more a!ected 
than others. For instance, the widespread decline of species in farmland or grassland habitat 
is particularly well documented (10), as well as the less pronounced decline in woodland 
species (17). Other species’ ecological traits such as thermal preference, habitat speciali-
zation, synanthropy [the tendency to positively select human-dominated habitats (18)], 
as well as migratory strategies have been claimed to explain, to some extent, large-scale 
and long-term bird population dynamics (19, 20).

#ese di!erences in the response of species grouped as a function of a shared criterion 
(e.g., the main type of habitat) have been useful to point out anthropogenic pressures 
driving avian biodiversity decline. Land-use change, agriculture, biodiversity resource 
exploitation, and climate change are among the main threats (7, 20–22). More precisely, 
analyses conducted at local to continental scales pointed out the role of agricultural 
intensi"cation [i.e., changes in farming practices leading to an increase of chemical 
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28 pays européens, 
170 oiseaux

communs, 37 ans, 
20 000 sites. 

Abondance des 
oiseaux: -25 % en

entre 1980 et 2016, 
principalement due 

aux pes>cides et aux 
fer>lisants

2023

L’intensificaEon (pesEcides, ferElisants) est un determinant majeur
de la perte de biodiversité.

12. Usage des sols: pra>ques agricoles



En 2009, 33 % seulement des surfaces conQnentales portaient des écosystèmes 
"sauvages", c'est à dire où l'impact de l'homme était peu ou pas sensible.
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12. Usage des sols: et la “wilderness” ?
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globally and up to 50 per cent in certain regions {5.3.2.6}. 
Although important advances have been made in reducing 
global food insecurity in the past decade, there are still 
nearly 800 million people worldwide without access to 
adequate nutrition {4.2.5.1, 5.3.3.1}. Land degradation 
impairs water security through a reduction in the reliability, 
quantity and quality of water flows {5.8.2}. 1314

13. Haberl, H., Erb, K-H., Krausmann, F., Gaube, V., Bondeau, A., 
Plutzar, C., Gingrich, S., Lucht, W., and Fischer-Kowalski, M. (2007). 
Quantifying and mapping the human appropriation of net primary 
production in Earth’s terrestrial ecosystems. PNAS, 104 (31), 12942–
12947. DOI: 10.1073/pnas.0704243104.

14. Van der Esch, S., ten Brink, B., Stehfest, E., Bakkenes, M., Sewell, 
A., Bouwman, A., Meijer, J., Westhoek, H., and van den Berg, M. 
(2017). Exploring future changes in land use and land condition and 
the impacts on food, water, climate change and biodiversity: Scenarios 
for the UNCCD Global Land Outlook. The Hague: PBL Netherlands 
Environmental Assessment Agency. Retrieved from http://www.pbl.nl/
sites/default/files/cms/publicaties/pbl-2017-exploring-future-changes-
in-land-use-and-land-condition-2076.pdf.

Degradation of catchment and aquatic ecosystems, 
combined with increasing water abstraction and pollution 
by human activities, have contributed to deterioration in 
water quality and supply, such that four fifths of the world’s 
population now live in areas where there is a threat to water 
security {4.2.4.3, 4.2.5.1, 5.8.1}.15 16 17

15. Stoorvogel, J. J., Bakkenes, M., Temme, A. J., Batjes, N. H., and 
Ten Brink, B. J. (2017). S-World: A Global Soil Map for Environmental 
Modelling. Land Degradation and Development, 28 (1), 22–33. DOI: 
10.1002/ldr.2656.

16. Watson, J. E. M., Shanahan, D. F., Di Marco, M., Allan, J., Laurance, W. 
F., Sanderson, E. W., Mackey, B., and Venter, O. (2016). Catastrophic 
Declines in Wilderness Areas Undermine Global Environment Targets. 
Current Biology, 26 (21), 2929–2934. DOI: 10.1016/j.cub.2016.08.049.

17. Newbold, T., Hudson, L. N., Arnell, A. P., Contu, S., De Palma, A., 
Ferrier, S., Hill, S. L. L., Hoskins, A. J., Lysenko, I., Phillips, H. R. P., 
Burton, V. J., Chng, C. W. T., Emerson, S., Gao, D., P (2016). Has land 
use pushed terrestrial biodiversity beyond the planetary boundary? 
A global assessment. Science, 353(6296), 288–291. DOI: 10.1126/
science.aaf2201.

Figure SPM 7    Human activity has changed the surface of the planet in profound and  
far-reaching ways. 

Panel (a) shows the degree to which humans have appropriated production of biomass.13 In some cases, particularly areas of intensive 
agriculture, human use is equivalent to 100 per cent of the total biomass that would have been produced by plant natural conditions 
(darker blue). Panel (b) shows the decline in soil organic carbon, an indicator of soil degradation (decline in red, increase in blue), 
relative to an estimated historical condition that predates anthropogenic land use.14 15 Panel (c) shows the parts of the land surface that 
can be considered as “wilderness”. The areas shown in green are wilderness in the sense that ecological and evolutionary processes 
operate there with minimal human disturbance.16 In the remaining three quarters of the Earth’s surface, natural processes are impaired 
by human activities to a significant degree. Panel (d) shows (in purple) the levels of species loss, estimated for all species groups, 
relative to the originally-present species composition.17 

0% 20% 40% 60% 80% 100%

a  Human appropriation of production of biomass

Remaining areas of wilderness in 2009 
(23.2% of total land area)

c  Wilderness area
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b  Change in soil organic carbon (SOC)
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d  Loss of species richness
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Percent change in soc from original condition to 2010 Percent of species lost from original condition to 2005
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En abscisse: le temps, en années (dates)
En ordonnée: le tonnage des pêches mondiales, en millions de tonnes.
Depuis la fin des années 1980, le tonnage des pêches a légèrement diminué malgré 
un doublement du nombre de bateaux entre 1950 et 2015. Les prises sont 
aujourd'hui stabilisées à un peu moins de 80 millions de tonnes par an. 

%COSYSTEMS�AND�(UMAN�7ELLBEING��# J P E J W F S T J U Z � 4 Z O U I F T J T ��

REMNANTS�THAT�ARE�CLOSE�TO�OTHER�REMNANTS��ARE�LESS�AFFECTED�BY�
FRAGMENTATION��3MALL�FRAGMENTS�OF�HABITAT�CAN�ONLY�SUPPORT�SMALL�
POPULATIONS��WHICH�TEND�TO�BE�MORE�VULNERABLE�TO�EXTINCTION��
-OREOVER��HABITAT�ALONG�THE�EDGE�OF�A�FRAGMENT�HAS�A�DIFFERENT�
CLIMATE�AND�FAVORS�DIFFERENT�SPECIES�TO�THE�INTERIOR��3MALL�FRAG
MENTS�ARE�THEREFORE�UNFAVORABLE�FOR�THOSE�SPECIES�THAT�REQUIRE�
INTERIOR�HABITAT��AND�THEY�MAY�LEAD�TO�THE�EXTINCTION�OF�THOSE�SPE
CIES��3PECIES�THAT�ARE�SPECIALIZED�TO�PARTICULAR�HABITATS�AND�THOSE�
WHOSE�DISPERSAL�ABILITIES�ARE�WEAK�SUFFER�FROM�FRAGMENTATION�MORE�
THAN�GENERALIST�SPECIES�WITH�GOOD�DISPERSAL�ABILITY��#�����	���
&RAGMENTATION�AFFECTS�ALL�BIOMES��BUT�ESPECIALLY�FORESTS��SEE�&IG
URE�����	�AND�MAJOR�FRESHWATER�SYSTEMS��SEE�&IGURE�����	��

)NVASIVE�ALIEN�SPECIES�HAVE�BEEN�A�MAJOR�CAUSE�OF�EXTINCTION��
ESPECIALLY�ON�ISLANDS�AND�IN�FRESHWATER�HABITATS��AND�THEY�CON
TINUE�TO�BE�A�PROBLEM�IN�MANY�AREAS��)N�FRESHWATER�HABITATS��THE�
INTRODUCTION�OF�ALIEN�SPECIES�IS�THE�SECOND�LEADING�CAUSE�OF�SPE
CIES�EXTINCTION��AND�ON�ISLANDS�IT�IS�THE�MAIN�CAUSE�OF�EXTINCTION�
OVER�THE�PAST����YEARS��ALONG�WITH�HABITAT�DESTRUCTION��!WARENESS�
ABOUT�THE�IMPORTANCE�OF�STEMMING�THE�TIDE�OF�INVASIVE�ALIEN�SPE
CIES�IS�INCREASING��BUT�EFFECTIVE�IMPLEMENTATION�OF�PREVENTATIVE�
MEASURES�IS�LACKING��4HE�RATE�OF�INTRODUCTIONS�CONTINUES�TO�BE�
EXTREMELY�HIGH��FOR�EXAMPLE��IN�.EW�:EALAND�PLANT�INTRODUCTIONS�
ALONE�HAVE�OCCURRED�AT�A�RATE�OF����SPECIES�PER�YEAR�SINCE�%URO
PEAN�SETTLEMENT�IN�������#�����	��

/VEREXPLOITATION�REMAINS�A�SERIOUS�THREAT�TO�MANY�SPECIES�
AND�POPULATIONS��!MONG�THE�MOST�COMMONLY�OVEREXPLOITED�SPE
CIES�OR�GROUPS�OF�SPECIES�ARE�MARINE�lSH�AND�INVERTEBRATES��TREES��
AND�ANIMALS�HUNTED�FOR�MEAT��-OST�INDUSTRIAL�lSHERIES�ARE�EITHER�

FULLY�OR�OVEREXPLOITED��AND�THE�IMPACTS�OF�OVERHARVESTING�ARE��
COUPLED�TO�DESTRUCTIVE�lSHING�TECHNIQUES�THAT�DESTROY�HABITAT��AS�
WELL�AS�ASSOCIATED�ECOSYSTEMS�SUCH�AS�ESTUARIES�AND�WETLANDS��%VEN�
RECREATIONAL�AND�SUBSISTENCE�lSHING�HAS�CONTRIBUTED�TO�WHAT�IS�
KNOWN�AS�THE�hSHIFTING�BASELINESv�PHENOMENON��IN�WHICH�WHAT�
WE�CONSIDER�THE�NORM�TODAY�IS�DRAMATICALLY�DIFFERENT�FROM�PRE
EXPLOITATION�CONDITIONS�

-ANY�OF�THE�CURRENT�CONCERNS�WITH�OVEREXPLOITATION�OF�BUSH
MEAT��WILD�MEAT�TAKEN�FROM�THE�FORESTS�BY�LOCAL�PEOPLE�FOR�INCOME�
OR�SUBSISTENCE	�ARE�SIMILAR�TO�THOSE�OF�lSHERIES��WHERE�SUSTAINABLE�
LEVELS�OF�EXPLOITATION�REMAIN�POORLY�UNDERSTOOD�AND�WHERE�THE�
OFFTAKE�IS�DIFlCULT�TO�MANAGE�EFFECTIVELY��!LTHOUGH�THE�TRUE�EXTENT�
OF�EXPLOITATION�IS�POORLY�KNOWN��IT�IS�CLEAR�THAT�RATES�OF�OFFTAKE�ARE�
EXTREMELY�HIGH�IN�TROPICAL�FORESTS��4HE�TRADE�IN�WILD�PLANTS�AND�
ANIMALS�AND�THEIR�DERIVATIVES�IS�POORLY�DOCUMENTED�BUT�IS�ESTI
MATED�AT�NEARLY������BILLION�ANNUALLY��)T�RANGES�FROM�LIVE�ANIMALS�
FOR�THE�FOOD�AND�PET�TRADE�TO�ORNAMENTAL�PLANTS�AND�TIMBER��
"ECAUSE�THE�TRADE�IN�WILD�ANIMALS�AND�PLANTS�CROSSES�NATIONAL��
BORDERS��THE�EFFORT�TO�REGULATE�IT�REQUIRES�INTERNATIONAL�COOPERATION�
TO�SAFEGUARD�CERTAIN�SPECIES�FROM�OVEREXPLOITATION��#�����	�

/VER�THE�PAST�FOUR�DECADES��NUTRIENT�LOADING�HAS�EMERGED�AS�
ONE�OF�THE�MOST�IMPORTANT�DRIVERS�OF�ECOSYSTEM�CHANGE�IN�TER
RESTRIAL��FRESHWATER��AND�COASTAL�ECOSYSTEMS��7HILE�THE�INTRO
DUCTION�OF�NUTRIENTS�INTO�ECOSYSTEMS�CAN�HAVE�BOTH�BENElCIAL�
AND�ADVERSE�EFFECTS��THE�BENElCIAL�EFFECTS�WILL�EVENTUALLY�REACH�A�
PLATEAU�AS�MORE�NUTRIENTS�ARE�ADDED��FOR�EXAMPLE��ADDITIONAL�
INPUTS�WILL�NOT�LEAD�TO�FURTHER�INCREASES�IN�CROP�YIELD	��WHILE�THE�
HARMFUL�EFFECTS�WILL�CONTINUE�TO�GROW��3YNTHETIC�PRODUCTION�OF�
NITROGEN�FERTILIZER�HAS�BEEN�THE�KEY�DRIVER�FOR�THE�REMARKABLE�
INCREASE�IN�FOOD�PRODUCTION�OF�THE�PAST����YEARS��3���	���3EE�&IG
URE������	�4HE�TOTAL�AMOUNT�OF�REACTIVE��OR�BIOLOGICALLY�AVAILABLE��
NITROGEN�CREATED�BY�HUMAN�ACTIVITIES�INCREASED�NINEFOLD�BETWEEN�
�����AND�������WITH�MOST�OF�THAT�INCREASE�TAKING�PLACE�IN�THE�
SECOND�HALF�OF�THE�CENTURY�IN�ASSOCIATION�WITH�INCREASED�USE�OF�
FERTILIZERS��#�����	�

-ORE�THAN�HALF�OF�ALL�THE�SYNTHETIC�NITROGEN�FERTILIZERS�EVER�
USED�ON�%ARTH�HAVE�BEEN�USED�SINCE�������2���	��(UMANS�NOW�
PRODUCE�MORE�REACTIVE�NITROGEN�THAN�IS�PRODUCED�BY�ALL�NATURAL�
PATHWAYS�COMBINED��2��%3	��.ITROGEN�APPLICATION�HAS�INCREASED�
lVEFOLD�SINCE�������BUT�AS�MUCH�AS�����OF�THE�NITROGEN�FERTIL
IZER�APPLIED�MAY�BE�LOST�TO�THE�ENVIRONMENT��0HOSPHORUS�APPLI
CATION�HAS�INCREASED�THREEFOLD�SINCE�������WITH�STEADY�INCREASE�
UNTIL�������FOLLOWED�BY�LEVELING�OFF�AT�A�LEVEL�ABOUT�EQUAL�TO�
APPLICATIONS�IN��������3EE�&IGURE������	�4HESE�CHANGES�ARE�MIR
RORED�BY�PHOSPHORUS�ACCUMULATION�IN�SOILS��WHICH�CAN�SERVE�AS�
AN�INDICATOR�OF�EUTROPHICATION�POTENTIAL�FOR�FRESHWATER�LAKES�AND�
PHOSPHORUSSENSITIVE�ESTUARIES��0OTENTIAL�CONSEQUENCES�INCLUDE�
EUTROPHICATION�OF�FRESHWATER�ECOSYSTEMS��HYPOXIA�IN�COASTAL�
MARINE�ECOSYSTEMS��NITROUS�OXIDE�EMISSIONS�CONTRIBUTING�TO�GLOBAL�
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'JHVSF��������%XTENT�OF�#ULTIVATED�3YSTEMS��������#��	

12. Surexploita>on: la surpêche



En abscisse: le temps, en années (dates)
En ordonnée: le pourcentage des stocks halieuQques en situaQon de sur-pêche, de 
sous-pêche et de pêche durable.
Près de 40 % des stocks sont actuellement en situaQon de surpêche.
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increase has slowed (FAO, 2016). Historic catch levels are 
difficult to estimate, but ‘catch reconstructions’ suggest 
that levels may have been higher than previously thought 
(Pauly & Zeller, 2016). An analysis of a larger set of stocks 
than those assessed by FAO suggests that 54% of stocks 
are below their Maximum Sustainable Yield (MSY), with 34% 
meeting the FAO criteria for being overfished (20% below 
the biomass that would support MSY) (Rosenberg et al., 
2017). This analysis suggests that many stocks currently 
classified as fully exploited could be delivering more benefits 
if they were more effectively managed (Rosenberg et al., 
2017). Small unassessed stocks are likely to be in worse 
condition than commerical stocks (Costello et al., 2012), 
and would similarly benefit from rebuilding strategies.

There is significant regional variability in the status of fish 
stocks. For half of oceanic FAO regions, over 50% of the 
stocks were estimated to be below the biomass that would 
support maximum sustainable yield (Rosenberg et al., 
2017). Many of these regions were located in the northern 
hemisphere, which may be a result of historical exploitation 
patterns. Although southern stocks may appear to be in 
better condition, they are also generally less well-monitored, 
and studies suggest that stocks in data-limited regions are 
likely to be in poorer condition than well-monitored stocks 
(Costello et al., 2012). 

There have been considerable efforts to implement 
ecosystem-based management in many of the world’s 
major fisheries. Generally, large stocks that are scientifically 

assessed are doing better and are generally rebuilding, 
rather than declining (Costello et al., 2012; Hilborn & 
Ovando, 2014). Large, assessed stocks are likely to be 
outperforming small stocks or unassessed stocks because 
they receive more management attention, and harvesting 
levels can be informed by data (Hilborn & Ovando, 2014). 
The implementation of long-term management plans that 
include economic and social dimensions of fisheries have 
also been found to be important in achieving sustainable 
fisheries management (Bundy et al., 2017). 

Target 14.5: By 2020, conserve at least 10 per cent of 
coastal and marine areas, consistent with national 
and international law and based on the best available 
scientific information.
As outlined in section 3.2 in relation to Aichi Target 11, 
significant progress has been made in increasing the 
percentage of coastal and marine areas that are covered by 
protected areas, particularly since 2000. As of September 
2018, the World Database on Protected Areas showed 
that 7.44% of the marine realm was covered by protected 
areas (17.23% of marine areas within national jurisdiction 
or 200 miles from the coastline and 1.18% of areas 
beyond national jurisdiction) (UNEP-WCMC & IUCN, 2018). 
Therefore, progress towards expanding protected areas 
in coastal areas has been greater than in marine areas 
beyond national jurisdiction (the High Seas). Increases in 
protected area coverage have been in due in large part to 
the establishment of a few, very large protected areas such 
as those in Hawaii and the Cook Islands. Therefore, in spite 

Figure 3  8   Global trends in the state of world marine fi sh stocks.   
Source: FAO (2018b).
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En abscisse: le temps en années (dates).
En ordonnée: re rapport biomasse capturée sur biomasse capturable (c'est à dire 
permettant le renouvellement des stocks).
Ce graphique montre que lorsqu'il y a des mesures de régulation de la pêche et un 
suivi des populations impactées,  le rapport capturé sur capturable se stabilise aux 
alentours de 1, c'est à dire passe dans un état de prêche durable; cela et 
particulièrement vrai dans les zones de pêche de grandes surfaces. 
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on average, than small, formally unassessed fisheries 
(Costello et al., 2012). Even so, there can exist multiple 
stable points of equilibria within such fully informed social-
ecological systems, given social and natural sources of 
feedback. Fishing effort responds often to the state of 
the fish stock, which is in turn affected by fishing-effort 
levels. If sustainability-oriented decision rules imply that 
the fishing effort falls as the scarcity of the fish rises, then 
they can stabilize stocks as can regulations informed by 
ecological and human response models (Yun et al., 2017) 
(Figure 2.1.23).

Notwithstanding the many types of past contributions to 
support nature, by many private actors, many outcomes 
in private contexts often have indicated a need for public 
responses to scarcities. Public actors with overarching 
mandates have not only set up appropriate frameworks to 
address trade-offs − leading to quantity and price policies 
− but also lowered solutions’ transaction costs. For 
instance, states have required information, e.g., labeling 
with energy use for refrigeration or, more involved, 
certifications of legal sourcing for forest products, under 
which public rejections of illegally harvested timber 

Figure 2  1  23   Fisheries can show positive trends into the future when adequately managed 
and governed.

A  The ratio of observed biomass to the biomass that would provide maximum sustainable yield (B/Bmsy) has stabilized for small 
and large fi sheries that are being constantly monitored (assessed). B  Fisheries can stabilize at different equilibria level when 
managed for single-species (dashed lines), and under ecosystem-based management (dot-dash lines).
Sources: Costello et al. (2012), Yun et al. (2017).
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IPBES, 2019. Global assessment report of the Intergovernmental Science-Policy Platform on 
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Plus le réchauffement climatique sera important plus les pertes de biodiversité seront
élevés. Si la tendance actuelle se poursuit, c'est-à-dire si on atteint une moyenne
mondiale de 3° supplémentaires en 2100, les taux locaux d'extinction des espèces
pourront dépasser les 75 %.
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IPBES: La pollution est une menace majeure pour les services rendus par les 
écosystèmes d'eau douce et la biodiversité à l'échelle mondiale. Elle entraîne la 
disparition d'espèces, des changements dans les cycles biogéochimiques et la 
simplification des réseaux alimentaires aquatiques. Les apports directs de polluants 
industriels, miniers ou domestiques dans les eaux douces sont courants dans les pays 
en développement. Les apports non ponctuels de sédiments, d'engrais et de 
contaminants provenant des activités urbaines et agricoles augmentent dans les pays 
en développement, mais sont déjà très élevés en Amérique du Nord, en Europe et en 
Australie. Les villes plus anciennes disposent souvent de systèmes d'égouts 
mélangeant les eaux usées et les eaux pluviales, qui débordent et contaminent les 
cours d'eau en cas de fort ruissellement.
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contamination. Furthermore, the toxicity of some elements, 
such as chrome and mercury, depends of their speciation, 
so total analysis of the contaminant provides limited insight 
on potential for human exposure.

4.2.4.3 Freshwater pollution

Introduction 
Pollution is a major threat to freshwater services and 
biodiversity globally (Dudgeon, 2013). It leads to extirpation 
of species, changes in biogeochemical cycling and 
simplification of aquatic food webs. Direct inputs of 
industrial, mining or domestic pollutants to freshwaters are 
common in the developing world (e.g., Darwall et al., 2011). 
Nonpoint inputs of sediments, fertilizers and contaminants 
from urban and agricultural activities (Table 4.9) are growing 
in the developing world but already quite high in North 
America, Europe and Australia. Older cities have often 
combined waste and storm water sewer systems that 
overflow and contaminate rivers during high runoff events.

Eutrophication 

Agriculture impacts surface and groundwater due to 
soil erosion, run-off and is the primary source of nutrient 
pollution in the USA. In Asia, it led to high nutrient levels 
in 50% of the rivers and moderate levels in 25% (Evans et 
al., 2012). In China, direct inputs of manure from animal 
production contributes >60% of nutrients to northern rivers 
and up to 95% in the central and southern rivers (Strokal 
et al., 2016). Most major lakes in Latin America and Africa 
have increasing nutrient loads due to livestock wastes and 
runoff of inorganic fertilizer from croplands (UNEP, 2017). 
Urbanization also contributes to nutrient pollution and is now 

considered the dominant threat globally to the integrity of 
water that supplies cities. McDonald et al. (2016) estimate 
that some level of water degradation has now occurred in 
90% of urban source watersheds. From 1900-2005, they 
report an increase in the average pollutant yield of urban 
source watersheds by 47% for phosphorus and 119% 
for nitrogen.

The combination of high levels of organic wastes and high 
nutrient levels leads to dramatic declines in oxygen owing 
to microbial respiration, with cascading ecosystem effects 
such as hypoxic “dead zones” (Diaz & Rosenberg, 2008), 
leading to declines in fisheries and other aquatic organisms 
that are the main source of protein for many people.

Pharmaceuticals and other chemicals

Pollution from pesticides and other organic pollutants 
occurs worldwide. Malaj et al. (2014) found that up to 75% 
of the sites sampled in river basins in the north-western 
region of Europe had organic chemical levels posing a 
very high risk (often acute toxicity levels) to invertebrates, 
fish, algae and other aquatic organisms. Pollution from 
wastewater discharge in rapidly developing countries is high 
with Asian river basins having the highest number of people 
living in wastewater-polluted river basins (Wen et al., 2017). 
At least 38 pharmaceutical substances are found in surface 
and ground waters throughout the world and up to 100 in 
the USA and some European countries (Beek et al., 2016).

Salinization

Most freshwater organisms cannot tolerate saline water 
and ecosystem processes including biogeochemical 
transformations and food web transfers are harmed. High 
salinity in rivers and streams can result from natural sources, 

FORM OF POLLUTION AGRICULTURE URBANIZATION INDUSTRY MINING

Pesticides  

Herbicides  

Nutrients  

Silt/sedimentation  

Metals   

Pharmaceuticals

Salinization

Petroleum products  

Table  4  9    Dominant forms of pollution wide and the underlying causes. Source: Laws (2017); 
Mekonnen & Hoekstra (2015); Stehle & Schulz (2015); UNEP (2016).
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Dans la moitié nord-ouest de la France, de nombreuses nappes phréatiques montrent 
une teneur en nitrate supérieure à 50 mg par litre, c’est-à-dire qu’elle dépasse la 
limite de portabilité. Cette pollution est durable car les nappes phréatiques se 
renouvellent lentement
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Dans la moitié nord-ouest de la France, de 
nombreuses nappes phréatiques montrent une 
teneur en nitrate supérieure à 50 mg par litre, 
c’est-à-dire qu’elle dépasse la limite de 
portabilité. Cette pollution est durable car les 
nappes phréatiques se renouvellent lentement.



À l'excepQon notable de l'Europe, la polluQon des eaux par le phosphore et l'azote 
augmente dans toutes les régions du monde.
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Guignard et al. Nitrogen and Phosphorus: Genomes to Ecosystems

FIGURE 2 | Consumption of N and P fertilizer by year (A) globally, and (B,C) by world regions, from 1961 to 2014. Data are available from the Food and Agriculture

Organization of the United Nations (FAO, 2016).

fixation of dinitrogen gas more than 50 years ago. It affects vast
areas by increased deposition of oxidized and reduced N with
increased runoff of N to freshwater and coastal areas (Galloway
et al., 2013).

Anthropogenic N-deposition also originates from nitrogen
oxides created during fossil fuel combustion, from nitrogen
fixation of cultivated legumes (Ciais et al., 2014), and ammonia
produced from animal wastes (Sutton et al., 2013). This elevated
N-deposition may shift ecosystems from N to P limitation, with
subsequent detrimental ecosystem impacts (Elser et al., 2009,
2010). Conversely, the deposition of P from P-rich dust from
sand and agricultural soils may shift some ecosystems from P to
N limitation (e.g., mountain lakes: Camarero and Catalan, 2012;
Brahney et al., 2015).

In ecosystems, N and P are bound within waste organic
products and dead organic matter (e.g., in nucleic acids). They
must first be remineralized to release inorganic orthophosphates
or dissolved and reduced to inorganic nitrate and ammonia
before either element can be absorbed by primary producers
(i.e., autotrophic bacteria, algae, plants). The mineralization
of organic to inorganic forms of N and P is completed
primarily by microorganisms as they metabolize carbon (Spohn
and Kuzyakov, 2013). These microorganisms also require N
investment to synthesize the alkaline phosphatase enzymes that
release P. Because organic N concentrations are higher than
those of P, this investment is balanced by N availability and
the corresponding gain in P. In terrestrial systems, P cycling is
closely linked to mycorrhizal fungi in plant roots that release
extracellular phosphatases. If N is applied above a certain
threshold, P cycles faster in response to greater N availability for
producing phosphatase enzymes. This in turn results in faster
rates of P removal and increased P limitation (Vitousek et al.,
2010). This implies that elemental imbalances generated at the
molecular level can influence elemental stoichiometry in the
ecosystem.

In agriculture, nutrients are also lost from ecosystems when
crop products are harvested, leaving less plant litter to decompose
and fewer nutrients to be returned to the soil. Consequently,
fertilizers are added to build and maintain soil fertility. When

applied at excessive levels, however, N and P may be lost via
leaching, runoff, and erosion (e.g., globally, an estimated 15
million tons of P are lost annually from crop fields due to erosion;
Smil, 2000), and an estimated 8 million tons of P are lost in
runoff from arable land annually (Cordell et al., 2009). Nitrogen
is additionally removed from an ecosystem as N2 and N2O gases
derived from microbial denitrification (when bacteria use nitrate
as a source of oxygen) and anaerobic ammonium oxidation (or
anammox, when the oxidation of ammonium is coupled with
the reduction of nitrite). With entry into aquatic systems, N and
P will trigger eutrophication before being cycled or buried as
sediments.

Future Research Priorities

Frequently, the stores, fluxes, and cycling of N and P have
been considered separately, partly because of the relative ease
of tracing N cycles compared with P. A unified interdisciplinary
approach is needed to fully understand macronutrient fate and
transport through the ecosystem. It needs to incorporate both
terrestrial and aquatic components of the landscape as well as
how different macronutrient cycles interact (Grimm et al., 2003;
Guenet et al., 2010; Soininen et al., 2015). A better understanding
of how N:P supply ratios affect microbial activity (e.g., nitrogen-
fixing bacteria and mycorrhizal fungi), and subsequently the flow
of these nutrients to and between organisms (e.g., Cherif and
Loreau, 2009), may be obtained via controlled experiments. This
may help to develop a clearer understanding of the impact of
fertilizers on soil and water health and a more informed and
environmentally sensitive approach to how we use fertilizers.
The urgent need for a more comprehensive understanding is
highlighted by the rising concern of a potential global scarcity of
P (Cordell et al., 2009).

(2) N and P Usage within Organisms and
Genome Structure
Nucleic acids are approximately 39% N and nearly 9% P by
mass (Sterner and Elser, 2002), making them among the most
N- and P-demanding biomolecules of the cell. Accordingly, the
nucleus of eukaryotes represents a substantial sink for N and P.

Frontiers in Ecology and Evolution | www.frontiersin.org 3 July 2017 | Volume 5 | Article 70

Guignard et al. 2017. Fron@ers in Ecology and Evolu@on 5: 70
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IPBES: Les polymères organiques synthétiques (plastiques) persistent et s'accumulent 
dans l'environnement, peuvent être transportés sur de longues distances (jusqu'à des 
régions polaires éloignées) et peuvent avoir des effets nocifs sur la faune et la flore et 
sur l'homme. Contrairement aux POP (polymères organiques persistants), leur 
production est très élevée et continue d'augmenter, de sorte que les préoccupations 
mondiales concernant la pollution plastique égalent ou dépassent celles relatives aux 
autres POP, en particulier en ce qui concerne l'environnement marin, qui constitue un 
puits pour les déchets plastiques mis au rebut.
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100% expected to be exposed by 2050 (Wilcox et al., 
2015). Sea turtles are similarly affected (Schuyler et al., 
2015), as are at least 693 other marine species that have 
been recorded to be compromised by plastic pollution 
(CBD, 2016). Much of the plastic is released as or broken 
down into small microplastic (1 µm-1mm) or nanoplastic 
(<1µm) particles. While the harmful effects of microplastic 
debris are well understood, the long-term effects of the 
smallest fragments are only now emerging (Galloway & 
Lewis, 2016), including their tendency to interact with 
other pollutants (GESAMP, 2015), facilitate diseases 
(Lamb et al., 2018), and transmit through the food chain 
(Figure 4.2.9).

Clearly, another ‘Silent spring’ scenario seems plausible, if 
effects on numerous wildlife species continue to accelerate 
further. Because plastic persists and accumulates in the 
environment in similar ways POPs do, a zero-net-release 
policy that builds upon the successful Stockholm Convention 
(SC) on Persistent Organic Pollutants (POPs) may be a 
promising strategy to mitigate the risk posed by current and 
future levels of plastic pollution. Yet, in contrast to traditional 
POPs, which are largely emitted by industry, plastic pollution 
touches every person’s life, and requires a broader societal 
effort including designers, producers, regulators, and 
consumers of plastic products to engage in comprehensive 
solutions (GESAMP, 2015; Worm et al., 2017).

4.2.2.4.2 Nutrient loads and eutrophication

Numerous model projections show that coastal zones in 
many world regions are almost certain to see increases 
in nitrogen (N) and phosphorus (P) from increasing river 
loads in the coming decades (Sutton et al., 2013; Figure 
4.2.10). In contrast, silica (Si) river export is decreasing 
globally as a result of retention in the increasing number 
of reservoirs in the world’s river systems and this trend 
will also continue in many parts of the world. The result of 
these simultaneous changes of N, P and Si will continue 
to alter nutrient stoichiometry, affecting not only total algal 
growth but also biodiversity in coastal waters, including 
the propensity for harmful algal blooms (HABs). The 
enhanced primary production in coastal surface waters 
can cause eutrophication, with subsequent sinking of 
excess degradable organic matter to bottom waters 
where aerobic microbial decomposition reduces oxygen 
concentration. The decline in oxygen concentrations due 
to nutrient loads in coastal waters will likely be exacerbated 
with climate change, due to decreased oxygen solubility in 
warmer waters and decreased oxygen transport to deeper 
waters because of stronger stratification of the water 
column (Breitburg et al., 2018). The expansion of areas 
of low oxygen will impact marine biodiversity at all levels 
from individuals’ physiology and behavior, to populations’ 
demography and range shifts with consequences for 

Figure 4  2  9   Possible pathways by which plastic pollutants of different size classes enter the 
food chain and propagate to higher trophic levels, including humans. 

After Worm et al. (2017).
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IPBES: 13 168 espèces végétales, correspondant à 3,9 % de la flore vasculaire 
mondiale existante, ou à peu près la taille de la flore européenne indigène, se sont 
naturalisées quelque part en raison de l'acQvité humaine. Au niveau mondial, 27 % de 
tous les animaux menacés le sont par des organismes envahissants. Les espèces 
exoQques envahissantes sont responsables de 30 % des oiseaux menacés (et jusqu'à 
67 % sur les îles), 11 % des amphibiens menacés et 8 % des sites de mammifères 
menacés.
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Du fait de ses territoires ultra marins, la France détient une responsabilité particulière 
en matière de protection de la biodiversité de la zone inter-tropicale
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8 98 9

Oiseaux
1 766

Métropole : 599 
Outre-mer : 1 440

Poissons 
5 777

Métropole : 846
Outre-mer : 5 142

Lichens
4 390

Métropole : 3 146
Outre-mer : 1 563

Libellules et demoiselles 
477

Métropole : 97 
Outre-mer : 393

Champignons à chapeau
10 926

Métropole : 9 720 
Outre-mer : 1 559

Araignées
2 749

Métropole : 1 700 
Outre-mer : 1 077

Papillons 
14 056

Métropole : 5 577
Outre-mer : 8 632

Coléoptères
23 459

Métropole : 10 969 
Outre-mer : 12 780

Crustacés
10 019

Métropole : 4 408
Outre-mer : 5 909

Mousses
3 621

Métropole : 1 279
Outre-mer : 2 632

Amphibiens
180

Métropole : 44 
Outre-mer : 137

Plantes à fleurs 
18 782

Métropole : 7 113
Outre-mer : 12 361

Mammifères 
435

Métropole : 161
Outre-mer : 320

Polynésie française 
12 836

Clipperton
954

Saint-Martin - 2 380
Saint-Barthélemy - 2 323

Guadeloupe - 11 032
Martinique - 7 853

Guyane
29 329

Saint-Pierre
et-Miquelon

2 385

Mayotte
6 440

Îles Éparses
(TAAF)
2 149

Crozet
Kerguelen

Saint-Paul
 et Amsterdam

Îles 
Subantarctiques

(TAAF) - 2 805

(TAAF)

Nouvelle-Calédonie
29 652

Wallis-et-Futuna
2 882

La Réunion
12 866

France 
métropolitaine

100 436

1 007

Terre Adélie

Reptiles
418

Métropole : 47
Outre-mer : 378

LES ESPÈCES INVENTORIÉES  
EN FRANCE

 À l’aube d’une 6e extinction, la connaissance  
des espèces revêt une importance primordiale  

pour la préservation de la biodiversité 
Bruno David 

Président du Muséum national d’Histoire naturelle,  
paléontologue et biologiste

NOMBRE D’ESPÈCES 
ACTUELLEMENT RÉPERTORIÉES

   100 436
espèces en métropole 

& 91 783
en outre-mer

Coraux
1 224

Métropole : 106
Outre-mer : 1 132

Sauterelles et grillons
942

Métropole : 233 
Outre-mer : 716

Mollusques
12 185

Métropole : 2 392 
Outre-mer : 9 977
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INPN & ONB, 2021. La 
biodiversité en France. 

100 chiffres expliqués sur 
les espèces. Paris, OFB.



En France métropolitaine et d'outre-mer, la liste rouge des espèces menacées est 
basée sur l'évaluaQon du statut de17 367 espèces depuis 2008. Aujourd'hui, 2 903 
sont menacées et 189 sont éteintes. 
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En France métropolitaine et d'outre-mer, la liste rouge des espèces menacées est 
basée sur l'évaluation du statut de17 367 espèces depuis 2008. Aujourd'hui, 2 903 
sont menacées et 189 sont éteintes.
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En abscisse: le temps en années.
En ordonnée: le pourcentage de persistance (en % de l'effecQf iniQal; à gauche) ou en 
probabilité d'exQncQon (de 0 à 1).
Plus les effecQfs d'une populaQon sont peQts, plus les risques de dispariQon locale 
sont grands. D'où l'importance d'avoir des échanges d'individus entre populaQons à 
faibles effecQfs et populaQons à forts effecQfs ; c'est l'enjeu majeur de la connecQvité 
écologique.
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Table 1. Continued. 

Texas 

1 Apache 1937 25 + .08 
2 Baylor Mts 1937 25 + .08 
3 Beach Mts 1937 25 -I- .08 
4 Carrizo 1937 25 + .08 
5 Chinatic 1937 21 + . l 9  
6 Delaware 1937 25 + .08 
7 Eagle Mts 1937 25 + .08 

8 Glass Mts 1937 21 + .19 NS 
9 Guadalupe 1937 25 + .08 NS 

NS 10 Sierra Diab 1937 25 + .08 NS 
NS 
NS 
NS New Mexico 
NS 
NS 1 Big Hatchet 1953 28 + .37 * 
NS 2 San Andreas 1941 31 + .47 *I 

Weather stations used in the above were located a t  (California] Baker, Barstour, Bbhop, Bishop Creek, Blythe, Death Vallq, El C a m ,  Lone Pine, 
Needles, Twentynine Palms; (Colorado) Alamosa, A s p g  Canon City, Delta, Estes Park, Grand Junctiolz, Lake CirY, Monhose, Rifle; (Nevada) 
Austifi L a s  Vegas, Searchlight, Tonopah; (New Mexico) Jornarla Experiment Statioion; (Texasj Pecos, Van Horn 

for the populations that I examined, then a negative 
relationship between food abundance at each site and 
time should be characteristic of populations experienc- 
ing extinctions. Also, larger populations should not be 
associated with declining food abundance because it is 
the smaller populations that are more susceptible to 
extinction (Fig. 1). Annual precipitation was used as an 
indicator of food abundance since it is a good predictor 
of primary productivity in xeric environments (Rosen- 
zweig 1968; Coe et al. 1976), and data on precipitation 
were available as far back as 1915. At none of the 122 
sites was the relationship between estimated primary 
productivity and time negative, suggesting that declin- 
ing food was not responsible for the extinctions (Table 
1 ). In contrast, 17 percent of the 122 sites had increas- 
ing estimated plant productivity and 5 (all with fewer 
than 50 sheep) experienced extinction (Table 2). No 
association occurred between the size of extinct popu- 
lations and estimated plant productivity ( Gadr = 0.12; df 
= 1; NS; Table 2). This nonsignificant relationship re- 
mains unaltered by exclusion of populations from Col- 
orado where precipitation is often in the form of snow. 
While numerous factors may account for the demises of 
small populations, neither food nor weather appears to 
be among them. 

The last two potential factors responsible for the 
rapid extinctions, predation and interspecitic competi- 
tion, appear to have played minor roles, if any. Though 
accounts of predation on sheep are available (Murie 
1944; Geist 1971; Kelly 1980), carnivore densities are 
linked to prey biomass (Hornocker 1970; Sunquist & 
Sunquist 1989). Where sheep densities are low, as in the 
Mohave desert, and populations are declining, no evi- 
dence indicates that predation effectively reduces pop- 
ulation size, especially because prey items vary with 
availability (Stephens & Krebs 1986). And, while moun- 
tain lions (Felis concolor) are thought to be more effi- 
cient predators of sheep than are coyotes (Canis lu- 
trans) (McCutchen 1982; Berger 1990), lions do not 
occur in many of the desert ranges where sheep are 
found (Smallwood & Fitzbugh 1987). Finally, if inter- 

specific food competition were responsible for demises 
of native sheep, cattle or other herbivores should cooc- 
cupy sheep habitat and share the same food. Although 
cattle (and wild horses) prefer grasses, as do native 
sheep (Bailey 1980; Hanley & Hanley 1982), these spe- 
cies occupy different habitats, and interspecific effects 
on sheep population size have yet to be demonstrated 
(Berger 1986). 

Potential Genetic and Etiological Effects 

In contrast to the negative evidence given above, some 
data suggest that both genetic (Schwartz et al. 1986) 
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Figure 1. Relationships between time and theper- 
centage of populations persisting according to five 
population size categories Sample sizes for each cat- 
egoty at 10-year intervals as follows: 1-1 5 individu- 
als: 53, 54, 40, 19, 7, 4, 0; 1630  individuals: 32, 30, 
20, 8, 5, 4, 1; 31-50 individuals: 41, 34, 18, 14, 8, 4, 
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flect samples based on less than four populations 

Conservation Biology 
Volume 4, No. 1, March 1990 

 15231739, 1990, 1, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/j.1523-1739.1990.tb00271.x by Portail BibCN

RS IN
EE, W

iley O
nline Library on [13/04/2024]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License

Be
rg

er
 1

99
0.

 C
on

se
rv

aX
on

 B
io

lo
gy

 4
: 9

1-
98

1000 years for population sizes of 40, 60, 80, 100 and 120
elephants using both ELEPHANT and VORTEX. One
thousand simulations were run for each population size.

RESULTS
Population sizes of 10, 25 and 50 individuals had extinc-
tion probabilities of 33.2%, 3.1% and 0.0%, respectively
over 100 years. These results are in general agreement
with the results of Sukumar & Santiapillai (1993), who
obtained extinction probabilities of 35%, 5% and <1%
for populations of 10, 25 and 50 elephants, respectively,
over 100 years. Thus, our simulations with VORTEX
provide an adequate approximation of the simulations
run by Sukumar & Santiapillai (1993).

Simulations with ELEPHANT indicate an approxi-
mately 200 year lag period before the extinction process
begins (Fig. 1(a)). For all initial population sizes of 40
or larger, the probability of extinction at 200 years is
very low (0.0–4%), and then increases approximately
linearly thereafter. Similar to results with ELEPHANT,
the simulations with VORTEX display an approximately
200 year lag period before the extinction process begins
(Fig. 1(b)). Again the probabilities of extinction are low
at 200 years (0.0–4%), and then increase steadily there-
after. The 200 year lag effect is therefore robust, and not
merely an artifact of either the ELEPHANT or VOR-
TEX algorithm. Extinction probabilities for a given pop-
ulation size differ between ELEPHANT and VORTEX
(Fig. 1).

DISCUSSION
Figure 1 clearly demonstrates that conclusions regard-
ing population viability of Asian elephants based on the
probability of extinction over 100 years seriously under-
estimate the longer-term probability of extinction.
Sukumar & Santiapillai (1993) concluded that a popu-
lation of 50 elephants would have a <1% probability of
extinction over 100 years, and thus recommended this
number as a goal for maintaining viable populations of
E. maximus in Sumatra. Our analysis indicates that over
a 1000 year time frame, even a population of 100 ele-
phants would have a 6–17% probability of extinction
(Fig. 1). Increasing the population size from 100 to 120
elephants decreases the probability of extinction to 4–7%
over 1000 years (Fig. 1). These results probably under-
estimate true risks of extinction, since they assume a car-
rying capacity of 120% the initial population size, and
no habitat loss over the 1000 year period we examined.

The difference between probabilities of extinction
based on 100 and 1000 year time frames is in part due
to the approximately 200 year lag time before extinc-
tions start to take place in both ELEPHANT and VOR-
TEX (Fig. 1). This lag effect occurs because, except for
instantaneous catastrophes, some time must elapse
before populations can decline deterministically and/or
stochastically to extinction. Although the deterministic
growth rate of all populations in these simulations is
positive, environmental stochasticity can cause the long-
term growth rate to be negative. Demographic stochas-
ticity also exerts a net downward trend at small
population sizes (Lande, 1998). When the long-term
growth rate is negative, a population tends to decline
towards extinction, and the time to extinction will be
determined in part by the generation time. Because of
the long generation time of E. maximus, populations with
a negative long-term growth rate decline but rarely go
extinct within the 100 year time period considered by
Sukumar & Santiapillai (1993). Analytical studies of
population extinction in a stochastic environment also
find evidence of a lag period before a steady rate of
extinction is approached (Ginzburg et al., 1982; Lande
& Orzack, 1988; Ludwig, 1996), similar to the results
of our simulations and those of Goodman (1987).

71Time frames for PVA

Fig. 1. Cumulative probability of extinction for elephant pop-
ulations of five initial sizes. (a) Simulations run with the algo-
rithm ELEPHANT (Armbruster & Lande, 1993). (b)
Simulations run with VORTEX software (Lacy, 1993). !, ini-
tial population = 40; ", initial population = 60; #, initial pop-
ulation = 80; $, initial population = 100; %, initial population
= 120.
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elephants using both ELEPHANT and VORTEX. One
thousand simulations were run for each population size.

RESULTS
Population sizes of 10, 25 and 50 individuals had extinc-
tion probabilities of 33.2%, 3.1% and 0.0%, respectively
over 100 years. These results are in general agreement
with the results of Sukumar & Santiapillai (1993), who
obtained extinction probabilities of 35%, 5% and <1%
for populations of 10, 25 and 50 elephants, respectively,
over 100 years. Thus, our simulations with VORTEX
provide an adequate approximation of the simulations
run by Sukumar & Santiapillai (1993).

Simulations with ELEPHANT indicate an approxi-
mately 200 year lag period before the extinction process
begins (Fig. 1(a)). For all initial population sizes of 40
or larger, the probability of extinction at 200 years is
very low (0.0–4%), and then increases approximately
linearly thereafter. Similar to results with ELEPHANT,
the simulations with VORTEX display an approximately
200 year lag period before the extinction process begins
(Fig. 1(b)). Again the probabilities of extinction are low
at 200 years (0.0–4%), and then increase steadily there-
after. The 200 year lag effect is therefore robust, and not
merely an artifact of either the ELEPHANT or VOR-
TEX algorithm. Extinction probabilities for a given pop-
ulation size differ between ELEPHANT and VORTEX
(Fig. 1).

DISCUSSION
Figure 1 clearly demonstrates that conclusions regard-
ing population viability of Asian elephants based on the
probability of extinction over 100 years seriously under-
estimate the longer-term probability of extinction.
Sukumar & Santiapillai (1993) concluded that a popu-
lation of 50 elephants would have a <1% probability of
extinction over 100 years, and thus recommended this
number as a goal for maintaining viable populations of
E. maximus in Sumatra. Our analysis indicates that over
a 1000 year time frame, even a population of 100 ele-
phants would have a 6–17% probability of extinction
(Fig. 1). Increasing the population size from 100 to 120
elephants decreases the probability of extinction to 4–7%
over 1000 years (Fig. 1). These results probably under-
estimate true risks of extinction, since they assume a car-
rying capacity of 120% the initial population size, and
no habitat loss over the 1000 year period we examined.

The difference between probabilities of extinction
based on 100 and 1000 year time frames is in part due
to the approximately 200 year lag time before extinc-
tions start to take place in both ELEPHANT and VOR-
TEX (Fig. 1). This lag effect occurs because, except for
instantaneous catastrophes, some time must elapse
before populations can decline deterministically and/or
stochastically to extinction. Although the deterministic
growth rate of all populations in these simulations is
positive, environmental stochasticity can cause the long-
term growth rate to be negative. Demographic stochas-
ticity also exerts a net downward trend at small
population sizes (Lande, 1998). When the long-term
growth rate is negative, a population tends to decline
towards extinction, and the time to extinction will be
determined in part by the generation time. Because of
the long generation time of E. maximus, populations with
a negative long-term growth rate decline but rarely go
extinct within the 100 year time period considered by
Sukumar & Santiapillai (1993). Analytical studies of
population extinction in a stochastic environment also
find evidence of a lag period before a steady rate of
extinction is approached (Ginzburg et al., 1982; Lande
& Orzack, 1988; Ludwig, 1996), similar to the results
of our simulations and those of Goodman (1987).

71Time frames for PVA

Fig. 1. Cumulative probability of extinction for elephant pop-
ulations of five initial sizes. (a) Simulations run with the algo-
rithm ELEPHANT (Armbruster & Lande, 1993). (b)
Simulations run with VORTEX software (Lacy, 1993). !, ini-
tial population = 40; ", initial population = 60; #, initial pop-
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SimulaFon (avec le modèle ELEPHANT) de la 
probabilité d’exFncFon de l’éléphant d’Asie en

funcFon de l’effecFf iniFal de la populaFon



Les aires protégées dans le monde, au statut et au degré de producQon variables, 
couvrent 14,7 % de la surface des conQnents et 8 % de la surface des océans.
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forthcoming global assessment. A key requirement of global 
indicators is that they must be generated from data that are 
comparable between countries. !is means that, ideally, they 
should be derived from a single standardised data source. In 
the absence of the WDPA, it would be impossible to measure 
progress either globally or between countries without replica-
tion of a considerable data-collection e"ort. !e 19 references 
between 2004 and 2018 to the WDPA and Protected Planet in 
decisions of the CBD Conference of the Parties (see Supple-
mentary Material) are evidence of its central importance in 
international conservation and sustainable-use agreements.

 2. Use by government agencies. 
!e relationship between the WDPA and national govern-
ments is a collaborative one, with associated bene#ts on both 
sides. For the majority of countries and territories, govern-
ment agencies are the data providers to the WDPA. !is 
relationship enables the WDPA to maintain its status as the 
most comprehensive global database on protected areas, while 
in turn providing added value back to data providers. For 
governments with limited capacity to manage, centralise or 
disseminate spatial data, the availability of WDPA data on the 
Protected Planet web portal allows their data to be viewed and 
downloaded. !ere are also examples of government agencies 
using the WDPA to inform spatial planning decisions, and as a 
layer within their own tools. !ese users include the US Army, 
which relies upon the database to delimit ‘no-build zones’ 
around World Heritage Sites8,9, and the National Aeronautics 
and Space Administration (NASA), which uses the database 
to provide information on active #res in and around protected 
areas to natural resource managers10. In another instance, the 
Korea National Park Service collaborated with UNEP-WCMC 
on a systematic conservation-planning exercise in 2016, build-
ing on the WDPA to identify priority areas for future protec-
tion11. Similarly, the Tanzania Forest Service combined the 
WDPA with species data to prioritise Forest Reserves to up-

grade to the status of Nature Reserves. !e resulting network 
of nine Nature Reserves will soon be collectively proposed to 
receive World Heritage status12. Additionally, the Jamaican Na-
tional Environment and Planning Agency used the WDPA as a 
template to inform the development of its national protected-
area database13. In other cases, national governments have 
used the WDPA to inform reports that go beyond biodiversity 
issues, such as those related to human health. One such  
case is the Kenyan Ministry of Health, which used the WDPA 
in a 2016 report on controlling the spread of malaria14.  
A #nal example of government use is uptake of the WDPA by 
the Millennium Challenge Corporation (MCC),  
a US government aid agency that uses third-party indicators  
to assign funds to speci#c countries. One of its indicators, 
‘Natural Resource Protection’, uses the WDPA to measure gov-
ernments’ commitment to habitat preservation and biodiver-
sity protection (https://www.mcc.gov/who-we-fund/indicator/
natural-resource-protection). Since its creation in 2004, the 
MCC has included the WDPA in a suite of indicators that have 
been used to make decisions on investments amounting to 
US$13 billion.

 3. Use by non-governmental organizations (NGOs) and inter-
governmental institutions. 
!e WDPA is widely used by conservation-related NGOs  
and intergovernmental institutions to inform their conserva-
tion strategies. An example is the KBA Partnership formed in 
2016, which comprises 12 of the largest conservation organi-
zations in the world (http://www.keybiodiversityareas.org/
kba-partners). !e WDPA is used by the KBA Partnership to 
delineate KBAs that overlap partially or entirely with protected 
areas, and to assess the level of protection of KBAs15 as an 
indicator of progress toward Aichi Biodiversity Target 11 and 
Sustainable Development Goals 14 and 15 (ref. 16).  
In another example, the World Wide Fund for Nature (WWF) 
and the Zoological Society of London have used the WDPA to 

Terrestrial protected areas Marine and coastal protected areas

Fig. 1 | Map of the world, showing the locations of protected areas on land and in the ocean, based on spatial data derived from the WDPA43. Source: 
UNEP-WCMC and IUCN (2019). Protected Planet: The World Database on Protected Areas (WDPA, January 2019, Cambridge, UK: UNEP-WCMC. 
Available at www.protectedplanet.net (accessed January 2019).
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Une étude réalisée en 2019 par le Muséum naQonal d’Histoire naturelle au sein du 
programme Vigie-Nature, reposant sur plus de 200 000 observaQons de plus de 200 
espèces d'oiseaux communs dans 1 933 sites à l’échelle naQonale montre que les 
abondances (toutes espèces confondues), sont bien meilleures dans les réserves 
qu’ailleurs en France, avec une augmentaQon de 0,9% des effecQfs par an en 
moyenne dans les réserves depuis 2004, soit +12,5% en 15 ans.
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   Dijon, le 09 octobre 2019 
 

COMMUNIQUE DE PRESSE 
 

Les Réserves naturelles, efficaces pour éviter  
la disparition des oiseaux communs  

 

Une étude publiée en septembre 2019 par Réserves naturelles de France et une équipe de scientifiques 
confirme l¶effeW posiWif des Réserves naturelles sur la préservation des oiseaux. Alors que les populations 

d¶oiseaX[ commXns onW baissp en moyenne de 6,6% sur le territoire métropolitain entre 2004 et 2018, 
elles augmentent sur la même période de 12,5% dans les Réserves naturelles. 

 
Alors que de nombreuses études en France (MNHN/CNRS 2018), en Europe (Inger et al. 2014) ou encore tout 
récemment en Amérique du Nord (Rosenberg et al. 2019) révèlent une disparition massive des oiseaux communs à 
O¶pFKHOOH du globe, Réserves naturelles de France démontre que la protection et la gestion des milieux naturels 
onW Xn impacW posiWif sXr les Wendances d¶pYolXWion des popXlaWions d¶oiseaX[ commXns. 
 
Cette étude, réalisée en 2019, a mobilisé les données collectées selon le protocole national STOC (Suivi Temporel des 
Oiseaux Communs), fRQGp HW SRUWp SDU OH 0XVpXP QDWLRQDO G¶+LVWRLUH QDWXUHOOH au sein du programme Vigie-Nature. 
Appliqué dans 94 Réserves naturelles entre 2004 et 2018, ce protocole a permis de réunir plus de 200 000 observations 
sur plus de 200 espèces ainsi que, pour analyse comparative, les suivis réalisés daQV 1 933 VLWHV j O¶pFKHOOH QDWLRQDOH. 
 
Les résultats indiquent que les tendances des oiseaux communs, ainsi que les abondances (toutes espèces confondues), 
VRQW ELHQ PHLOOHXUHV GDQV OHV UpVHUYHV TX¶DLOOHXUV HQ )UDQFH, DYHF XQH DXJPHQWDWLRQ GH 0,9% GHV HIIHctifs par an en 
moyenne dans les réserves depuis 2004, soit +12,5% en 15 ans. 
 

 
 
Sur 56 espèces communes présentant des tendances statistiquement fiables en RpVHUYH QDWXUHOOH, O¶pWXGH D PLV HQ 
évidence un « effet réserve » significatif, les 
populations de ces espèces se portant mieux dans ces 
HVSDFHV SURWpJpV TX¶HQ GHKRUV.  

 
 
 
 
 
 
 
Proportions de tendances selon les sites étudiés chez 56 
espèces communes entre 2004 et 2018 
 

Tendances des oiseaux communs en  
France métropolitaine (hors réserves)  

et dans les Réserves naturelles de 2004 à 2018  
 

https://www.vigienature.fr/sites/vigienature/files/atoms/files/les_reserves_natu
relles_efficaces_pour_eviter_la_disparition_des_oiseaux_communs.pdf

https://www.vigienature.fr/fr/page/produire-
des-indicateurs-partir-des-indices-des-

especes-habitat
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Au cours de la dégradation d'un écosystème, les rétroactions positives renforcent et 
accélèrent les processus dommageables par un mécanisme de conséquences en
chaîne, ce qui conduit à un état « irréversible » (pas de capacité d'autoréparation). Un 
écosystème dégradé n'est plus un système puisque la plupart des rétroactions
négatives ont disparu.
Pour restaurer un écosystème, il faut provoquer une rétroaction négative, par 
exemple apporter de la matière organique au sol , ce qui va permettre de remonter la 
production végétale, accroître la densité de la faune du sol dont l'activité va
augmenter la porosité du sol et par conséquent l'infiltration de l'eau.
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Perrow M.R. & Davy A.J. 2002. Handbook of 

Ecological restoration. Principles of Restoration. 
Cambridge, Cambridge University Press 

13. Restaura>on des écosystèmes dégradés



Deux types de seuils, physiques et biologiques, limitent la récupération naturelle des 
écosystèmes dégradés, ce qui nécessite différentes approches de restauration: 
reconstitution de communautés végétales et reintroduction d’espèces dans le 
premier cas, lourds travaux de morphologie ou d’hydraulique dans le second.

45

Deux types de seuils
limitent la récupération

naturelle des écosystèmes
endommagés, ce qui 
nécessite différentes

approches de restauration

13. Restaura>on des écosystèmes dégradés

Perrow M.R. & Davy A.J. 2002. Handbook 
of Ecological restoration. Principles of 
Restoration. Cambridge, Cambridge 

University Press 



En abscisse: type d'intervenQon de restauraQon (témoin après arrachage des arbres 
morts, sol labouré et aplani, sol ensemencé avec des graines du commerce, sol privé 
de sa parQe superficielle, transfert de foin -et de ses graines- prélevé dans le même 
écosystème intact, transfert de sol avec sa banque de graines provenant du même 
écosystème intact.
En ordonnée: indice de reconsQtuQon à l'idenQque du couvert végétal par rapport à 
l'écosystème de référence, de 0 à 1.
Lors de la restauraQon de la steppe de la Crau, différentes techniques ont été testées. 
La plus efficace est l'apport de sol naturel avec sa bande de graines prélevé dans une 
parQe intacte de la Crau : c'est avec ceme modalité que la composiQon de la 
communauté végétale est la plus proche de celle de la communauté naturelle non 
dégradée.
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spe cies seeding  
Topsoil  
removal  Hay tran sfer  Soil  tran sfer  Steppe 
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Fig. 2. Schematic representation of terms used in the manuscript. Dark grey represents the most degraded states: abandoned orchard which is not studied in the present
paper, control without dead trees and rehabilitated after soil leveling; light grey represents the four tested restoration techniques: covering species seeding, topsoil removal,
hay  transfer, and soil transfer; white represents the steppe, which is the reference ecosystem.

cultivation in the La Crau area in the 1970s (Fabre, 1997). As con-
trol, we used a 2 ha area (Fig. 1B) where trees had been removed
for safety purposes but where soils had not been leveled (Fig. 2)
(Jaunatre et al., 2011).

Because of the constraints imposed by the multiple stakehold-
ers of the project (i.e., costs reduction, homogeneous areas, etc.),
we were obliged to apply each treatment to a few large areas
rather than using the classic scientific experimental design of many
small areas. However, the only difference between multiple sam-
pling from several large treatment areas and single sampling from
numerous small treatment areas is that when small areas are
treated, the areas between samples are not included in the treat-
ment. Designing a restoration project which leaves areas untreated
would appear counter-productive, making it difficult to obtain
approval within a large-scale restoration project (Jaunatre et al.,
2011).

2.4. Soil seed bank and seed sources

Germination potential was assessed from five types of sam-
ple: four types of soil seed bank and one hay seed bank. The four
types of soil seed bank were collected from the 0–10 cm layer
from control, rehabilitated area, topsoil removal, and soil donor
sites. Each seed bank was estimated according to the concentrated
seedling emergence method (Ter Heerdt et al., 1996) using ten 2l
soil samples. Ten hay seed bank samples were spread on the same
substrate as the soil seed bank samples: a 1:4 compost:vermiculite
mix. All the samples were randomly placed in a greenhouse and
germinations were counted, identified, and removed every week
for 3 months. These data were used to estimate germinated seed
species-richness and the numbers of germinated seeds from tar-
get and non-target species. Target species were species found in
the reference steppe communities (Molinier and Tallon, 1950).
Species names for identification from the seed bank or above-
ground vegetation are according to the data base of metropolitan
French tracheophytes (Tela Botanica, 2012).

2.5. Vegetation survey

On the steppe, control, rehabilitated area, covering species seed-
ing, hay transfer, and soil transfer sites, 18 2 × 2 m quadrats were
surveyed. For topsoil removal, which covered too small an area
for such an extensive survey, 9 2 × 2 m quadrats were surveyed.
Quadrats were all placed at least 20 m from the edge of the area
under treatment. Every May  from the first (2010) to the third (2012)
year after treatment, on each quadrat, plant species were identified,
a Braun-Blanquet abundance-dominance coefficient was deter-
mined for each recorded plant species (Braun-Blanquet et al., 1952)
and vegetation height and vegetation cover were measured.

2.6. Soil analyses

Analyses were carried out on 30 samples of soil from the aban-
doned orchard before rehabilitation (in 2008), five samples from
the soil donor site (in 2009) and six samples from each of the
following sites: control, rehabilitated area, covering species seed-
ing, topsoil removal, and soil transfer (in 2012). For each sample,
three 70 g subsamples of soil were randomly gathered from a 35 m2

area before being pooled and sieved with 2 mm mesh sieve for
analyses carried out by INRA (Institut National de la Recherche
Agronomique). Nutrient analysis (organic C (loss-on-ignition), total
N, C:N, Olsen total P (Olsen et al., 1954) and exchangeable cations
Ca and K) and water pH were measured on these samples (Baize,
2000).

2.7. Data analysis

As data on species-richness of germinated seeds and num-
ber of germinated seeds from target or non-target species did
not conform to parametric conditions (model residuals were not
normal), treatments were compared via non-parametric tests: a
Kruskal–Wallis test, followed by a pairwise Wilcoxon compari-
son with a p-value adjustment according to Benjamini–Hochberg’s
method if a significant difference was found (Benjamini and
Hochberg, 1995).

Soil characteristics were ordinated by a principal component
analysis (PCA), a suitable method for continuous variables (Borcard
et al., 2011), and vegetation composition characteristics were ordi-
nated by a non-metric multidimensional scaling (NMDS) based
on Bray–Curtis dissimilarity, a suitable method for contingency
tables with many double zeros (Borcard et al., 2011). In order to
assess plant community restoration success, we  used the normal-
ized Community Structure Integrity Index (CSIInorm) and Higher
Abundance Index (HAI). The CSIInorm measures the proportion of
the species abundance of the steppe community present in the
restored community, and HAI measures the proportion by which
the species abundance in the restored community exceeds that of
the steppe community (Jaunatre et al., 2013).

Parametric conditions were not reached for the testing of inter-
actions between years and treatments, so we did not test this
interaction (model residuals were not normal). However, as data for
above-ground vegetation (species-richness, Shannon index, Shan-
non evenness (Pielou, 1969), height, vegetation cover, CSIInorm, and
HAI) met  parametric conditions with respect to the effect of year or
treatment, ANOVA, and Tukey honest significant differences post-
hoc tests were performed to compare means between treatments
in the third year or within a treatment between years Table 1.

All the analyses were conducted using R 2.13.0 (R Development
Core Team, 2011), univariate analyses with the “stats” package and
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Fig. 2. Schematic representation of terms used in the manuscript. Dark grey represents the most degraded states: abandoned orchard which is not studied in the present
paper, control without dead trees and rehabilitated after soil leveling; light grey represents the four tested restoration techniques: covering species seeding, topsoil removal,
hay  transfer, and soil transfer; white represents the steppe, which is the reference ecosystem.

cultivation in the La Crau area in the 1970s (Fabre, 1997). As con-
trol, we used a 2 ha area (Fig. 1B) where trees had been removed
for safety purposes but where soils had not been leveled (Fig. 2)
(Jaunatre et al., 2011).

Because of the constraints imposed by the multiple stakehold-
ers of the project (i.e., costs reduction, homogeneous areas, etc.),
we were obliged to apply each treatment to a few large areas
rather than using the classic scientific experimental design of many
small areas. However, the only difference between multiple sam-
pling from several large treatment areas and single sampling from
numerous small treatment areas is that when small areas are
treated, the areas between samples are not included in the treat-
ment. Designing a restoration project which leaves areas untreated
would appear counter-productive, making it difficult to obtain
approval within a large-scale restoration project (Jaunatre et al.,
2011).

2.4. Soil seed bank and seed sources

Germination potential was assessed from five types of sam-
ple: four types of soil seed bank and one hay seed bank. The four
types of soil seed bank were collected from the 0–10 cm layer
from control, rehabilitated area, topsoil removal, and soil donor
sites. Each seed bank was estimated according to the concentrated
seedling emergence method (Ter Heerdt et al., 1996) using ten 2l
soil samples. Ten hay seed bank samples were spread on the same
substrate as the soil seed bank samples: a 1:4 compost:vermiculite
mix. All the samples were randomly placed in a greenhouse and
germinations were counted, identified, and removed every week
for 3 months. These data were used to estimate germinated seed
species-richness and the numbers of germinated seeds from tar-
get and non-target species. Target species were species found in
the reference steppe communities (Molinier and Tallon, 1950).
Species names for identification from the seed bank or above-
ground vegetation are according to the data base of metropolitan
French tracheophytes (Tela Botanica, 2012).

2.5. Vegetation survey

On the steppe, control, rehabilitated area, covering species seed-
ing, hay transfer, and soil transfer sites, 18 2 × 2 m quadrats were
surveyed. For topsoil removal, which covered too small an area
for such an extensive survey, 9 2 × 2 m quadrats were surveyed.
Quadrats were all placed at least 20 m from the edge of the area
under treatment. Every May  from the first (2010) to the third (2012)
year after treatment, on each quadrat, plant species were identified,
a Braun-Blanquet abundance-dominance coefficient was deter-
mined for each recorded plant species (Braun-Blanquet et al., 1952)
and vegetation height and vegetation cover were measured.

2.6. Soil analyses

Analyses were carried out on 30 samples of soil from the aban-
doned orchard before rehabilitation (in 2008), five samples from
the soil donor site (in 2009) and six samples from each of the
following sites: control, rehabilitated area, covering species seed-
ing, topsoil removal, and soil transfer (in 2012). For each sample,
three 70 g subsamples of soil were randomly gathered from a 35 m2

area before being pooled and sieved with 2 mm mesh sieve for
analyses carried out by INRA (Institut National de la Recherche
Agronomique). Nutrient analysis (organic C (loss-on-ignition), total
N, C:N, Olsen total P (Olsen et al., 1954) and exchangeable cations
Ca and K) and water pH were measured on these samples (Baize,
2000).

2.7. Data analysis

As data on species-richness of germinated seeds and num-
ber of germinated seeds from target or non-target species did
not conform to parametric conditions (model residuals were not
normal), treatments were compared via non-parametric tests: a
Kruskal–Wallis test, followed by a pairwise Wilcoxon compari-
son with a p-value adjustment according to Benjamini–Hochberg’s
method if a significant difference was found (Benjamini and
Hochberg, 1995).

Soil characteristics were ordinated by a principal component
analysis (PCA), a suitable method for continuous variables (Borcard
et al., 2011), and vegetation composition characteristics were ordi-
nated by a non-metric multidimensional scaling (NMDS) based
on Bray–Curtis dissimilarity, a suitable method for contingency
tables with many double zeros (Borcard et al., 2011). In order to
assess plant community restoration success, we  used the normal-
ized Community Structure Integrity Index (CSIInorm) and Higher
Abundance Index (HAI). The CSIInorm measures the proportion of
the species abundance of the steppe community present in the
restored community, and HAI measures the proportion by which
the species abundance in the restored community exceeds that of
the steppe community (Jaunatre et al., 2013).

Parametric conditions were not reached for the testing of inter-
actions between years and treatments, so we did not test this
interaction (model residuals were not normal). However, as data for
above-ground vegetation (species-richness, Shannon index, Shan-
non evenness (Pielou, 1969), height, vegetation cover, CSIInorm, and
HAI) met  parametric conditions with respect to the effect of year or
treatment, ANOVA, and Tukey honest significant differences post-
hoc tests were performed to compare means between treatments
in the third year or within a treatment between years Table 1.

All the analyses were conducted using R 2.13.0 (R Development
Core Team, 2011), univariate analyses with the “stats” package and
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Fig. 7. Means and standard errors of normalized Community Structure Integrity
Index (A) and Higher Abundance Index (B) for the first three years (1st: 2010; 2nd:
2011; 3rd: 2012) for each treatment: steppe (white), restoration techniques (Soil
transfer (Soil T.), hay transfer (Hay T.), topsoil removal (topsoil) and covering species
seeding (covering) (light grey), rehabilitated area (rehab.) (dark grey) and control
(dark grey). The F and p value of ANOVA performed within each treatment to com-
pare years are shown above the bars. Within a treatment, bars showing common
letters do not have any significant differences according to Tukey honest significant
differences post-hoc tests.

a decrease in the high nutrient content due to cultivation legacies,
as well as a decrease in vegetation cover and height (Bartha et al.,
2003) due to grazing, before transferring hay. However, staggering
restoration implementation over several years in this way may  be
difficult to accept by managers of large-scale projects.

In contrast, soil transfer partly confirmed our hypothesis. Soil
nutrient content was not affected by soil transfer, contrary to what
sometimes occurs in habitat or turf translocation (Trueman et al.,
2007). Only pH and calcium were higher than at the soil donor
site. Such increases have already been observed when soils are
moved in the La Crau area (Coiffait-Gombault et al., 2012) and can
be attributed to the calcareous matrix of the conglomerate break-
ing during soil gathering. Right from the first year, species-richness
recovered to values similar to those of the steppe (Jaunatre et al.,
2012), and did not significantly change subsequently. Moreover,
the composition was close to that of the steppe, including many
target species, as observed in previous soil transfers in other ecosys-
tems (Bullock, 1998; Good et al., 1999; Box, 2003; Trueman et al.,
2007). However, vegetation structure differed slightly from the
steppe, especially in the second year, which was characterized by
marked rainfalls. This structure change is reflected in the restora-
tion indices: normalized Community Structure Integrity Index did
not change over the three years, revealing stability in target species
abundances, whereas Higher Abundance Index increased, reveal-
ing an increase in non-target abundances compared to the steppe.
These higher abundances are again explained by the density of
grasses, such as A. barbata and Bromus spp. The decrease in HAI
in 2012 is a more positive result, especially if this tendency can be

maintained with grazing in the future (Gibson and Brown, 1992;
Stroh et al., 2002). Several previous restoration projects using
soil transfer failed to maintain high conservation value due to
unsuitable management practices (Bullock, 1998; Box, 2003). The
substantial difference we  found between the low potential which
might have been expected based on the seed bank study and the
largely positive results obtained in the field vegetation with soil
transfer has previously been observed, and was attributed either
to differences in volume (Willems and Bik, 1998; Jaunatre et al.,
2012) or to differences in environmental conditions (Stevenson
et al., 1997). As soil transfer involves destroying a portion of the
reference area, it cannot be considered as a substitute for in situ
conservation (McLean, 2003), but only as a kind of ecological engi-
neering technique allowing a soil resource already scheduled for
destruction to be conserved for restoration purposes.

When grazing is used to rehabilitate land, controlling grazing
pressure on a large scale is not an easy task. Usually, there is a
trade-off between expected biomass production and the sheep
breeders’ ability to increase or decrease numbers of sheep. This
trade-off does not always satisfy restoration objectives, especially
in view of climate variability. Given the relatively high spring pre-
cipitation in 2010 (191% of average precipitation January–April)
and 2011 (116%), the grazing pressure was relatively light for the
first year (399 day sheep−1 ha−1) and increased in 2011 and 2012
(618 day sheep−1 ha−1). There was a significant difference in vege-
tation height and cover between the grazed and ungrazed control
only in 2012 (results not shown), added to both higher grazing
pressure and lower precipitation in spring (48% of average precipi-
tation January–April). Grazing has been proved to be an efficient
method of removing preferentially nutrient-rich biomass (Stroh
et al., 2002; Jacquemyn et al., 2003). However, deposits of faeces
may  redistribute phosphorus (Henkin et al., 2010), so sheep should
only be allowed to graze during the day and kept in an enclosure
at night (Marrs, 1985), as at our study site. As this has been the tra-
ditional sheep-herding practice in the La Crau area for more than
2000 years (Badan et al., 1995; Fabre, 1997; Henry et al., 2010), this
beneficial management approach will be applied long-term to the
whole restored area (Meffre et al., 2011). The results obtained on
vegetation argue for continuing high grazing pressure and thereby
favoring target species establishment (Gibson and Brown, 1992).

These experiments in La Crau show that the current trend in
ecological restoration towards using ecological engineering tech-
niques leads to at least partial restoration of some ecosystem
components. It also leads to enhanced biodiversity and habi-
tat quality, compared to the former intensive cultivation or to
natural resilience. Here, rehabilitation yielded a large area domi-
nated by grasses and constituting a favorable habitat for numerous
steppe birds (Wolff, 2011). Yet our findings confirm our hypothesis,
namely that without changing abiotic conditions or strengthening
target species dispersal, the vegetation remains different to that
of the steppe. Contrary to what was  hypothesized, however, even
though some target species were successfully transferred by hay
transfer, the number of target species did not increase by the end of
the third year. This result highlights the fact that dispersal strength-
ening alone is not enough; it needs to be combined with suitable
abiotic conditions. Our hypotheses concerning covering species
seeding are confirmed: the density of non-target grasses is not very
high after three years; therefore, this treatment seems to create a
suitable area for target species colonization. In accordance with our
hypotheses, the best results are obtained by topsoil removal, which
allowed the restoration of abiotic conditions and thus the sponta-
neous settlement of some target species, and by soil transfer, which
both partially restored abiotic conditions and strengthened tar-
get species dispersal, thus enabling species-richness and, to some
extent, composition to be recovered.

Jaunatre et al. 2013; Ecological 
Engineering 64: 202-212

13. Restaura>on des écosystèmes dégradés 
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Climat, océans, milieux aquaQques et écosystèmes terrestres sont dépendant les uns 
des autres et forment un véritable système. on parle souvent du "système Terre".
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En abscisse : la production nette (NPP) d'écosystèmes forestier en situation de 
concentration naturelle en CO2, en grammes de carbone par mètre carré.
En ordonnée : la production nette (NPP) d'écosystèmes forestier en situation de 
concentration en CO2 expérimentalement augmentée, en grammes de carbone par 
mètre carré.
Les arbres sont des plantes photosynthétiques de type C3 : elles expriment le 
maximum de leur potentiel photosynthétique à des niveaux de CO2 élevé, aux 
alentours de 700 à 800 ppm. Autrement dit, les forêts manquent actuellement de 
CO2. On observe par conséquent une augmentation de la production primaire des 
arbres lorsqu'on les place expérimentalement en situation de CO2 élevé.

Norby R.J.et al. 2005. PNAS 102: 
18052-18056

RelaFon entre la producFon primaire neRe à
CO2 élevé (NPPe) et la concentraFon actuelle
de CO2 (NPPc) dans 4 expériences FACE en
forêt.

La relaFon entre NPPe et NPPc est supérieure 
à la ligne 1:1, ce qui indique un effet
significaFf du CO2 sur la producFon primaire
neRe

AugmentaFon de 23 % le producFon primaire
neRe à 550 ppm CO2.

14. Augmenta>on de la concentra>on  atmosphérique en CO2



En abscisse : le temps en années (dates).
En ordonnée: la production primaire nette, en matière sèche par mètre carré et par an.
En cas d'augmentation expérimentale de la disponibilité en CO2, on observe une 
augmentation de la production primaire nette par rapport à la production en CO2 
actuelle, mais la différence entre les deux forêts s'amenuisent avec le temps : des 
facteurs limitants apparaissent.
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sponse was sustained even as tree growth in control plots (and in
the adjacent FACE plots) was declining (Fig. 2).
Canopy-averaged foliar [N] in the FACE experiment declined

over time in both aCO2 and eCO2 (Fig. 3A). Foliar [N] did not
differ between plots before the onset of the CO2 exposure, but
was consistently lower in eCO2 after the treatments were initiated
in 1998. There was a linear relationship between NPP and foliar
[N] beginning in the third year of treatment (Fig. 3B). The slope
of the NPP–[N] relationship was significantly steeper in eCO2
than in aCO2. From this regression analysis, NPP would be equal
in the two treatments when foliar [N] declined to 8.6 mg·g−1,
which was approximately the [N] of leaf litter in aCO2 from 1998
to 2004 (20).
During the first 2 y of the experiment, NPP was not closely

related to foliar [N], and other year-to-year fluctuations in NPP
did not always correspond to differences in [N], indicating that
foliar [N] was not the only regulator of NPP. NPP also depends
on interrelated factors describing canopy structure, including leaf
area duration (LAD) (the integration of leaf area index over the

year), leaf mass per unit area (LMA), and total canopy N con-
tent. LAD varied year to year without any clear trend over time
and with no effect of [CO2] (Fig. 3C). NPP increased with LAD
in aCO2, but there was no significant relationship between NPP
and LAD in eCO2 (Fig. 3D). LMA increased during the exper-
iment (Fig. 3E), and NPP was inversely correlated with LMA
(Fig. 3F). Canopy N content did not exhibit any clear trend
through time except for a decline over the last 3 y (Fig. 3G), but
NPP was nevertheless correlated with canopy N (Fig. 3H). The
influences of LAD, LMA, and canopy N on NPP were small
compared with that of foliar [N]. In a multivariate regression
framework, foliar [N] was the only significant predictor of NPP in
eCO2, accounting for 73% of the variation. In aCO2 foliar [N]
explained 57% of the variation in NPP, and LAD explained an
additional 15%.
Light-saturated photosynthetic rates were significantly greater

(P < 0.05) at eCO2 than at aCO2 in 1999 (means ± SEM were
14.5 ± 1.8 μmol·m−2·s−1 vs. 10.4 ± 1.0 μmol·m−2·s−1) (21).
However, photosynthesis was lower in both treatments in 2008,
and there was no longer a significant stimulation by eCO2 (7.6 ±
0.7 μmol·m−2·s−1 vs. 6.4 ± 0.7 μmol·m−2·s−1, P > 0.26). Reduc-
tions in leaf photosynthesis through time and with CO2 treat-
ment reflect differences in the parameters of photosynthetic
biochemistry, Vcmax (the maximum rate of carboxylation) and
Jmax (maximum rate of electron transport at saturating irradi-
ance.) Foliar N per unit leaf area, Narea, in the upper 2 m of the
canopy decreased from 1999 to 2008 and was less in eCO2 than
in aCO2; hence, Vcmax and Jmax were reduced concomitantly.
There was no change in the relationships between Vcmax or Jmax
and Narea with time or with CO2 enrichment.

Discussion
Global analyses that assume a sustained CO2 fertilization effect
are no longer supported by this FACE experiment. Previous
reports from this experiment that were based on observations
over 6 y of treatment and combined with results from three other
forest FACE experiments indicated that the CO2 fertilization
effect on NPP was sustained and consistent across a broad range
of productivity (7). Observations over a longer period were nec-
essary to reveal the loss in response reported here, which chal-
lenges the use of the previous report as a benchmark for models.
The diminishing response of forest NPP to eCO2 must be

interpreted in relation to the coinciding decline of NPP in aCO2,
although we note that low productivity by itself does not neces-
sarily imply lower relative responsiveness to eCO2 (7). A decline
in forest production with age is a pattern normally observed
during forest stand development as a consequence of various
environmental or internal factors (22, 23). Although the decline
can be large and is a near universal phenomenon, the physio-
logical mechanisms responsible for decline are not completely
understood; possible explanations include increased respiration-
to-photosynthesis balance, increased hydraulic resistance, de-
creased nutrient supply, or various changes in stand structure (22,
23). Generally, more productive stands (including plantations
established for short-rotation forestry) reach their peak pro-
ductivity earlier and productivity declines more steeply (22).
Consistent withmodel projections (24), we attribute the observed
decline in NPP in this ecosystem to a constraint imposed by
limited and declining N availability. In N-limited forests, the
N that is sequestered into perennial tissue during stand devel-
opment or immobilized into decomposing plant litter and soil
organic pools must be replaced with additional N inputs, or tree
growth will decline (25). The response to N fertilization in the
adjacent sweetgum stand provides direct evidence that the forest
stand was N limited.
Although N limitation in this stand is established, the question

whether the CO2 response was N limited requires further anal-
ysis. Our analysis of the relationship between NPP and foliar [N]

Fig. 1. Tree growth responses to elevated CO2. NPP [kilograms dry matter
(DM) per square meter land area per year] data are the means of three aCO2

plots (open symbols) and two eCO2 plots (solid symbols) ± SEM. The number
at each point is the percentage increase under eCO2. Statistical information
is given in SI Materials and Methods.

Fig. 2. Growth response to nitrogen addition. Responses in the N fertilizer
experiment (dashed lines) are compared with responses in the FACE exper-
iment (solid lines). Elevated CO2 (solid circles) caused a significant increase in
wood increment in the first year after treatment initiation (1998), but the
response diminished in subsequent years and in later years was not statis-
tically different from FACE controls (open circles). N fertilization (shaded
squares) caused an immediate and sustained increase in wood increment
compared with unfertilized plots (open squares) (P < 0.001).
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En abscisse : le temps en années (dates).
En ordonnée: la production primaire nette, évaluée en masse de bois produit par mètre 
carré et par an.
En cas d'augmentation expérimentale de la disponibilité en CO2, on observe une 
augmentation de la production primaire nette par rapport à la production en CO2 
actuelle, mais la différence entre les deux forêts s'amenuise avec le temps. La plus 
forte productivité de la forêt en CO2 élevé peut être maintenue, voire rétablie, si on 
apporte un fertilisant azoté, mais ce maintien est transitoire et la différence avec la 
forêt en CO2 naturel s'amenuise à nouveau au bout de quelques années, probablement 
suite à l'apparition d'autres facteurs limitants comme le phosphore.
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sponse was sustained even as tree growth in control plots (and in
the adjacent FACE plots) was declining (Fig. 2).
Canopy-averaged foliar [N] in the FACE experiment declined

over time in both aCO2 and eCO2 (Fig. 3A). Foliar [N] did not
differ between plots before the onset of the CO2 exposure, but
was consistently lower in eCO2 after the treatments were initiated
in 1998. There was a linear relationship between NPP and foliar
[N] beginning in the third year of treatment (Fig. 3B). The slope
of the NPP–[N] relationship was significantly steeper in eCO2
than in aCO2. From this regression analysis, NPP would be equal
in the two treatments when foliar [N] declined to 8.6 mg·g−1,
which was approximately the [N] of leaf litter in aCO2 from 1998
to 2004 (20).
During the first 2 y of the experiment, NPP was not closely

related to foliar [N], and other year-to-year fluctuations in NPP
did not always correspond to differences in [N], indicating that
foliar [N] was not the only regulator of NPP. NPP also depends
on interrelated factors describing canopy structure, including leaf
area duration (LAD) (the integration of leaf area index over the

year), leaf mass per unit area (LMA), and total canopy N con-
tent. LAD varied year to year without any clear trend over time
and with no effect of [CO2] (Fig. 3C). NPP increased with LAD
in aCO2, but there was no significant relationship between NPP
and LAD in eCO2 (Fig. 3D). LMA increased during the exper-
iment (Fig. 3E), and NPP was inversely correlated with LMA
(Fig. 3F). Canopy N content did not exhibit any clear trend
through time except for a decline over the last 3 y (Fig. 3G), but
NPP was nevertheless correlated with canopy N (Fig. 3H). The
influences of LAD, LMA, and canopy N on NPP were small
compared with that of foliar [N]. In a multivariate regression
framework, foliar [N] was the only significant predictor of NPP in
eCO2, accounting for 73% of the variation. In aCO2 foliar [N]
explained 57% of the variation in NPP, and LAD explained an
additional 15%.
Light-saturated photosynthetic rates were significantly greater

(P < 0.05) at eCO2 than at aCO2 in 1999 (means ± SEM were
14.5 ± 1.8 μmol·m−2·s−1 vs. 10.4 ± 1.0 μmol·m−2·s−1) (21).
However, photosynthesis was lower in both treatments in 2008,
and there was no longer a significant stimulation by eCO2 (7.6 ±
0.7 μmol·m−2·s−1 vs. 6.4 ± 0.7 μmol·m−2·s−1, P > 0.26). Reduc-
tions in leaf photosynthesis through time and with CO2 treat-
ment reflect differences in the parameters of photosynthetic
biochemistry, Vcmax (the maximum rate of carboxylation) and
Jmax (maximum rate of electron transport at saturating irradi-
ance.) Foliar N per unit leaf area, Narea, in the upper 2 m of the
canopy decreased from 1999 to 2008 and was less in eCO2 than
in aCO2; hence, Vcmax and Jmax were reduced concomitantly.
There was no change in the relationships between Vcmax or Jmax
and Narea with time or with CO2 enrichment.

Discussion
Global analyses that assume a sustained CO2 fertilization effect
are no longer supported by this FACE experiment. Previous
reports from this experiment that were based on observations
over 6 y of treatment and combined with results from three other
forest FACE experiments indicated that the CO2 fertilization
effect on NPP was sustained and consistent across a broad range
of productivity (7). Observations over a longer period were nec-
essary to reveal the loss in response reported here, which chal-
lenges the use of the previous report as a benchmark for models.
The diminishing response of forest NPP to eCO2 must be

interpreted in relation to the coinciding decline of NPP in aCO2,
although we note that low productivity by itself does not neces-
sarily imply lower relative responsiveness to eCO2 (7). A decline
in forest production with age is a pattern normally observed
during forest stand development as a consequence of various
environmental or internal factors (22, 23). Although the decline
can be large and is a near universal phenomenon, the physio-
logical mechanisms responsible for decline are not completely
understood; possible explanations include increased respiration-
to-photosynthesis balance, increased hydraulic resistance, de-
creased nutrient supply, or various changes in stand structure (22,
23). Generally, more productive stands (including plantations
established for short-rotation forestry) reach their peak pro-
ductivity earlier and productivity declines more steeply (22).
Consistent withmodel projections (24), we attribute the observed
decline in NPP in this ecosystem to a constraint imposed by
limited and declining N availability. In N-limited forests, the
N that is sequestered into perennial tissue during stand devel-
opment or immobilized into decomposing plant litter and soil
organic pools must be replaced with additional N inputs, or tree
growth will decline (25). The response to N fertilization in the
adjacent sweetgum stand provides direct evidence that the forest
stand was N limited.
Although N limitation in this stand is established, the question

whether the CO2 response was N limited requires further anal-
ysis. Our analysis of the relationship between NPP and foliar [N]

Fig. 1. Tree growth responses to elevated CO2. NPP [kilograms dry matter
(DM) per square meter land area per year] data are the means of three aCO2

plots (open symbols) and two eCO2 plots (solid symbols) ± SEM. The number
at each point is the percentage increase under eCO2. Statistical information
is given in SI Materials and Methods.

Fig. 2. Growth response to nitrogen addition. Responses in the N fertilizer
experiment (dashed lines) are compared with responses in the FACE exper-
iment (solid lines). Elevated CO2 (solid circles) caused a significant increase in
wood increment in the first year after treatment initiation (1998), but the
response diminished in subsequent years and in later years was not statis-
tically different from FACE controls (open circles). N fertilization (shaded
squares) caused an immediate and sustained increase in wood increment
compared with unfertilized plots (open squares) (P < 0.001).
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14. Augmentation de la concentration  atmosphérique en CO2



En abscisse; le temps en années (dates).
En ordonnée: le pH.
En théorie, l'augmentation de la concentration de l'atmosphère en CO2 induit une 
augmentation de la dissolution du CO2 dans l'eau de l'océan. Le CO2 réagit avec la 
molécule d'eau pour donner de l'acide carbonique. C'est ce qui se passe actuellement 
dans les océans où l'on observe une baisse généralisée du pH, c'est-à-dire une 
acidification progressive de l'eau.
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14. Acidifica>on des océans
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Chapter 2 Changing State of the Climate System

2

Since the 1980s, the global ocean has experienced a decline in 
surface pH of 0.016 ± 0.006 pH units per decade based on indirect 
pH products (Figure 2.29d; Lauvset et  al., 2015; Hurd et  al., 2018; 
IPCC,  2019; Gehlen et  al., 2020) that agrees with the decline of 
0.017–0.025  pH units per decade assessed in SROCC from direct 
time-series measurements of pH. Section 5.3.2.2 assesses a decline 
that ranges from 0.01 to 0.026 pH units per decade for the tropical and 
subtropical open ocean areas, and 0.003–0.026 pH units per decade 
for the polar and subpolar open ocean regions by using time series 
and ship-based datasets from the surface ocean CO2 measurement 
network (Bakker et al., 2016; Gehlen et al., 2020; Gregor and Gruber, 
2021). There is general consensus that global surface ocean pH trends 
over the past two decades have exceeded the natural background 
variability (Lauvset et  al., 2015; Bindoff et  al., 2019; Gehlen et  al., 
2020). However, for some areas sparse data coverage, and large 
year-to-year variations hinders the detection of long-term surface 
ocean pH trends; for example in the Southern Ocean (Lauvset et al., 
2015; Bindoff et al., 2019) and in the Arctic Ocean (Lauvset et al., 2015; 
Bindoff et al., 2019; Meredith et al., 2019).

For subsurface pH changes, estimates arise from direct ship 
measurements from repeated hydrography programs (Carter et  al., 
2019), indirect estimates of pH through calcite and aragonite saturation 
horizons (Osborne et al., 2020; Ross et al., 2020), and the very recent 
biogeochemical Argo floats equipped with pH sensors (Claustre 
et al., 2020). Global subsurface pH has decreased over the past 20 
to 30 years, with signals observed to at least 1000 m depths (Lauvset 
et al., 2020). Global findings are supplemented by regional findings 
from the Pacific Ocean (Carter et al., 2019; Ross et al., 2020); the South 
Atlantic (Salt et al., 2015) and Southern Ocean (Jones et al., 2017); 
the North Atlantic Ocean and along the AMOC (Woosley et al., 2016; 
Perez et al., 2018), the Arctic Ocean (Qi et al., 2017) and marginal seas 
(C.-T.A. Chen et al., 2017). Further details are given in Section 5.3.3.1.

To conclude, it is virtually certain that surface open ocean pH has 
declined globally over the last 40 years by 0.003–0.026 pH per 
decade, and a decline in the ocean interior has been observed in 
all ocean basins over the past 2–3 decades (high confidence). 
A  long-term increase in surface open ocean pH occurred over the 
past 50 Myr (high confidence), and surface open ocean pH as low 
as recent times is uncommon in the last 2 Myr (medium confidence). 
There is very high confidence that open ocean surface pH is now the 
lowest it has been for at least 26 kyr and current rates of pH change 
are unprecedented since at least that time. 

2.3.3.6 Ocean Deoxygenation

SROCC concluded that there has very likely been a net loss of 
oxygen over all ocean depths since the 1960s linked to global ocean 
deoxygenation at a range of 0.3–2.0%, and that the oxygen levels in the 
global upper 1000 m of the ocean had decreased by 0.5–3.3% during 
1970–2010 (medium confidence), alongside an expansion of oxygen 
minimum zones (OMZ) by 3–8%. For the surface ocean (0–100 m) 
and the thermocline at 100–600 m, the very likely range of oxygen 
decline was assessed to be 0.2–2.1% and 0.7–3.5%, respectively. 
Multidecadal rates of deoxygenation showed variability throughout 
the water column and across ocean basins (high confidence).

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
7.9

8.0

8.1

8.2

8.3

(b)

pH pH

24 20 12 8 4 0
7.9

8.0

8.1

8.2

8.3

(c)

60 50 40 30 20 10 0

7.5

7.7

7.9

8.1

8.3
(a)

Age (million years ago)

pH

PETM

panel (b)

panel (c)

16
Age (thousands of years)

2019
global
mean

no data

Age (million years ago)

EECO MCO

0.1

0.1 0.1

MPWP

LIG

LGM

glacial

interglacial LGM LDT MH

Modern surface ocean pH(d)

Low latitude estimates

Global estimates

1980 1985 1990 1995 2000 2005 2010 2015 2020
8.025

8.050

8.075

8.100

8.125

8.150

pH 0.1

BATS
HOT

CMEMS
Ocean-SODA

Low latitude surface ocean pH over the last 65 
million years

Figure 2.29 | Low-latitude surface ocean pH over the last 65 million years 
(65 Myr). (a) Low-latitude (30°N–30°S) surface ocean pH over the last 65 Myr, 
reconstructed using boron isotopes in foraminifera. (b) as (a) but for the last 3.5 Myr. 
Double headed arrow shows the approximate magnitude of glacial-interglacial pH 
changes. (c) Multisite composite of surface pH. In (a, b, c) uncertainty is shown at 95% 
confidence as a shaded band. Relevant paleoclimate reference periods (CCB2.1) have 
been labelled. Period windows for succeeding panels are shown as horizontal black 
lines in (a) and (b). (d) Estimated low-latitude surface pH from direct observations 
(BATS, HOT) and global mean pH (65°S–65°N) from two indirect estimates (CMEMS, 
OCEAN-SODA). Further details on data sources and processing are available in the 
chapter data table (Table 2.SM.1).
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L'intensité du changement climatique varie avec la latitude. Mais, attention aux 
interprétations, il s'agit de changements relatifs par rapport à des bases moyennes 
qui diffèrent également avec la latitude. Par exemple, les changements positifs élevés 
en pourcentage de pluviométrie dans les régions sèches peuvent correspondre à de 
faibles changements absolus de quantité de pluie annuelle. En ce qui concerne 
l'humidité du sol, l'unité utiliséeest l'écart-type de la variabilité interannuelle de 
l'humidité du sol au cours de la période 1850-1900. L'écart-type est une mesure 
largement utilisée pour caractériser la gravité des sécheresses. Une réduction 
projetée de l'humidité moyenne du sol d'un écart-type correspond à des conditions 
d'humidité du sol typiques des sécheresses qui se sont produites environ une fois 
tous les six ans au cours de la période 1850-1900. 
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B.2.4  It is very likely that heavy precipitation events will intensify and become more frequent in most regions with additional global 
warming. At the global scale, extreme daily precipitation events are projected to intensify by about 7% for each 1°C of global 
warming (high confidence). The proportion of intense tropical cyclones (Category 4–5) and peak wind speeds of the most 
intense tropical cyclones are projected to increase at the global scale with increasing global warming (high confidence).

  {8.2, 11.4, 11.7, 11.9, Cross-Chapter Box 11.1, Box TS.6, TS.4.3.1} (Figure SPM.5, Figure SPM.6)

B.2.5  Additional warming is projected to further amplify permafrost thawing and loss of seasonal snow cover, of land ice and of 
Arctic sea ice (high confidence). The Arctic is likely to be practically sea ice-free in September31 at least once before 2050 
under the five illustrative scenarios considered in this report, with more frequent occurrences for higher warming levels. 
There is low confidence in the projected decrease of Antarctic sea ice.

   {4.3, 4.5, 7.4, 8.2, 8.4, Box 8.2, 9.3, 9.5, 12.4, Cross-Chapter Box 12.1, Atlas.5, Atlas.6, Atlas.8, Atlas.9, Atlas.11, TS.2.5} 
(Figure SPM.8)

31  Monthly average sea ice area of less than 1 million km2, which is about 15% of the average September sea ice area observed in 1979–1988.
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l a. 

Figure SPM.5 | Changes in annual mean surface temperature, precipitation, and soil moisture
Panel (a) Comparison of observed and simulated annual mean surface temperature change. The left map shows the observed changes in annual 
mean surface temperature in the period 1850–2020 per °C of global warming (°C). The local (i.e., grid point) observed annual mean surface temperature changes 
are linearly regressed against the global surface temperature in the period 1850–2020. Observed temperature data are from Berkeley Earth, the dataset with 
the largest coverage and highest horizontal resolution. Linear regression is applied to all years for which data at the corresponding grid point is available. The 
regression method was used to take into account the complete observational time series and thereby reduce the role of internal variability at the grid point level. 
White indicates areas where time coverage was 100 years or less and thereby too short to calculate a reliable linear regression. The right map is based on model 
simulations and shows change in annual multi-model mean simulated temperatures at a global warming level of 1°C (20-year mean global surface temperature 
change relative to 1850–1900). The triangles at each end of the colour bar indicate out-of-bound values, that is, values above or below the given limits.
Panel (b) Simulated annual mean temperature change (°C), panel (c) precipitation change (%), and panel (d) total column soil moisture change 
(standard deviation of interannual variability) at global warming levels of 1.5°C, 2°C and 4°C (20-year mean global surface temperature change relative 
to 1850–1900). Simulated changes correspond to Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model mean change (median change for soil 
moisture) at the corresponding global warming level, that is, the same method as for the right map in panel (a). 
In panel (c), high positive percentage changes in dry regions may correspond to small absolute changes. In panel (d), the unit is the standard deviation 
of interannual variability in soil moisture during 1850–1900. Standard deviation is a widely used metric in characterizing drought severity. A projected 
reduction in mean soil moisture by one standard deviation corresponds to soil moisture conditions typical of droughts that occurred about once every six years 
during 1850–1900. In panel (d), large changes in dry regions with little interannual variability in the baseline conditions can correspond to small absolute 
change. The triangles at each end of the colour bars indicate out-of-bound values, that is, values above or below the given limits. Results from all models 
reaching the corresponding warming level in any of the five illustrative scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) are averaged. 
Maps of annual mean temperature and precipitation changes at a global warming level of 3°C are available in Figure 4.31 and Figure 4.32 in Section 4.6. 
Corresponding maps of panels (b), (c) and (d), including hatching to indicate the level of model agreement at grid-cell level, are found in Figures 4.31, 4.32 and 
11.19, respectively; as highlighted in Cross-Chapter Box Atlas.1, grid-cell level hatching is not informative for larger spatial scales (e.g., over AR6 reference regions) 
where the aggregated signals are less affected by small-scale variability, leading to an increase in robustness.
{Figure 1.14, 4.6.1, Cross-Chapter Box 11.1, Cross-Chapter Box Atlas.1, TS.1.3.2, Figures TS.3 and TS.5}
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l a. 

Figure SPM.5 | Changes in annual mean surface temperature, precipitation, and soil moisture
Panel (a) Comparison of observed and simulated annual mean surface temperature change. The left map shows the observed changes in annual 
mean surface temperature in the period 1850–2020 per °C of global warming (°C). The local (i.e., grid point) observed annual mean surface temperature changes 
are linearly regressed against the global surface temperature in the period 1850–2020. Observed temperature data are from Berkeley Earth, the dataset with 
the largest coverage and highest horizontal resolution. Linear regression is applied to all years for which data at the corresponding grid point is available. The 
regression method was used to take into account the complete observational time series and thereby reduce the role of internal variability at the grid point level. 
White indicates areas where time coverage was 100 years or less and thereby too short to calculate a reliable linear regression. The right map is based on model 
simulations and shows change in annual multi-model mean simulated temperatures at a global warming level of 1°C (20-year mean global surface temperature 
change relative to 1850–1900). The triangles at each end of the colour bar indicate out-of-bound values, that is, values above or below the given limits.
Panel (b) Simulated annual mean temperature change (°C), panel (c) precipitation change (%), and panel (d) total column soil moisture change 
(standard deviation of interannual variability) at global warming levels of 1.5°C, 2°C and 4°C (20-year mean global surface temperature change relative 
to 1850–1900). Simulated changes correspond to Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model mean change (median change for soil 
moisture) at the corresponding global warming level, that is, the same method as for the right map in panel (a). 
In panel (c), high positive percentage changes in dry regions may correspond to small absolute changes. In panel (d), the unit is the standard deviation 
of interannual variability in soil moisture during 1850–1900. Standard deviation is a widely used metric in characterizing drought severity. A projected 
reduction in mean soil moisture by one standard deviation corresponds to soil moisture conditions typical of droughts that occurred about once every six years 
during 1850–1900. In panel (d), large changes in dry regions with little interannual variability in the baseline conditions can correspond to small absolute 
change. The triangles at each end of the colour bars indicate out-of-bound values, that is, values above or below the given limits. Results from all models 
reaching the corresponding warming level in any of the five illustrative scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) are averaged. 
Maps of annual mean temperature and precipitation changes at a global warming level of 3°C are available in Figure 4.31 and Figure 4.32 in Section 4.6. 
Corresponding maps of panels (b), (c) and (d), including hatching to indicate the level of model agreement at grid-cell level, are found in Figures 4.31, 4.32 and 
11.19, respectively; as highlighted in Cross-Chapter Box Atlas.1, grid-cell level hatching is not informative for larger spatial scales (e.g., over AR6 reference regions) 
where the aggregated signals are less affected by small-scale variability, leading to an increase in robustness.
{Figure 1.14, 4.6.1, Cross-Chapter Box 11.1, Cross-Chapter Box Atlas.1, TS.1.3.2, Figures TS.3 and TS.5}
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B.2.4  It is very likely that heavy precipitation events will intensify and become more frequent in most regions with additional global 
warming. At the global scale, extreme daily precipitation events are projected to intensify by about 7% for each 1°C of global 
warming (high confidence). The proportion of intense tropical cyclones (Category 4–5) and peak wind speeds of the most 
intense tropical cyclones are projected to increase at the global scale with increasing global warming (high confidence).

  {8.2, 11.4, 11.7, 11.9, Cross-Chapter Box 11.1, Box TS.6, TS.4.3.1} (Figure SPM.5, Figure SPM.6)

B.2.5  Additional warming is projected to further amplify permafrost thawing and loss of seasonal snow cover, of land ice and of 
Arctic sea ice (high confidence). The Arctic is likely to be practically sea ice-free in September31 at least once before 2050 
under the five illustrative scenarios considered in this report, with more frequent occurrences for higher warming levels. 
There is low confidence in the projected decrease of Antarctic sea ice.

   {4.3, 4.5, 7.4, 8.2, 8.4, Box 8.2, 9.3, 9.5, 12.4, Cross-Chapter Box 12.1, Atlas.5, Atlas.6, Atlas.8, Atlas.9, Atlas.11, TS.2.5} 
(Figure SPM.8)

31  Monthly average sea ice area of less than 1 million km2, which is about 15% of the average September sea ice area observed in 1979–1988.
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Figure SPM.5 | Changes in annual mean surface temperature, precipitation, and soil moisture
Panel (a) Comparison of observed and simulated annual mean surface temperature change. The left map shows the observed changes in annual 
mean surface temperature in the period 1850–2020 per °C of global warming (°C). The local (i.e., grid point) observed annual mean surface temperature changes 
are linearly regressed against the global surface temperature in the period 1850–2020. Observed temperature data are from Berkeley Earth, the dataset with 
the largest coverage and highest horizontal resolution. Linear regression is applied to all years for which data at the corresponding grid point is available. The 
regression method was used to take into account the complete observational time series and thereby reduce the role of internal variability at the grid point level. 
White indicates areas where time coverage was 100 years or less and thereby too short to calculate a reliable linear regression. The right map is based on model 
simulations and shows change in annual multi-model mean simulated temperatures at a global warming level of 1°C (20-year mean global surface temperature 
change relative to 1850–1900). The triangles at each end of the colour bar indicate out-of-bound values, that is, values above or below the given limits.
Panel (b) Simulated annual mean temperature change (°C), panel (c) precipitation change (%), and panel (d) total column soil moisture change 
(standard deviation of interannual variability) at global warming levels of 1.5°C, 2°C and 4°C (20-year mean global surface temperature change relative 
to 1850–1900). Simulated changes correspond to Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model mean change (median change for soil 
moisture) at the corresponding global warming level, that is, the same method as for the right map in panel (a). 
In panel (c), high positive percentage changes in dry regions may correspond to small absolute changes. In panel (d), the unit is the standard deviation 
of interannual variability in soil moisture during 1850–1900. Standard deviation is a widely used metric in characterizing drought severity. A projected 
reduction in mean soil moisture by one standard deviation corresponds to soil moisture conditions typical of droughts that occurred about once every six years 
during 1850–1900. In panel (d), large changes in dry regions with little interannual variability in the baseline conditions can correspond to small absolute 
change. The triangles at each end of the colour bars indicate out-of-bound values, that is, values above or below the given limits. Results from all models 
reaching the corresponding warming level in any of the five illustrative scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) are averaged. 
Maps of annual mean temperature and precipitation changes at a global warming level of 3°C are available in Figure 4.31 and Figure 4.32 in Section 4.6. 
Corresponding maps of panels (b), (c) and (d), including hatching to indicate the level of model agreement at grid-cell level, are found in Figures 4.31, 4.32 and 
11.19, respectively; as highlighted in Cross-Chapter Box Atlas.1, grid-cell level hatching is not informative for larger spatial scales (e.g., over AR6 reference regions) 
where the aggregated signals are less affected by small-scale variability, leading to an increase in robustness.
{Figure 1.14, 4.6.1, Cross-Chapter Box 11.1, Cross-Chapter Box Atlas.1, TS.1.3.2, Figures TS.3 and TS.5}
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En abscisse: le temps en années (dates).
En ordonnée: le pourcentage de variaQon de la croissance de six espèces d'arbres une 
année donnée par rapport à la moyenne des 16 ans d'observaQon.
Dans la forêt de la Selva, au Costa Rica, la croissance radiale des arbres, qui est un 
bon indicateur de la producQon totale des arbres, a diminué au fil des années entre 
1985 et 2000.
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Variabon interannuelle de la croissance des arbres (6 espèces) (incrément de diamètre) 
dans la forêt tropicale ancienne de plaine de la Selva, Costa Rica

La croissance des arbres a 
tendance à diminuer avec 

le temps à La Selva

Clark D.A., Piper S.C., Keeling C.D. & Clark D.B. 
2003. Proceedings of the National Academy of 

Sciences 100: 5852-5857

14. Impacts: produc>vité de la végéta>on terrestre



En abscisse: moyenne annuelle de la température minimale quoQdienne à La Selva, 
en °C.
En ordonnée: croissance annuelle relaQve en diamètre de six espèces d'arbres de la 
canopée.
Les nombres, 85 à 00, indiquent les années (1005 à 2000).
Plus la température est élevée, plus la croissance en diamètre des arbres est faible.
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Clark D.A., Piper S.C., Keeling C.D. 
& Clark D.B. 2003. Proceedings of 
the National Academy of Sciences 

100: 5852-5857

Relabon entre la croissance
annuelle en diamètre de six 

espèces d'arbres de la canopée
et la moyenne annuelle de la 

température minimale
quobdienne à La Selva
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En abscisse: la température en °C à laquelle les feuilles de trois arbres de la canopée 
de la forêt de la Selva ont été exposées expérimentalement. 
En ordonnée : l'intensité de la photosynthèse des feuilles des trois espèces testées, 
en micro-moles de CO2 capturé par mètre carré de feuilles et par seconde.
La température à laquelle les feuilles de la canopée des arbres de la forêt de la Selva 
sont exposées, en augmentation progressive avec le changement climatique, pourrait 
expliquer la diminution de la vitesse de croissance des arbres, c'est-à-dire a minima la 
réduction du puits de carbone potentiel.

Clark D.A. 2004. Phil. Trans. R. Soc. London B 
359: 477-491

hEps://www.flickr.com/photos/withaghost/1430343473

Forêt tropicale humide au Costa Rica
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En abscisse: le temps en années (dates).
En ordonnée : La producQon primaire neme, en tonnes de maQères sèches par 
hectare et par an.
Dans quatre sites de la forêt de mon cascade, dans l'État de Washington, la 
producQvité a augmenté de 60 % au cours du 20e siècle. L'nalyse staQsQque des 
données disponibles sur les caractérisQques de l'environnement ont permis de 
montrer que ce gain de producQon est corrélé à la variaQon à long terme de la 
température esQvale et à la variaQon à court terme des précipitaQons annuelles, et 
non corrélée aux concentraQons atmosphériques en CO2. C'est un bel exemple de 
l'impact direct des facteurs du climat sur la producQvité de certains écosystèmes.
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Graumlich L.J. et al. 1989. Ecology 70: 405-
410

Tendances à long terme de la 
productivité primaire nette

aérienne des forêts dans les monts
Cascade, Washington (quatre sites)

Age (years)

La producFvité a augmenté de 60 % 
au cours du 20e siècle. La 
producFon annuelle est corrélée à
la variaFon à long terme de la 
température esFvale et à la 
variaFon à court terme des 
précipitaFons annuelles, et non 
corrélée aux concentraFons 
atmosphériques de CO2.
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En juillet 2003, la température journalière moyenne était de 6°C au dessus de la 
normale, et déficit de précipitations annuelles était d'environ 300 mm. Cet épisode
climatique extrême à engendré une r
éduction de 30 % de la productivité primaire brute en Europe (essentiellement en
forêt), ce qui s'est traduit par une source nette de carbone de 0,5 Pg C, soit
l'annulation de quatre années de séquestration nette du carbone par les forêts
européennes (depuis, le puits de carbone des forêts européennes s'est amoindri)..
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Ciais P. et al. 2005. Nature 437: 529-523

2003 : 6°C de température au-dessus 
de la moyenne en juillet, déficit de 
précipitaEons annuelles env. 300 mm.

RéducEon de 30 % de la producEvité
primaire brute en Europe 
(essenEellement en forêt), ce qui s'est
traduit par une source nece de 
carbone de 0,5 Pg C, soit quatre 
années de séquestraEon nece du 
carbone par l'écosystème.
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Dans l'avenir, les évènements climatiques extrêmes vont augmenter en fréquence et 
en intensité. Par exemple si on se base sur des évènements qui reviennent tous les 10 
ans, pour un réchauffement planétaire moyen de 2° on aura entre cinq et six fois plus 
de pics de chaleur pour une température moyenne augmentée de 2 à 3°C.
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14. Impacts: évènements extrêmes

Des pics de chaleur plus 
fréquents et plus intenses



Dans le scénario RCP 4.5 (= SSP2-4.5), 2,6 – 3,5 °C en 2100, 53 % de la population 
mondiale connait des températures humides potentiellement létales pendant plus de 
20 jours par an.
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Figure 3 | Geographical distribution of deadly climatic conditions under
di�erent emission scenarios. a–d, Number of days per year exceeding the
threshold of temperature and humidity beyond which climatic conditions
become deadly (Fig. 1b), averaged between 1995 and 2005 (a, historical
experiment), and between 2090 and 2100 under RCP 2.6 (b), RCP 4.5 (c)
and RCP 8.5 (d). Results are based on multimodel medians. Grey areas
indicate locations with high uncertainty (that is, the multimodel standard
deviation was larger than the projected mean; coe�cient of variance >1).
The expected lower number of deadly days at higher latitudes (Fig. 4) may
help explain the large variability among Earth System Models in the
projected number of deadly days at higher latitudes31 (for example, in the
case for New York (illustrated in Fig. 4j) the one model projects nine deadly
days by 2100; yet any other model projecting 18 days will double the
variability). The uncertainty presented in this figure should be interpreted
with that caution in mind.

heat to an environment with equal or higher temperature (that is,
the second law of thermodynamics22), dictates that any ambient
temperature above 37 �C should result in body heat accumulation
and a dangerous exceedance of the optimum body core temperature
(hyperthermia5). Second, sweating, the main process by which the
body dissipates heat, becomes ine�ective at high relative humidity
(that is, air saturated with water vapour prevents evaporation of
sweat); therefore, body heat accumulation can occur at temperatures
lower than the optimum body core temperature in environments
of high relative humidity. These properties help to explain why
the boundary at which temperature becomes deadly decreases
with increasing relative humidity (Fig. 1b) and why in our results
some heat mortality events occurred at relatively low temperatures
(Fig. 1b). These consequences of temperature and humidity are why
both of these variables are included in traditional thermal indices
such as humidex26 and wet-bulb globe temperature22,27.

To quantify the global extent of current deadly climatic
conditions, we applied the 95% probability SVM decision boundary
between mean daily surface air temperature and relative humidity
(red line in Fig. 1b, hereafter referred to as deadly threshold)
to current global climate data (see Methods). Using data from
a climate reanalysis (see Methods), we found that in 2000,
⇠13.2% of the planet’s land area, where ⇠30.6% of the world’s
human population resides, was exposed to 20 or more days
when temperature and humidity surpassed the threshold beyond
which such conditions become deadly (Fig. 2, extended results in
Supplementary Fig. 4). Comparatively, using climate simulations
for the year 2000 (that is, historical experiment) developed for
the Coupled Model Intercomparison Project phase 5 (CMIP5), we
found that ⇠16.2% (±8.3% standard deviation, s.d.) of the planet’s
land area, where ⇠37.0% (±9.7% s.d.) of the world’s population
resides, was exposed to 20 or more days of potentially deadly
conditions of temperature and humidity (results are multimodel
medians and standard deviations among Earth System Models;
Fig. 2). Both the reanalysis and historical CMIP5 data revealed
increasing trends in the area and population exposed to deadly
climates during the time period for which such datasets can be
compared, although the trends in the reanalysis data are slightly
weaker than in the Earth System Models (Fig. 2). Overall, there
was ⇠3% mismatch in the area of the planet exposed to deadly
climates (⇠6.4% in global population) between the reanalysis
and the multimodel median, and thus, results based on CMIP5
simulations should be interpreted with that error inmind. However,
the e�ects of this mismatch and the uncertainty among Earth
System Models were smaller than the predicted changes in deadly
days (Supplementary Fig. 10). It is worth noting that most scientific
publications on deadly heat events have focused in developed mid-
latitude countries (Fig. 1a); yet, deadly heat conditions also occur in
developing tropical countries (Fig. 3). This suggests that the risk of
deadly heat could be currently underestimated in tropical regions,
which has been noted in prior studies28.

To predict the global extent of future deadly climates, we applied
the deadly SVM threshold tomean daily surface air temperature and
relative humidity projections from the CMIP5 Earth SystemModels
under low, moderate, and high emissions scenarios (Representative
Concentration Pathways, RCPs, 2.6, 4.5, and 8.5, respectively). We
found that by 2100, even under the most aggressive mitigation
scenario (that is, RCP 2.6), ⇠26.9% (±8.7% s.d.) of the world’s
land area will be exposed to temperature and humidity conditions
exceeding the deadly threshold by more than 20 days per year,
exposing ⇠47.6% (±9.6% s.d.) of the world’s human population to
deadly climates (using Shared Socioeconomic Pathways projections
of future human population29 relevant to each of the CMIP5 RCPs,
see Methods). Scenarios with higher emissions will a�ect an even
greater percentage of the global land area and human population.
By 2100, ⇠34.1% (±7.6% s.d.) and ⇠47.1% (±8.9% s.d.) of the
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Figure 3 | Geographical distribution of deadly climatic conditions under
di�erent emission scenarios. a–d, Number of days per year exceeding the
threshold of temperature and humidity beyond which climatic conditions
become deadly (Fig. 1b), averaged between 1995 and 2005 (a, historical
experiment), and between 2090 and 2100 under RCP 2.6 (b), RCP 4.5 (c)
and RCP 8.5 (d). Results are based on multimodel medians. Grey areas
indicate locations with high uncertainty (that is, the multimodel standard
deviation was larger than the projected mean; coe�cient of variance >1).
The expected lower number of deadly days at higher latitudes (Fig. 4) may
help explain the large variability among Earth System Models in the
projected number of deadly days at higher latitudes31 (for example, in the
case for New York (illustrated in Fig. 4j) the one model projects nine deadly
days by 2100; yet any other model projecting 18 days will double the
variability). The uncertainty presented in this figure should be interpreted
with that caution in mind.

heat to an environment with equal or higher temperature (that is,
the second law of thermodynamics22), dictates that any ambient
temperature above 37 �C should result in body heat accumulation
and a dangerous exceedance of the optimum body core temperature
(hyperthermia5). Second, sweating, the main process by which the
body dissipates heat, becomes ine�ective at high relative humidity
(that is, air saturated with water vapour prevents evaporation of
sweat); therefore, body heat accumulation can occur at temperatures
lower than the optimum body core temperature in environments
of high relative humidity. These properties help to explain why
the boundary at which temperature becomes deadly decreases
with increasing relative humidity (Fig. 1b) and why in our results
some heat mortality events occurred at relatively low temperatures
(Fig. 1b). These consequences of temperature and humidity are why
both of these variables are included in traditional thermal indices
such as humidex26 and wet-bulb globe temperature22,27.

To quantify the global extent of current deadly climatic
conditions, we applied the 95% probability SVM decision boundary
between mean daily surface air temperature and relative humidity
(red line in Fig. 1b, hereafter referred to as deadly threshold)
to current global climate data (see Methods). Using data from
a climate reanalysis (see Methods), we found that in 2000,
⇠13.2% of the planet’s land area, where ⇠30.6% of the world’s
human population resides, was exposed to 20 or more days
when temperature and humidity surpassed the threshold beyond
which such conditions become deadly (Fig. 2, extended results in
Supplementary Fig. 4). Comparatively, using climate simulations
for the year 2000 (that is, historical experiment) developed for
the Coupled Model Intercomparison Project phase 5 (CMIP5), we
found that ⇠16.2% (±8.3% standard deviation, s.d.) of the planet’s
land area, where ⇠37.0% (±9.7% s.d.) of the world’s population
resides, was exposed to 20 or more days of potentially deadly
conditions of temperature and humidity (results are multimodel
medians and standard deviations among Earth System Models;
Fig. 2). Both the reanalysis and historical CMIP5 data revealed
increasing trends in the area and population exposed to deadly
climates during the time period for which such datasets can be
compared, although the trends in the reanalysis data are slightly
weaker than in the Earth System Models (Fig. 2). Overall, there
was ⇠3% mismatch in the area of the planet exposed to deadly
climates (⇠6.4% in global population) between the reanalysis
and the multimodel median, and thus, results based on CMIP5
simulations should be interpreted with that error inmind. However,
the e�ects of this mismatch and the uncertainty among Earth
System Models were smaller than the predicted changes in deadly
days (Supplementary Fig. 10). It is worth noting that most scientific
publications on deadly heat events have focused in developed mid-
latitude countries (Fig. 1a); yet, deadly heat conditions also occur in
developing tropical countries (Fig. 3). This suggests that the risk of
deadly heat could be currently underestimated in tropical regions,
which has been noted in prior studies28.

To predict the global extent of future deadly climates, we applied
the deadly SVM threshold tomean daily surface air temperature and
relative humidity projections from the CMIP5 Earth SystemModels
under low, moderate, and high emissions scenarios (Representative
Concentration Pathways, RCPs, 2.6, 4.5, and 8.5, respectively). We
found that by 2100, even under the most aggressive mitigation
scenario (that is, RCP 2.6), ⇠26.9% (±8.7% s.d.) of the world’s
land area will be exposed to temperature and humidity conditions
exceeding the deadly threshold by more than 20 days per year,
exposing ⇠47.6% (±9.6% s.d.) of the world’s human population to
deadly climates (using Shared Socioeconomic Pathways projections
of future human population29 relevant to each of the CMIP5 RCPs,
see Methods). Scenarios with higher emissions will a�ect an even
greater percentage of the global land area and human population.
By 2100, ⇠34.1% (±7.6% s.d.) and ⇠47.1% (±8.9% s.d.) of the
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Dans le scénario RCP 4.5 
(= SSP2-4.5), 2,6 – 3,5 °C 

en 2100, 53 % de la 
populaEon mondiale 

connait des températures 
humides potenEellement 
létales pendant plus de 

20 jours par an

14. Impacts: évènements extrêmes



Divers facteurs peuvent expliquer cette baisse généralisée de la teneur en matière 
organique, dans les sols cultivés comme dans les sols non cultivés. L'augmentation de 
la température, qui stimule l'activité microbienne de dégradation de la matière 
organique du sol, est proposée comme hypothèse principale.
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Perte de carbone de tous les sols 
d’Angleterre et du Pays de Galles de 1978 

à 2003

Taux moyen de perte de 
carbone du sol (si linéaire) : 

0,6 % an-1 !!!

14. Impacts: carbone organique du sol



Ceme carte montre que les sols situés dans les régions actuellement les plus froides 
sont également les plus riches en maQère organique, en dépit de la faible 
producQvité végétale. Cela suggère que la température et la durée de la saison 
biologiquement acQve sont des facteurs principaux qui conduisent à l'accumulaQon 
du carbone dans les sols.
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En abscisse: les températures moyennes actuelles dans diverses régions du monde, 
en degrés cenQgrades.
En ordonnée: le pourcentage d'augmentaQon ou de diminuQoin des rendements par 
rapport à l'actuel, en 2050 (en haut) et en 2100 (en bas).
Les nombres en haut des graphiques indiquent le nombre de simulaQons effectuées. 
Les différences entre régions sont liées au niveau de température actuel et au niveau 
de réchauffement. Les effets projetés du changement climaQque sont posiQfs lorsque 
les températures annuelles moyennes sont inférieures à 10 °C.mais ils deviennent 
négaQfs lorsque la température annuelle moyenne dépasse 15 °C environ. Pour le 
maïs, les effets négaQfs sont amendus dans toutes les régions.
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5.4.3.3 Projected impacts on other crops

Yield projections for crops other than cereals indicate mostly 
negative impacts on production due to a range of climate drivers 
(high confidence), with yield reductions similar to that of cereals 
expected in tropical, subtropical and semi-arid areas (Mbow et  al., 
2019). Springmann et al. (2016), compared the projected global food 
availability for different food groups under the SSP2 2050 scenario 

and found reductions in availability were similar in cereals, fruit and 
vegetables, and root and tubers (with legumes and oilseed crops 
showing a smaller reduction).

Fruit and vegetables have not been subject to extensive or coordinated 
yield projections (Figure 5.8). Yield projections have been performed for 
individual crops and locations (Ruane, 2014; Adhikari et al., 2015; Awoye 
et al., 2017; Ramachandran et al., 2017), but more often crop suitability 

Projected yield changes relative to the baseline period (2001–2010)
without adaptation and with CO2 fertilization effects Numbers are the number of simulations
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Figure 5.7 |  Projected yield changes relative to the baseline period (2001–2010) without adaptation and with CO2 fertilisation effects (Hasegawa et al., 
2021b). (a) Mid-century (MC, 2040–2069) and end-century (EC, 2070–2100) projections under three RCP scenarios as a function of current annual temperature (Tave), (b) as a 
function of global temperature rise from the baseline period by three Tave levels. See Figure. 5.6 for legends.
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En abscisse: le temps en années (dates).
En ordonnée: la variaQon relaQve de la biomasse par rapport à la valeur de l'année 
2000.
Au niveau régional, les changements moyens de la biomasse du plancton végétal et 
du plancton animal sont à la baisse dans l'AtlanQque Nord et le Pacifique équatorial 
occidental, tandis que dans les hautes laQtudes, la producQon primaire augmente.
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Cael et al., 2017; Muller-Karger et al., 2019; Xie et al., 2019). Deep-
ocean fluxes are similarly equivocal (Smith et al., 2018; Fischer et al., 
2019; Fischer et al., 2020). In coming years, an increasing number of 
Argo floats equipped with bio-optical sensors should help improve 
estimates of particle flux spatio-temporal variability (e.g., Dall’Olmo 
et al., 2016).

Projected changes

SROCC and WGI AR6 reported global declines in POC export flux, from 
−8.9 to −15.8% by 2100 relative to 2000 under RCP8.5 in CMIP5 
models, and −2.5 to −21.5% (median value: −14%) between 1900 
and 2100 under SSP5-8.5 in CMIP6 models (Table  3.24; WGI AR6 
5.4.4.2; Bindoff et al., 2019a; Canadell et al., 2021). In CMIP5 model 
runs, the decrease in the sinking flux of organic matter from the upper 
ocean into the ocean interior was strongly related to the changes in 

Projected change in marine biomass
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Figure 3.21 |  Projected change in marine biomass. Simulated global biomass changes of (a,b,c) surface phytoplankton, (d,e,f) zooplankton, (g,h,i) animals and (j,k,l) seafloor 
benthos. In (a,d,g,j), the multi-model mean (solid lines) and very likely range (envelope) over 2000–2100 relative to 1995–2014, for SSP1-2.6 and SSP5-8.5. Spatial patterns of 
simulated change by 2090–2099 are calculated relative to 1995–2014 for (b,e,h,k) SSP1-2.6 and (c,f,i,l) SSP5-8.5. Confidence intervals can be affected by the number of models 
available for the Coupled Model Intercomparison Project 6 (CMIP6) scenarios and for different variables. Only one model was available for panel (j), so no confidence interval is 
calculated. For panels (a–f), the ensemble projections of global changes in phytoplankton and zooplankton biomasses updated based on Kwiatkowski et al. (2019) include, under 
SSP1-2.6 and SSP5-8.5, respectively, a total of nine and ten CMIP6 Earth system models (ESMs). For panels (b,c,e,f), unhatched areas represent regions where at least 80% of 
models agree on the sign of biomass anomaly. For panels (g,h,i), the ensemble projections of global changes in total animal biomass updated based on Tittensor et al. (2021) include 
six to nine published global fisheries and marine ecosystem models from the Fisheries and Marine Ecosystem Model Intercomparison Project (Tittensor et al., 2018; Tittensor et al., 
2021), forced with standardised outputs from two CMIP6 ESMs. For panels (j,k,l), globally integrated changes in total seafloor biomass have been updated based on Yool et al. 
(2017) with one benthic model (Kelly-Gerreyn et al., 2014) forced with the CMIP6 ESM UKESM-1.
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Cael et al., 2017; Muller-Karger et al., 2019; Xie et al., 2019). Deep-
ocean fluxes are similarly equivocal (Smith et al., 2018; Fischer et al., 
2019; Fischer et al., 2020). In coming years, an increasing number of 
Argo floats equipped with bio-optical sensors should help improve 
estimates of particle flux spatio-temporal variability (e.g., Dall’Olmo 
et al., 2016).

Projected changes

SROCC and WGI AR6 reported global declines in POC export flux, from 
−8.9 to −15.8% by 2100 relative to 2000 under RCP8.5 in CMIP5 
models, and −2.5 to −21.5% (median value: −14%) between 1900 
and 2100 under SSP5-8.5 in CMIP6 models (Table  3.24; WGI AR6 
5.4.4.2; Bindoff et al., 2019a; Canadell et al., 2021). In CMIP5 model 
runs, the decrease in the sinking flux of organic matter from the upper 
ocean into the ocean interior was strongly related to the changes in 
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Figure 3.21 |  Projected change in marine biomass. Simulated global biomass changes of (a,b,c) surface phytoplankton, (d,e,f) zooplankton, (g,h,i) animals and (j,k,l) seafloor 
benthos. In (a,d,g,j), the multi-model mean (solid lines) and very likely range (envelope) over 2000–2100 relative to 1995–2014, for SSP1-2.6 and SSP5-8.5. Spatial patterns of 
simulated change by 2090–2099 are calculated relative to 1995–2014 for (b,e,h,k) SSP1-2.6 and (c,f,i,l) SSP5-8.5. Confidence intervals can be affected by the number of models 
available for the Coupled Model Intercomparison Project 6 (CMIP6) scenarios and for different variables. Only one model was available for panel (j), so no confidence interval is 
calculated. For panels (a–f), the ensemble projections of global changes in phytoplankton and zooplankton biomasses updated based on Kwiatkowski et al. (2019) include, under 
SSP1-2.6 and SSP5-8.5, respectively, a total of nine and ten CMIP6 Earth system models (ESMs). For panels (b,c,e,f), unhatched areas represent regions where at least 80% of 
models agree on the sign of biomass anomaly. For panels (g,h,i), the ensemble projections of global changes in total animal biomass updated based on Tittensor et al. (2021) include 
six to nine published global fisheries and marine ecosystem models from the Fisheries and Marine Ecosystem Model Intercomparison Project (Tittensor et al., 2018; Tittensor et al., 
2021), forced with standardised outputs from two CMIP6 ESMs. For panels (j,k,l), globally integrated changes in total seafloor biomass have been updated based on Yool et al. 
(2017) with one benthic model (Kelly-Gerreyn et al., 2014) forced with the CMIP6 ESM UKESM-1.
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Cael et al., 2017; Muller-Karger et al., 2019; Xie et al., 2019). Deep-
ocean fluxes are similarly equivocal (Smith et al., 2018; Fischer et al., 
2019; Fischer et al., 2020). In coming years, an increasing number of 
Argo floats equipped with bio-optical sensors should help improve 
estimates of particle flux spatio-temporal variability (e.g., Dall’Olmo 
et al., 2016).

Projected changes

SROCC and WGI AR6 reported global declines in POC export flux, from 
−8.9 to −15.8% by 2100 relative to 2000 under RCP8.5 in CMIP5 
models, and −2.5 to −21.5% (median value: −14%) between 1900 
and 2100 under SSP5-8.5 in CMIP6 models (Table  3.24; WGI AR6 
5.4.4.2; Bindoff et al., 2019a; Canadell et al., 2021). In CMIP5 model 
runs, the decrease in the sinking flux of organic matter from the upper 
ocean into the ocean interior was strongly related to the changes in 
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Figure 3.21 |  Projected change in marine biomass. Simulated global biomass changes of (a,b,c) surface phytoplankton, (d,e,f) zooplankton, (g,h,i) animals and (j,k,l) seafloor 
benthos. In (a,d,g,j), the multi-model mean (solid lines) and very likely range (envelope) over 2000–2100 relative to 1995–2014, for SSP1-2.6 and SSP5-8.5. Spatial patterns of 
simulated change by 2090–2099 are calculated relative to 1995–2014 for (b,e,h,k) SSP1-2.6 and (c,f,i,l) SSP5-8.5. Confidence intervals can be affected by the number of models 
available for the Coupled Model Intercomparison Project 6 (CMIP6) scenarios and for different variables. Only one model was available for panel (j), so no confidence interval is 
calculated. For panels (a–f), the ensemble projections of global changes in phytoplankton and zooplankton biomasses updated based on Kwiatkowski et al. (2019) include, under 
SSP1-2.6 and SSP5-8.5, respectively, a total of nine and ten CMIP6 Earth system models (ESMs). For panels (b,c,e,f), unhatched areas represent regions where at least 80% of 
models agree on the sign of biomass anomaly. For panels (g,h,i), the ensemble projections of global changes in total animal biomass updated based on Tittensor et al. (2021) include 
six to nine published global fisheries and marine ecosystem models from the Fisheries and Marine Ecosystem Model Intercomparison Project (Tittensor et al., 2018; Tittensor et al., 
2021), forced with standardised outputs from two CMIP6 ESMs. For panels (j,k,l), globally integrated changes in total seafloor biomass have been updated based on Yool et al. 
(2017) with one benthic model (Kelly-Gerreyn et al., 2014) forced with the CMIP6 ESM UKESM-1.



Le Qtre de cet arQcle symbolise le début des travaux portant sur les rétroacQons du 
vivant sur le changement climaQque. Beaucoup d'incerQtudes demeurent sur la 
réponse évoluQve des organismes vivants et sur la structuraQon des communautés, 
ainsi que sur la nature des impacts que cela aura sur le changement climaQque.
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Climatic conditions, including rainfall, seasonal water
balance, the length of growing seasons, and winter

temperatures, can strongly influence plant and animal
species (Prentice et al. 1992; Woodward et al. 1995).
Changes in climate may therefore have a profound impact
on terrestrial ecosystems worldwide. Many studies have
shown how climatic variations in the recent geologic past
have caused major shifts in the composition and distribu-
tion of terrestrial ecosystems (eg COHMAP 1988). The
possibility of future climate change, fueled by increases in
greenhouse gases, has also spurred speculation on the
future makeup of the biosphere (Cramer et al. 2001).

While it may be obvious that the climate affects terres-
trial ecosystems, terrestrial ecosystems can also affect the
climate, particularly through their vegetative cover and
soils. This may happen by means of processes that are both
biophysical (ie changes in water, energy, or momentum
balance) and biogeochemical, including changes in the
proportion of important trace gases, such as CO2 and
methane, in the atmosphere.

We have become increasingly aware of this two-way
link. A new generation of computer models has been
developed over the past decade to analyze this coupled

behavior (eg Foley et al. 1998, 2000; Cox et al. 2000;
Delire et al. in press). These models are useful for examin-
ing how variations in the structure and functioning of ter-
restrial ecosystems can affect the evolution of the climate
system, either through human land-use practices or the
impacts of global climate change.

! Biophysical impacts of changing land use and cover

The atmosphere responds to the exchange of energy,
water, and momentum from the land, ocean, or ice. Any
change in this surface flux can strongly affect atmospheric
thermodynamics and circulation – changes such as an
increase in ocean temperatures during an El Niño event,
the collapse of a massive ice sheet, or the replacement of
a tropical rainforest with pasture.

Changes in land use and cover can also affect biophysical
surface fluxes in several ways. First, they can modify the sur-
face albedo (the fraction of solar radiation that is reflected),
thereby changing the energy balance and the surface tem-
perature. This, in turn, affects how the surface cools itself,
by shifting the balance between sensible heat loss (the cool-
ing of a warm surface by the wind) and latent heat loss
(cooling through evapotranspiration). Finally, vegetative
height and density affect the roughness of the land surface,
which itself influences the mixing of air close to the ground.
Rough surfaces mix air more efficiently, enhancing both
cooling processes. Changes in albedo, surface roughness,
and the ratio between sensible and latent heat loss can all
affect surface fluxes and, as a result, modify the climate.

Much of the world’s land surface has already been
cleared for agriculture or human settlements. Together,
croplands, pasture, and urban areas cover nearly 35%
(about 55 million km2) of the continental surfaces
(Ramankutty and Foley 1999; Ramankutty et al. unpub-
lished). To a large extent, the only two remaining areas to
be exploited for human use, excluding the desert and polar
regions, are the tropical rainforests of South America,
Africa, and Southeast Asia, and the boreal forests of
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While the earth’s climate can affect the structure and functioning of terrestrial ecosystems, the process also
works in reverse. As a result, changes in terrestrial ecosystems may influence climate through both biophysi-
cal and biogeochemical processes. This two-way link between the physical climate system and the biosphere
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human land-use practices or global climate change, may affect the future of the earth’s climate. 

Front Ecol Environ 2003; 1(1): 38–44

1Center for Sustainability and the Global Environment, Gaylord
Nelson Institute for Environmental Studies, 1710 University
Avenue, University of Wisconsin, Madison, WI 53726
(jfoley@wisc.edu); 2Department of Agricultural Engineering,
Federal University of Viçosa, Viçosa, MG, 36571-000 Brazil.

In a nutshell:
• Traditionally, discussions of climatic change have focused on

how such changes will affect ecosystems
• Recent work suggests that changes in ecosystems can, in turn,

affect climate
• Preliminary computer modeling studies indicate that ecosys-

tems may produce “positive feedbacks” on global warming,
making the planet warmer than originally expected

• Further research is needed to quantify the role of ecological
feedbacks in the climate system



En abscisse: le temps en années (dates).
En ordonnée: le temps en dates calendaires de récole du raisin à Beaune.
Depuis trois décennies, la récolte du raisin dans la région de Beaune est de plus en 
plus précoce.
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15. Réponses des organismes: phénologie

Phénologie : phénomènes naturels
cycliques chez les plantes et les animaux en
relation avec le climat et la saison.

- Avancement du printemps
(reproduction, débourrement, rupture 
d'hibernation, floraison, migration).

- 1,1 jours/décennie pour les herbes, 
graminées et arbustes ; 3,3 
jours/décennie pour les arbres de 
l'hémisphère nord (NH).

- Apparition plus précoce des 
proliférations de phytoplancton.

- Ponte des oiseaux : 3,7 jours/décennie
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Recent in situ analyses document increases in the length of the thermal 
growing season (i.e.,  the period of the year when temperatures are 
warm enough to support growth) over much of the extratropical land 
surface since at least the mid-20th century. Over the NH as a whole, 
an increase of about 2.0 days per decade is evident for 1951–2018 
(Dunn et  al., 2020), with slightly larger increases north of 45°N 
(Barichivich et al., 2013). Over North America, a rise of about 1.3 days 
per decade is apparent in the United States for 1900–2014 (Kukal 
and Irmak, 2018), with larger increases after 1980 (McCabe et al., 
2015); likewise, all ecozones in Canada experienced increases from 
1950–2010 (Pedlar et  al., 2015). Growing season length in China 

increased by at least 1.0 days per decade since 1960 (Xia et  al., 
2018) and by several days per decade in South Korea since 1970 
(Jung et al., 2015). In general, changes in phenological indicators are 
consistent with the increase in growing season length documented by 
instrumental data (Parmesan and Hanley, 2015). Several long-term, 
site-specific records illustrate the unusualness of recent phenological 
changes relative to interannual variability; for example, peak bloom 
dates for cherry blossoms in Kyoto, Japan have occurred progressively 
earlier in the growing season in recent decades, as have grape harvest 
dates in Beaune, France (Figure 2.32).

Changes in selected long-term phenological series
(a) Cherry blossom peak bloom in Kyoto, Japan
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(c) Spring phenology index in eastern China

(e) Grape harvest in Central Victoria, Australia
(f) Start of growing season in Tibetan Plateau, China

(b) Grape harvest in Beaune, France

(d) Full flower of Piedmont species in Philadelphia, USA

Figure 2.32 | Phenological indicators of changes in growing season. (a) Cherry blossom peak bloom in Kyoto, Japan; (b) grape harvest in Beaune, France; (c) spring 
phenology index in eastern China; (d) full flower of Piedmont species in Philadelphia, USA; (e) grape harvest in Central Victoria, Australia; (f) start of growing season in Tibetan 
Plateau, China. Red lines depict the 25-year moving average (top row) or the nine-year moving average (middle and bottom rows) with the minimum roughness boundary 
constraint of Mann (2004). Further details on data sources and processing are available in the chapter data table (Table 2.SM.1).
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Date de récolte du raisin (Beaune, France)



En abscisse: un indicateur de changement de température en degrés jour par rapport 
à l'actuel. 
En ordonnée le pourcentage relaQf d'espèces disparues localement.
La densité du changement climaQque se traduit par un déplacement vers le nord dans 
l'hémisphère nord et vers le sud dans l'hémisphère sud des zones de pluie et de 
température. Cela engendre une migraQon des espèces, mais beaucoup n'ont pas les 
capacités de migrer assez vite pour suivre le déplacement de leur niche climaQque. 
En conséquence, beaucoup d'espèces disparaîtront localement ; ce taux de 
dispariQon sera d'autant plus important que le changement climaQque 
s'approfondira.

66

ical and historical characteristics of the flora, and!or specific
environmental conditions (Fig. 4). An excess of species loss (red
color) is shown for mountain regions (mid-altitude Alps, mid-
altitude Pyrenees, central Spain, French Cevennes, Balkans,
Carpathians). Severe climatic conditions have occurred in moun-
tains over evolutionary times, promoting highly specialized
species with strong adaptation to the limited opportunities for
growth and survival (33). The narrow habitat tolerances of the
mountain flora, in conjunction with marginal habitats for many
species, are likely to promote higher rates of species loss for a

similar climate anomaly than in any other part of Europe (34).
By contrast, the southern Mediterranean and part of the Pan-
nonian regions have a negative residual for species loss (gray
color). Both regions are characterized by hot and dry summers
and are occupied by species that tolerate strong heat and
drought. Under the scenarios used here, these species are likely
to continue to be well adapted to future conditions.

We finally present mean percentages of species loss and
turnover by environmental zones (M. Metzger, unpublished
data) with the A1-HadCM3 scenario of maximum change to best
illustrate the spatial patterns (Fig. 5). The major spatial patterns
are similar over all scenarios. The northern Mediterranean
(52%), Lusitanian (60%) and Mediterranean mountain (62%)
regions are the most sensitive regions; the Boreal (29%), north-
ern Alpine (25%), and Atlantic (31%) regions are consistently
less sensitive. Species turnover shows a somewhat different
pattern. The Boreal region could, in principle, gain many species
from further south, leading to a high species turnover (66%). The
Pannonian region could also theoretically gain eastern Mediter-
ranean species and has a calculated turnover of 66%. Thus, these
regions stand to lose a substantial part of their plant species
diversity, and (in time) to show a major change in floristic
composition. Projected species turnover peaks at the transition
between the Mediterranean and continental regions (Fig. 5) with
extirpation of Euro-Siberian species and expansion for Medi-
terranean or Atlantic species. Southern Fennoscandia is also an
area of high potential turnover with the loss of boreal species and
gain of Euro-Siberian species.

These results cannot be taken as precise forecasts given the
uncertainties in climate change scenarios, the coarse spatial
resolution of the analysis (35), and uncertainties in the mod-
eling techniques used (8, 29). The relatively coarse grid scale
of our study may hide potential refuges for species and
environmental heterogeneity that could enhance species sur-
vival, especially in mountain areas where our estimation of
risks of extinctions could be overestimated. On the other hand,
landscape fragmentation could increase the vulnerability of
these refuges to fire or other disturbances, which in combina-
tion with the lack of propagule f low, could compromise the
survival of remnant populations. There are also major uncer-
tainties due to lags associated with biotic processes. The
recognized time scales for assigning species IUCN Red List
categories are not suited to evaluating the consequences of
slow-acting but persistent threats. We have substituted a time
scale of 80 years (instead of 20) for critically endangered,
endangered and vulnerable, respectively, over which to assess

Fig. 3. Relationships between the percentage of species loss and anomalies of moisture availability and growing-degree days. The colors correspond to different
climate change scenarios.

Fig. 4. Regional projections of the residuals from the multiple regression of
species loss against growing-degree days and moisture availability. Red colors
indicate an excess of species loss; gray colors indicate a deficit.

8248 " www.pnas.org!cgi!doi!10.1073!pnas.0409902102 Thuiller et al.

Thuillier W. et al. 2005. 
PNAS 102: 8245-8250

La course entre les 
espèces et les 

zones clima;ques

15. Réponses des organismes: migra>on



L'abscisse : le temps en décennies.
En ordonnée: le nombre d'espèces observées au niveau de points fixes qui n'étaient 
pas observées précédemment.
Dans tous les océans, la structure des communautés est en cours de profonds 
changements, c'est-à-dire qu'on y observe dorénavant des espèces qui n'étaient pas 
présentes autrefois, ce qui témoigne, comme sur les continents, d'une grande 
migration des organismes vivants ont réponse au changement climatique.
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15. Réponses des organismes: migration en latitude



Le changement de distribuQon géographique des zones climaQques va entraîner de 
profondes perturbaQons de la composiQon des communautés végétales et 
notamment celle des arbres. Par exemple, le hêtre ne sera plus présent à la fin du 
siècle que dans les massifs montagneux et le quart nord-est de la France.
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Année 2100

Probabili@es of 
occurence Badeau V. et al. 2004. 

Rapport INRA n° 4154 B

Année 2000
DistribuEon du hêtre

Fagus sylva>ca
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En abscisse: le pourcentage par rapport au poids sec de carbohydrates non structurel 
dans les plantes.
En ordonnée: les diverses espèces analysées.
À côté du changement climaQque, le changement de composiQon de l'atmosphère, 
c'est-à-dire son enrichissement en CO2, peut avoir des conséquences sur la 
composiQon chimique des plantes. Dans ceme étude, des plantes qui poussent en 
permanence à proximité de sources naturelles de CO2 en Toscane montrent une 
teneur en molécules carbonées de peQts poids moléculaire plus élevé que celle des 
plantes qui poussent en situaQon de CO2 normal. En théorie, ceme concentraQon 
forte en peQtes molécules carbonées devrait sQmuler la dégradaQon de la maQère 
végétale morte et donc accélérer le recyclage des nutriments minéraux, ce qui 
pourrait avoir des conséquences posiQves sur la croissance des plantes. Ceci est un 
exemple d'une rétro-acQons possibles du vivant sur le climat parmi, très 
probablement, de nombreuses aux autres qu'il reste à idenQfier et quanQfier.

Elevated CO2 causes non-
structural carbohydrate 
concentration increase 
(grassland species in 
Tuscany, Italy, close or far 
from natural CO2 springs).

Korner C. 2003. Phil. 
Trans. R. Soc. Lond. A 
361: 2023-2041
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En Côte d'Ivoire, dans la région de Bouaké, une expérience de long est menée depuis 
les années 1930 sur l'influence du feu sur la couverture végétale. À gauche, la 
parcelle est totalement préservée du feu annuel ; au centre la parcelle fait l'objet d'un 
feu tardif très intense et à droite d'un feu précoce moins intense. Cette expérience 
montre que la fréquence des feux comme leur intensité dans les zones de savane, qui 
devraient augmenter avec le changement climatique, sont susceptibles de modifier 
drasrtiquement la nature de la couverture végétale et en particulier de l'équilibre 
entre les herbes et les arbres.
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À droite, la suppression du feu de brousse annuel a entraîné le développement d'une 
couverture forestière. À gauche un feu tardif et donc violent car beaucoup d'herbe 
sèches sont disponibles en tant que combustible, a freiné la régénération des arbres, 
conduisant à un paysage typique de savane de type arbustif avec un couvert arboré 
très discontinu.
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Dans ceme parcelle, le feu a été mis tous les ans en début de saison sèche lorsque les 
herbes sont encore plus ou moins vertes. L'intensité du feu a donc été modérée ce 
qui a favorisé la régénéraQon des arbres et conduit à un paysage de savane très 
arborée.
Au total, les modalités du feu de brousse annuel dans les savanes, facteur 
environnemental tout à fait normal dans ce type d'écosystème, déterminent la 
quanQté de carbone stockée dans la végétaQon et son de albédo, deux paramètres 
qui influencent fortement le climat.
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Parcelle brûlée
précocément

15. Rétroactions sur le climat


