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Définition de la Convention sur la diversité 
biologique: La « Diversité biologique » désigne 
toutes les formes de variabilité du monde vivant, au 
niveau espèce et au niveau des écosystèmes, et au 
niveau des complexes écologiques dont font partie 
les organismes. Cela comprend la diversité intra-
espèces, inter-espèces et inter-écosystèmes. (CBD, 
1992, article 2: use of terms).

Ma définition: Le phénomène vivant, pourquoi et 
comment ? Sa variabilité (y compris dans le temps). 
Sa valeur pour l’humanité.

Biodiversité ?
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Group 
Number of 
species de-

scribed 

Estimated number of species 
Reliability 
of the best 
estimate 

High esti-
mate 

Low esti-
mate 

Most 
probable 
number 

Viruses 4 1000 50 400 Very low 
Bacteria 4 3000 50 1000 Very low 
Fungi 72 2700 200 1500 Medium 
Protozoa 40 200 60 200 Very low 
Algae 40 1000 150 400 Very low 
Plants 270 500 300 320 Good 
Nematodes 25 1000 100 400 Low 
Crustaceans 40 200 75 150 Medium 
Arachnids 75 1000 300 750 Medium 
Insects 950 100 000 2000 8000 Medium 
Molluscs 70 200 100 200 Medium 
Chordates 45 55 50 50 Good 
Others 115 800 200 250 Medium 
TOTAL 1750 111 655 3635 13 620 Very low 
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Combien d’espèces sur la planète ?
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Combien d’espèces sur la planète ?

Comment ?

Pourquoi ?



O: Ordovician
D: Devonian
P: Permian
TR: Triassic
K: Cretaceous
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Comment, pourquoi ?



Institute of Ecology and Environmental Sciences - Paris

Institut d’Ecologie et des Sciences de l’Environnement de Paris

Comment, pourquoi ?
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Trade-off (compromis)
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Les Galapagos sont situées à 1000 km des 
côtes de l’Equateur. Les 14 espèces de 
pinsons dérivent d’un ancêtre commun arrivé 
il y a 3 millions d’années du continent 
américain. Actuellement, Certhidea olivacea
est le plus proche génétiquement du 
fondateur de la colonie.

La mécanique évolutive
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Mutualisme et diversification
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Mutualisme et diversification
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Mutualisme et diversification
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Un écosystème, c’est ça…  
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… ou plutôt ça !!!
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… ou plutôt ça !!!

Complexité = grand nombre de 

composantes (espèces) en 

interaction (compétion, 

mutualisme, parasitisme, etc.) 
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Complexe = compliqué ?

Phoques

Homo sapiens Orques

Loutres de mer

Poissons
piscivores

Poissons Mollusques

Laminaires

Oursins

Un fragment de réseau alimentaire sur les côtes de l’Alaska, en partant des Loutres de 
mer et des déboires qu’elles connaissent depuis les années 1990 .
Les flèches relient les proies à leurs consommateurs.

Crustacés
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Complexe = compliqué ?
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Cascade trophique 
entraînée par la 

peste bovine dans 
le Seregenti

Holdo R.M. et al. 2009. 
Plos Biology 7, 9, 

e1000210

Complexe = compliqué ?



Institute of Ecology and Environmental Sciences - Paris

Institut d’Ecologie et des Sciences de l’Environnement de Paris

Nombre d’espèces de graminées
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Tilman D. 1996, Ecology 77: 350-363

Complexe = compliqué ?
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Nombre d’espèces de graminées

St
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Tilman D. 1996, Ecology 77: 350-363

Complexe = compliqué ?
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RESEARCH ARTICLE SUMMARY
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FOREST ECOLOGY

Positive biodiversity-productivity
relationship predominant
in global forests
Jingjing Liang,* Thomas W. Crowther, Nicolas Picard, Susan Wiser, Mo Zhou,
Giorgio Alberti, Ernst-Detlef Schulze, A. David McGuire, Fabio Bozzato, Hans Pretzsch,
Sergio de-Miguel, Alain Paquette, Bruno Hérault, Michael Scherer-Lorenzen,
Christopher B. Barrett, Henry B. Glick, Geerten M. Hengeveld, Gert-Jan Nabuurs,
Sebastian Pfautsch, Helder Viana, Alexander C. Vibrans, Christian Ammer, Peter Schall,
David Verbyla, Nadja Tchebakova, Markus Fischer, James V. Watson, Han Y. H. Chen,
Xiangdong Lei, Mart-Jan Schelhaas, Huicui Lu, Damiano Gianelle, Elena I. Parfenova,
Christian Salas, Eungul Lee, Boknam Lee, Hyun Seok Kim, Helge Bruelheide,
David A. Coomes, Daniel Piotto, Terry Sunderland, Bernhard Schmid,
Sylvie Gourlet-Fleury, Bonaventure Sonké, Rebecca Tavani, Jun Zhu, Susanne Brandl,
Jordi Vayreda, Fumiaki Kitahara, Eric B. Searle, Victor J. Neldner, Michael R. Ngugi,
Christopher Baraloto, Lorenzo Frizzera, Radomir Bałazy, Jacek Oleksyn,
Tomasz Zawiła-Niedźwiecki, Olivier Bouriaud, Filippo Bussotti, Leena Finér,
Bogdan Jaroszewicz, Tommaso Jucker, Fernando Valladares, Andrzej M. Jagodzinski,
Pablo L. Peri, Christelle Gonmadje, William Marthy, Timothy O’Brien,
Emanuel H. Martin, Andrew R. Marshall, Francesco Rovero, Robert Bitariho,
Pascal A. Niklaus, Patricia Alvarez-Loayza, Nurdin Chamuya, Renato Valencia,
Frédéric Mortier, Verginia Wortel, Nestor L. Engone-Obiang, Leandro V. Ferreira,
David E. Odeke, Rodolfo M. Vasquez, Simon L. Lewis, Peter B. Reich

INTRODUCTION: Thebiodiversity-productivity
relationship (BPR; the effect of biodiversity on
ecosystem productivity) is foundational to our
understanding of the global extinction crisis
and its impacts on the functioning of natural
ecosystems. The BPR has been a prominent
research topicwithin ecology in recent decades,
but it is only recently that we have begun to
develop a global perspective.

RATIONALE: Forests are the most important
global repositories of terrestrial biodiversity,
but deforestation, forest degradation, climate
change, and other factors are threatening

approximately one half of tree species world-
wide. Although there have been substantial
efforts to strengthen the preservation and
sustainable use of forest biodiversity through-
out the globe, the consequences of this di-
versity loss pose amajor uncertainty for ongoing
international forest management and conser-
vation efforts. The forest BPR represents a
critical missing link for accurate valuation of
global biodiversity and successful integration
of biological conservation and socioeconomic
development. Until now, there have been limited
tree-based diversity experiments, and the forest
BPR has only been explored within regional-

scale observational studies. Thus, the strength
and spatial variability of this relationship re-
mains unexplored at a global scale.

RESULTS: We explored the effect of tree
species richness on tree volume productivity at
the global scale using repeated forest invento-

ries from 777,126 perma-
nent sample plots in 44
countries containingmore
than 30million trees from
8737 species spanningmost
of the global terrestrial bi-
omes. Our findings reveal a

consistent positive concave-down effect of bio-
diversity on forest productivity across the world,
showing that a continued biodiversity losswould
result in an accelerating decline in forest
productivity worldwide.
The BPR shows considerable geospatial var-

iation across theworld. The same percentage of
biodiversity loss would lead to a greater relative
(that is, percentage) productivity decline in the
boreal forests of North America, Northeastern
Europe, Central Siberia, East Asia, and scattered
regions of South-central Africa and South-central
Asia. In the Amazon, West and Southeastern
Africa, Southern China, Myanmar, Nepal, and
the Malay Archipelago, however, the same per-
centage of biodiversity losswould lead to greater
absolute productivity decline.

CONCLUSION: Our findings highlight the
negative effect of biodiversity loss on forest
productivity and the potential benefits from
the transition of monocultures to mixed-species
stands in forestry practices. The BPR we dis-
cover across forest ecosystems worldwide
corresponds well with recent theoretical ad-
vances, as well as with experimental and ob-
servational studies on forest and nonforest
ecosystems. On the basis of this relationship,
the ongoing species loss in forest ecosystems
worldwide could substantially reduce forest pro-
ductivity and thereby forest carbon absorption
rate to compromise the global forest carbon
sink. We further estimate that the economic
value of biodiversity in maintaining commer-
cial forest productivity alone is $166 billion to
$490 billion per year. Although representing
only a small percentage of the total value of
biodiversity, this value is two to six times as
much as it would cost to effectively implement
conservation globally. These results highlight
the necessity to reassess biodiversity valuation
and the potential benefits of integrating and
promoting biological conservation in forest
resource management and forestry practices
worldwide.▪

RESEARCH
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Global effect of tree species diversity on forest productivity. Ground-sourced data from 777,126
global forest biodiversity permanent sample plots (dark blue dots, left),which cover a substantial portion
of the global forest extent (white), reveal a consistent positive and concave-down biodiversity-
productivity relationship across forests worldwide (red line with pink bands representing 95% con-
fidence interval, right).
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Extinctions depuis 1500
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Figure 3. A substantial proportion of assessed species are threatened with extinction and overall trends are 
deteriorating, with extinction rates increasing sharply in the past century. (A) Percentage of species 
threatened with extinction in taxonomic groups that have been assessed comprehensively, or through a  ‘sampled’  
approach, or for which selected subsets have been assessed, by the International Union for Conservation of Nature 
(IUCN) Red List of Threatened Species. Groups are ordered according to the best estimate for the percentage of 
extant species considered threatened (shown by the vertical blue lines), assuming that data deficient species are as 
threatened as non-data deficient species. (B) Extinctions since 1500 for vertebrate groups. Rates for Reptiles and 
Fishes have not been assessed for all species. (C) Red List Index of species survival for taxonomic groups that 
have been assessed for the IUCN Red List at least twice. A value of 1 is equivalent to all species being 
categorized as Least Concern; a value of zero is equivalent to all species being classified as Extinct. Data for all 
panels derive from www.iucnredlist.org (see Chapter 3 Figure 3.4 and Chapter 2 Figure 2.7). 

 

7. The number of local varieties and breeds of domesticated plants and animals and their 
wild relatives has been reduced sharply as a result of land use change, knowledge loss, market 
preferences and large-scale trade (well established) {2.2.5.2.6, 2.2.5.3.1}. Domestic varieties of 
plants and animals s are the result of nature and human managed selection, sometimes over centuries 
or millennia, and tend to show a high degree of adaptation (genotypic and phenotypic) to local 
conditions (well established) {2.2.4.4}. As a result, the pool of genetic variation which underpins food 
security has declined (well established) {2.2.5.2.6}. 10 per cent of domesticated breeds of mammals 
were recorded as extinct, as well as some 3.5 per cent of domesticated breeds of birds (well 
established) {2.2.5.2.6} Many hotspots of agrobiodiversity and crop wild relatives are also under 
threat or not formally protected. The conservation status of wild relatives of domesticated livestock 
has also deteriorated. These wild relatives represent critical reservoirs of genes and traits that may 
provide resilience against future climate change, pests and pathogens and may improve current heavily 
depleted gene pools of many crops and domestic animals {2.2.3.4.3}. The lands of indigenous peoples 
and local communities, including farmers, pastoralists and herders, are often important areas for in situ 
conservation of the remaining varieties and breeds (well established) {2.2.5.3.1}. Available data 

IPBES, 2019. Summary for Policy 
Makers of the Global Assessment 
Report on Biodiversity and 
Ecosystem Services of the 
Intergovernmental Science-Policy 
Platform on Biodiversity and 
Ecosystem Services.
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partie 1 : comment la biodiversité évolue-t-elle en France ?

État des populations d’oiseaux 
communs spécialistes
22 % des oiseaux communs spécialistes ont disparu de métropole entre 1989 et 2017.

ÉVOLUTION DE L’ABONDANCE DES POPULATIONS D’OISEAUX COMMUNS 
SPÉCIALISTES EN FRANCE MÉTROPOLITAINE
En indice base 100 en 1989
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Note de lecture : les trois valeurs indiquées sur le graphique correspondent à la tendance 
observée sur la période 1989-2017 (calculée à partir de la pente de la droite de régression 
linéaire, matérialisée en pointillés sur le graphique).
Source : programme STOC de Vigie-Nature. Traitements : CESCO - UMS PatriNat (AFB-
CNRS-MNHN), décembre 2017
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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
En indice base 100 en 2006

0

20

40

60

80

100

120

140

160

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

- 38 %
en dix ans

Notes : prise en compte de sept espèces ou groupes d’espèces (groupe des Myotis, P. kuhlii, 
P. pipistrellus, P. pygmaeus, E. seronitus, N. leisleri et N. noctule) ; la valeur indiquée sur le 
graphique correspond à la tendance observée sur la période 2006-2016 (calculée à partir de 
la pente de la droite de régression linéaire, matérialisée en pointillés sur le graphique).
Source : programme Vigie-Chiro de Vigie-Nature. Traitements : CESCO - UMS PatriNat 
(AFB-CNRS-MNHN), 2017
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Article
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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losses have been even more rapid (0.8% per year from 1970 to 2008) (established but incomplete) 
{2.2.7.9}. 

 

 
Figure 2.  Examples of global declines in nature, emphasizing declines in biodiversity, that have been and are 
being caused by direct and indirect drivers of change. The direct drivers (land/sea use change; direct exploitation 
of organisms; climate change; pollution; and invasive alien species)5 result from an array of underlying societal 
causes6. These causes can be demographic (e.g. human population dynamics), sociocultural (e.g. consumption 
patterns), economic (e.g. trade), technological or relating to institutions, governance, conflicts and epidemics; 
these are called indirect drivers7, and are underpinned by societal values and behaviors. The colour bands 
represent the relative global impact of direct drivers on (from top to bottom) terrestrial, freshwater and marine 
nature as estimated from a global systematic review of studies published since 2005. Land and sea use change and 
direct exploitation account for more than 50 per cent of the global impact on land, in fresh water and in the sea, 
but each driver is dominant in certain contexts {2.2.6}. The circles illustrate the magnitude of the negative human 
impacts on a diverse selection of aspects of nature over a range of different time scales, based on a global 
synthesis of indicators {2.2.5, 2.2.7}.  

5. Marine ecosystems, from coastal to deep sea, now show the influence of human actions, 
with coastal marine ecosystems showing both large historical losses of extent and condition as 
well as rapid ongoing declines (established but incomplete) {2.2.5.2.1, 2.2.7.15} (Figure SPM.2).  
Over 40% of ocean area was strongly affected by multiple drivers in 2008, and 66% was experiencing 
increasing cumulative impacts in 2014. Only 3% of the ocean was described as free from human 
pressure in 2014 (established but incomplete) {2.2.5.2.1, 3.2.1}. Seagrass meadows decreased in 
extent by over 10 per cent per decade from 1970-2000 (established but incomplete) {2.2.5.2.1}. Live 
coral cover on reefs has nearly halved in the past 150 years, the decline dramatically accelerating over 
the past 2-3 decades due to increased water temperature and ocean acidification interacting with and 
further exacerbating other drivers of loss (well established) {2.2.5.2.1}. These coastal marine 
ecosystems are among the most productive systems globally, and their loss and deterioration reduces 
their ability to protect shorelines, and the people and species that live there, from storms, as well as 
their ability to provide sustainable livelihoods (well established) {2.2.5.2.1, 2.3.5.2}. Severe impacts 
to ocean ecosystems are illustrated by 33% of fish stocks being classified as overexploited and greater 
than 55% of ocean area being subject to industrial fishing (established but incomplete) {2.1.11.1; 
2.2.5.2.4, 2.2.7.16}. 

6. The global rate of species extinction is already at least tens to hundreds of times higher 
than the average rate over the past 10 million years and is accelerating (established but 
incomplete) {2.2.5.2.4} (Figure SPM.3). Human actions have already driven at least 680 vertebrate 

                                                                 
5 The classification of direct drivers used throughout this assessment is in {2.1.12 - 2.1.17} 
6 The interactions among indirect and direct drivers are addressed in {2.1.11, 2.1.18} 
7 The classification of indirect drivers used throughout this assessment is in {2.1.12 - 2.1.17} 
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Terres
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The sum of the biomass across all taxa on Earth is ≈550 Gt C,
of which ≈80% (≈450 Gt C; SI Appendix, Table S2) are plants,
dominated by land plants (embryophytes). The second major
biomass component is bacteria (≈70 Gt C; SI Appendix, Tables
S3–S7), constituting ≈15% of the global biomass. Other groups,
in descending order, are fungi, archaea, protists, animals, and
viruses, which together account for the remaining <10%. Despite

the large uncertainty associated with the total biomass of bac-
teria, we estimate that plants are the dominant kingdom in terms
of biomass at an ≈90% probability (more details are provided in
the SI Appendix). Aboveground biomass (≈320 Gt C) represents
≈60% of global biomass, with belowground biomass composed
mainly of plant roots (≈130 Gt C) and microbes residing in the
soil and deep subsurface (≈100 Gt C). Plant biomass includes
≈70% stems and tree trunks, which are mostly woody, and thus
relatively metabolically inert. Bacteria include about 90% deep
subsurface biomass (mostly in aquifers and below the seafloor),
which have very slow metabolic activity and associated turnover
times of several months to thousands of years (18–22). Excluding
these contributions, global biomass is still dominated by plants
(SI Appendix, Fig. S1), mostly consisting of ≈150 Gt C of plant
roots and leaves and ≈9 Gt C of terrestrial and marine bacteria
whose contribution is on par with the ≈12 Gt C of fungi (SI
Appendix, Table S8).
Whereas groups like insects dominate in terms of species

richness [with about 1 million described species (23)], their
relative biomass fraction is miniscule. Some species contrib-
ute much more than entire families or even classes. For ex-
ample, the Antarctic krill species Euphausia superba contributes
≈0.05 Gt C to global biomass (24), similar to other prominent
species such as humans or cows. This value is comparable to
the contribution from termites (25), which contain many spe-
cies, and far surpasses the biomass of entire vertebrate classes
such as birds. In this way, the picture that arises from taking
a biomass perspective of the biosphere complements the fo-
cus on species richness that is commonly held (SI Appendix,
Fig. S3).

The Uncertainty Associated with Global Biomass Estimates. The
specific methods used for each taxon are highly diverse and are
given in detail in the SI Appendix, along with data sources.
Global biomass estimates vary in the amount of information they
are based on and, consequently, in their uncertainty. An estimate
of relatively high certainty is that of plants, which is based on
several independent sources. One of these is the Forest Re-
source Assessment, a survey on the state of world forests con-
ducted by the international Food and Agriculture Organization
(FAO). The assessment is based on a collection of country re-
ports that detail the area and biomass density of forests in each
country (26) using a standardized format and methodology. The
FAO also keeps a record of nonforest ecosystems, such as sa-
vannas and shrublands, in each country. Alternatively, remote
sensing data give high coverage of measurements that indicate

A B

Fig. 1. Graphical representation of the global biomass distribution by taxa. (A) Absolute biomasses of different taxa are represented using a Voronoi di-
agram, with the area of each cell being proportional to that taxa global biomass (the specific shape of each polygon carries no meaning). This type of vi-
sualization is similar to pie charts but has a much higher dynamic range (a comparison is shown in SI Appendix, Fig. S4). Values are based on the estimates
presented in Table 1 and detailed in the SI Appendix. A visual depiction without components with very slow metabolic activity, such as plant stems and tree
trunks, is shown in SI Appendix, Fig. S1. (B) Absolute biomass of different animal taxa. Related groups such as vertebrates are located next to each other. We
estimate that the contribution of reptiles and amphibians to the total animal biomass is negligible, as we discuss in the SI Appendix. Visualization performed
using the online tool at bionic-vis.biologie.uni-greifswald.de/.

Table 1. Summary of estimated total biomass for abundant
taxonomic groups

Taxon Mass (Gt C) Uncertainty (-fold)

Plants 450 1.2

Bacteria 70 10

Fungi 12 3

Archaea 7 13

Protists 4 4

Animals 2 5
Arthropods, terrestrial 0.2
Arthropods, marine 1
Chordates, fish 0.7
Chordates, livestock 0.1
Chordates, humans 0.06
Chordates, wild mammals 0.007
Chordates, wild birds 0.002
Annelids 0.2
Molluscs 0.2
Cnidarians 0.1
Nematodes 0.02

Viruses 0.2 20

Total 550 1.7

Values are based on an extensive literature survey and data integration as
detailed in the SI Appendix. Reported values have been rounded to reflect
the associated level of uncertainty. We report an uncertainty projection for
each kingdom as a fold-change factor from the mean, representing a range
akin to a 95% confidence interval of the estimate. The procedure for de-
riving these projections is documented in detail in Materials and Methods
and SI Appendix.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1711842115 Bar-On et al.
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Services écosystémiques

Les services écosystémiques sont les bénéfices que les 
humains tirent des caractéristiques et du fonctionnement
des écosystèmes et de la biodiversité.
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in terrestrial ecosystems: the carbon ‘sinks’ (Figure 6.8). The ocean 
stored 155 ± 30 PgC of anthropogenic carbon since 1750 (see Sec-
tion 6.3.2.5.3 and Box 6.1). Terrestrial ecosystems that have not been 
affected by land use change since 1750, have accumulated 160 ± 90 
PgC of anthropogenic carbon since 1750 (Table 6.1), thus not fully 
compensating the net CO2 losses from terrestrial ecosystems to the 
atmosphere from land use change during the same period estimated 
of 180 ± 80 PgC (Table 6.1). The net balance of all terrestrial ecosys-

Figure 6.8 |  Annual anthropogenic CO2 emissions and their partitioning among the atmosphere, land and ocean (PgC yr–1) from 1750 to 2011. (Top) Fossil fuel and cement CO2 
emissions by category, estimated by the Carbon Dioxide Information Analysis Center (CDIAC) based on UN energy statistics for fossil fuel combustion and US Geological Survey 
for cement production (Boden et al., 2011). (Bottom) Fossil fuel and cement CO2 emissions as above. CO2 emissions from net land use change, mainly deforestation, are based 
on land cover change data and estimated for 1750–1850 from the average of four models (Pongratz et al., 2009; Shevliakova et al., 2009; van Minnen et al., 2009; Zaehle et 
al., 2011) before 1850 and from Houghton et al. (2012) after 1850 (see Table 6.2). The atmospheric CO2 growth rate (term in light blue ‘atmosphere from measurements’ in the 
figure) prior to 1959 is based on a spline fit to ice core observations (Neftel et al., 1982; Friedli et al., 1986; Etheridge et al., 1996) and a synthesis of atmospheric measurements 
from 1959 (Ballantyne et al., 2012). The fit to ice core observations does not capture the large interannual variability in atmospheric CO2 and is represented with a dashed line. 
The ocean CO2 sink prior to 1959 (term in dark blue ‘ocean from indirect observations and models’ in the figure) is from Khatiwala et al. (2009) and from a combination of models 
and observations from 1959 from (Le Quéré et al., 2013). The residual land sink (term in green in the figure) is computed from the residual of the other terms, and represents 
the sink of anthropogenic CO2 in natural land ecosystems. The emissions and their partitioning only include the fluxes that have changed since 1750, and not the natural CO2 
fluxes (e.g., atmospheric CO2 uptake from weathering, outgassing of CO2 from lakes and rivers, and outgassing of CO2 by the ocean from carbon delivered by rivers; see Figure 
6.1) between the atmosphere, land and ocean reservoirs that existed before that time and still exist today. The uncertainties in the various terms are discussed in the text and 
reported in Table 6.1 for decadal mean values.
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tems, those affected by land use change and the others, is thus close 
to neutral since 1750, with an average loss of 30 ± 45 (see Figure 6.1). 
This increased storage in terrestrial ecosystems not affected by land 
use change is likely to be caused by enhanced photosynthesis at higher 
CO2 levels and nitrogen deposition, and changes in climate favouring 
carbon sinks such as longer growing seasons in mid-to-high latitudes. 
Forest area expansion and increased biomass density of forests that 
result from changes in land use change are also carbon sinks, and they 

IPCC, 2013.  Climate Change 2013: The Physical Science Basis. Cambridge University Press, Cambridge and New York 
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exploitation, pollution, and invasive species (high confidence). Extinction risk is increased under all RCP scenarios, with risk increasing
with both magnitude and rate of climate change. Many species will be unable to track suitable climates under mid- and high-range rates of
climate change (i.e., RCP4.5, 6.0, and 8.5) during the 21st century (medium confidence). Lower rates of change (i.e., RCP2.6) will pose fewer
problems. See Figure SPM.5. Some species will adapt to new climates. Those that cannot adapt sufficiently fast will decrease in abundance or
go extinct in part or all of their ranges. Management actions, such as maintenance of genetic diversity, assisted species migration and dispersal,
manipulation of disturbance regimes (e.g., fires, floods), and reduction of other stressors, can reduce, but not eliminate, risks of impacts to
terrestrial and freshwater ecosystems due to climate change, as well as increase the inherent capacity of ecosystems and their species to adapt
to a changing climate (high confidence).49

Within this century, magnitudes and rates of climate change associated with medium- to high-emission scenarios (RCP4.5, 6.0,
and 8.5) pose high risk of abrupt and irreversible regional-scale change in the composition, structure, and function of terrestrial
and freshwater ecosystems, including wetlands (medium confidence). Examples that could lead to substantial impact on climate are the
boreal-tundra Arctic system (medium confidence) and the Amazon forest (low confidence). Carbon stored in the terrestrial biosphere (e.g., in
peatlands, permafrost, and forests) is susceptible to loss to the atmosphere as a result of climate change, deforestation, and ecosystem
degradation (high confidence). Increased tree mortality and associated forest dieback is projected to occur in many regions over the 21st
century, due to increased temperatures and drought (medium confidence). Forest dieback poses risks for carbon storage, biodiversity, wood
production, water quality, amenity, and economic activity.50
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Figure SPM.5 | Maximum speeds at which species can move across landscapes (based on observations and models; vertical axis on left), compared with speeds at which 
temperatures are projected to move across landscapes (climate velocities for temperature; vertical axis on right). Human interventions, such as transport or habitat fragmentation, 
can greatly increase or decrease speeds of movement. White boxes with black bars indicate ranges and medians of maximum movement speeds for trees, plants, mammals, 
plant-feeding insects (median not estimated), and freshwater mollusks. For RCP2.6, 4.5, 6.0, and 8.5 for 2050–2090, horizontal lines show climate velocity for the 
global-land-area average and for large flat regions. Species with maximum speeds below each line are expected to be unable to track warming in the absence of human 
intervention. [Figure 4-5]
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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.

Extinctions and warming

Thuillier W. et al. 2005. PNAS 
102: 8245-8250
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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.
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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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Green surprise? How terrestrial ecosystems
could affect earth’s climate
Jonathan A Foley1, Marcos Heil Costa2, Christine Delire1, Navin Ramankutty1, and Peter Snyder1

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
is under increasing scrutiny. We review recent developments in the analysis of this interaction, focusing in
particular on how alterations in the structure and functioning of terrestrial ecosystems, through either
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
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Climat et forêt

zonia, but cooling that mitigates warming in mid-
latitudes (39). The B1 narrative storyline is a low
greenhouse gas emission scenario. Farm abandon-
ment and reforestation yield loss of farmland by
2100 because of assumed increases in agricultural
efficiency and declining population (fig. S1). The
model simulates 1°C warming in the absence of
land cover change and weaker land-use forcing.

When the carbon cycle is included, the dif-
ferent SRES storylines of fossil fuel emission and
land use may yield similar 21st-century climates
despite vastly different socioeconomic trajectories
(9). Widespread expansion of agriculture in A2
leads to biogeophysical cooling. Biogeophysical
processes lead to warming in B1, primarily because

of temperate forest regrowth. In the A2 and B1
storylines, net carbon loss fromdeforestation causes
biogeochemicalwarming, greatest inA2because of
extensive deforestation and weaker in B1 because
of temperate reforestation and less tropical de-
forestation. Biogeochemical warming offsets bio-
geophysical cooling in A2 to provide net global
warming. The B1 net warming is similar to A2
because moderate biogeophysical warming from
temperate reforestation augments weak biogeo-
chemical warming from tropical deforestation.

Research Needs
Through albedo, evapotranspiration, the carbon cy-
cle, and other processes, forests can amplify or damp-

en climate change arising from anthropogenic
greenhouse gas emission. Negative climate forcing
in tropical forests from high rates of carbon accu-
mulation augments strong evaporative cooling (Fig.
3A). The combined carbon cycle and biogeophys-
ical effect of tropical forests may cool global cli-
mate, but their resilience to drought, their status as
carbon sinks, interactions of fires, aerosols, and
reactive gaseswith climate, and the effects of small-
scale deforestation on clouds and precipitation are
key unknowns. The climate forcing of boreal forests
is less certain (Fig. 3C). Low surface albedo may
outweigh carbon sequestration so that boreal forests
warm global climate, but the net forcing from fire
must also be considered, as well as effects of dis-

Tropical forestsA Temperate forestsB Boreal forestsC

D

Strong
evaporative
cooling (−)

Strong
carbon
storage (−)

Moderate
albedo
decrease (+)

Disturbance, fires and aerosolsClouds and precipitation, fires,
aerosols and reactive chemistry

Moderate
evaporative
cooling (−)

Strong
carbon
storage (−)

Moderate
albedo
decrease (+)

Biogeography

Weak
evaporative
cooling (−)

Moderate
carbon
storage (−)

Strong
albedo
decrease (+)

Natural
vegetation

Croplands

Tropical forest
Temperate forest
Boreal forest
Savanna
Grassland/Shrubland
Tundra
Semi-desert/Desert/Ice

0-10%
10-20%
20-30%
30-40%
40-50%
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70-80%
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90-100%

Fig. 3. Climate services in (A) tropical, (B) temperate, and (C) boreal forests. Text boxes indicate key processes with uncertain climate services. (D) Natural vegetation
biogeography in the absence of human uses of land and cropland (percent cover) during the 1990s. Vegetation maps are from (51).
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Forests in Flux

Sens du forçage climatique:
Forêt tempérée: incertain.
Forêt boréale: positif (albedo > C séquestration).

Forêt tropicale: négatif (forte C séquestration, 
refroidissement par évaporation).

Bonan G.B. 
2008. Science 
320: 1444-1449 
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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’effet  positif  des Réserves naturelles sur la préservation des oiseaux. Alors que les populations 
d’oiseaux  communs  ont  baissé  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 
l’échelle  du globe, Réserves naturelles de France démontre que la protection et la gestion des milieux naturels 
ont  un  impact  positif  sur  les  tendances  d’évolution  des  populations  d’oiseaux  communs. 
 
Cette étude, réalisée en 2019, a mobilisé les données collectées selon le protocole national STOC (Suivi Temporel des 
Oiseaux Communs), fondé  et  porté  par  le  Muséum  national  d’Histoire  naturelle 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 dans  1  933  sites  à  l’échelle  nationale. 
 
Les résultats indiquent que les tendances des oiseaux communs, ainsi que les abondances (toutes espèces confondues), 
sont  bien  meilleures  dans  les  réserves  qu’ailleurs  en  France,  avec  une  augmentation  de  0,9%  des  effectifs 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 Réserve   naturelle,   l’étude   a  mis   en  
évidence un « effet réserve » significatif, les 
populations de ces espèces se portant mieux dans ces 
espaces  protégés  qu’en  dehors.   

 
 
 
 
 
 
 
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  
 

Quelles solutions ?

Oiseaux communs
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Figure 1.4 World production and use, major products (million tonnes) 

Achieving such production increases will not be easier than in the past; rather, the 
contrary often holds for a number of reasons. Land and water resources are now much more 
stressed than in the past and are becoming scarcer, both in quantitative terms (per capita) and 
qualitative ones, following soil degradation, salinization of irrigated areas and competition 
from uses other than for food production. Growth of crop yields has slowed down 
considerably, and fears are expressed that the trend may not reverse. The issue is not whether 
yields would grow at the past high rates, as they probably would not, apart from the individual 
countries and crops. Rather, the issue is whether the lower growth potential, together with 
modest increases in cultivated land, is sufficient to meet the increased requirements. Climate 
change, furthermore, looms large as a risk that would negatively affect the production 
potentials of agricultural resources in many areas of the world.  

In general, the sustainability of the food production system is being questioned. Doubts 
are cast on the possibility to continue doing more of the same, that is, using high levels of 
external inputs in production, increasing the share of livestock in total output, expanding 
cultivated land and irrigation, and transporting products over long distances. Many advocate 
the need for “sustainable intensification” of production (Royal Society, 2009; Nature, 2010; 
Godfray et al., 2010). Will it be possible to achieve the projected quantities of production? 
We shall show what we consider are possible combinations of land and water use and yield 
growth that could underlie the production projections.  

Trade will expand, especially from and to developing countries 

Developing countries have been traditionally net importers of cereals: net exporters of rice 
and net importers of wheat and coarse grains. The great majority of developing countries are 
growing net importers, some very large ones, for instance Mexico, Saudi Arabia, the Republic 
of Korea, Egypt, Algeria and Taiwan Province of China. At the same time, net exporting 
developing countries have been increasing their exports. To the traditional net exporters of 
South America and the rice exporters of Asia have been added recently for most years India 
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In addition, previous assessments have generally
focused on a few taxa or countries and hardly any
study has simultaneously addressed the effects of
agricultural intensification on key ecosystem services
such as the biological control of agricultural pests.

Since the early 1990s the EU has promoted initiatives to
prevent and reduce the negative effects of intensive farming.
In 1991, legislation limiting the use of pesticides with high
risks to the environment came into force (Council Directive
91/414/EEC of 15 July 1991). The reform of the Common
Agricultural Policy (CAP) in 1992 aimed to reduce the
negative consequences of agricultural intensification by
financially supporting agri-environment schemes and
organic farming (Council Regulation 2078/92/EEC of 30
June 1992). However, several studies have shown that agri-
environment schemes and organic farming do not always
deliver the expected benefits (Bengtsson, Ahnstrom, &
Weibull, 2005; Berendse, Chamberlain, Kleijn, & Schekker-
man, 2004; Kleijn, Berendse, Smit, & Gilissen, 2001). So, an
important, but yet unanswered question is whether policies
have significantly reduced the adverse effects of intensive

farming on biodiversity and, closely linked to this, on the
delivery of key ecosystem services such as biological pest
control. In this study, we investigated in nine European
areas the effects of agricultural intensification and its
components on the species diversity of wild plants, carabids
and ground-nesting farmland birds (thus considering three
different trophic levels) and biological control potential. We
measured eight landscape structure variables and 13
components of agricultural intensification at farm and field
level and disentangled their different effects on biodiversity
loss. Moreover, we tested the hypothesis that both organic
farming and agri-environment schemes reduce the negative
effects of intensive farming on biodiversity.

Material and methods

Study area

The nine areas studied were located in eight countries:
Sweden, Estonia, Poland, the Netherlands, Germany

ARTICLE IN PRESS

Fig. 1. Effects of cereal yield (ton/ha) on: (A) the number of wild plant species per sampling point (in 3 plots of 4m2), (B) the number
of carabid species per sampling point (per trap during 2 sampling periods), (C) the number of ground-nesting bird species per farm
(one survey plot of 500! 500m2), and (D) the median survival time of aphids (h). Trend lines were calculated using GLMM
including the two surrounding landscape variables as covariates and field, farm and study area as nested random effects.
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Les principaux
facteurs explicatifs
du déclin sont: la 

taille du champ, la 
fréquence et la 

quantité
d’herbicides, 

d’insecticides et de 
fongicides

In addition, previous assessments have generally
focused on a few taxa or countries and hardly any
study has simultaneously addressed the effects of
agricultural intensification on key ecosystem services
such as the biological control of agricultural pests.

Since the early 1990s the EU has promoted initiatives to
prevent and reduce the negative effects of intensive farming.
In 1991, legislation limiting the use of pesticides with high
risks to the environment came into force (Council Directive
91/414/EEC of 15 July 1991). The reform of the Common
Agricultural Policy (CAP) in 1992 aimed to reduce the
negative consequences of agricultural intensification by
financially supporting agri-environment schemes and
organic farming (Council Regulation 2078/92/EEC of 30
June 1992). However, several studies have shown that agri-
environment schemes and organic farming do not always
deliver the expected benefits (Bengtsson, Ahnstrom, &
Weibull, 2005; Berendse, Chamberlain, Kleijn, & Schekker-
man, 2004; Kleijn, Berendse, Smit, & Gilissen, 2001). So, an
important, but yet unanswered question is whether policies
have significantly reduced the adverse effects of intensive

farming on biodiversity and, closely linked to this, on the
delivery of key ecosystem services such as biological pest
control. In this study, we investigated in nine European
areas the effects of agricultural intensification and its
components on the species diversity of wild plants, carabids
and ground-nesting farmland birds (thus considering three
different trophic levels) and biological control potential. We
measured eight landscape structure variables and 13
components of agricultural intensification at farm and field
level and disentangled their different effects on biodiversity
loss. Moreover, we tested the hypothesis that both organic
farming and agri-environment schemes reduce the negative
effects of intensive farming on biodiversity.

Material and methods

Study area

The nine areas studied were located in eight countries:
Sweden, Estonia, Poland, the Netherlands, Germany

ARTICLE IN PRESS

Fig. 1. Effects of cereal yield (ton/ha) on: (A) the number of wild plant species per sampling point (in 3 plots of 4m2), (B) the number
of carabid species per sampling point (per trap during 2 sampling periods), (C) the number of ground-nesting bird species per farm
(one survey plot of 500! 500m2), and (D) the median survival time of aphids (h). Trend lines were calculated using GLMM
including the two surrounding landscape variables as covariates and field, farm and study area as nested random effects.
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the result (∆AIC <2 compared to the model without nitrogen input) and so nitrogen input was removed from 
the model. Furthermore, contrary to expectation, no significant relationships were observed between the her-
bicide application rate and either the weed frequency or the weed species richness (respectively F1,116.66 = 0.889, 
P = 0.347; Fig. 1b and F1,131.62 = 0.0006, P = 0.939; Fig. 1d) or between crop yield and species richness (Fig. 1c;  
F 1,132.31 = 0.112, P = 0.738). There was a slight negative relationship between crop yield and weed frequency for 
the highest weed frequency, but the relationship was far from significant (Fig. 1e; F1,118.62 = 1.360, P = 0.246). 
Similar results (Fig. S2) were found when the level of herbicide application was described by a synthetic indicator: 
the Treatment Frequency Indicator (TFI, see Supplementary Material).

No evidence was found for any relationship between weeds, herbicide application rates and crop yield. One 
reason could be that farmers adapt their treatment strategy in order to keep the weed risk below a given threshold 
and guarantee a minimum yield33. However, the very high variances found in all pairwise relationships (Fig. 1) 
suggested testing an alternative scenario in which the variability in the farmer’s behaviour was so high that it 
masked any possible relationship. Farmer’s behaviour aggregates here what the farmer actually does (choice of 
active ingredients and number and timing of applications), interacting with the environmental conditions at the 
time of herbicide applications and the agricultural techniques used in combination with herbicides.

	������ǯ������������ơ�������������������Ǧ�����������������Ǥ� Hierarchical Bayesian models were 
used to model the effect of herbicides on weed richness and abundance (Fig. 2; Table 1) taking into account 
the variability in the farmer’s behaviour. Such variability was introduced to model either a simple farmer effect  
(ηR

F and ηA
F) assuming a similar effect across the five fields farmed by the farmer, or with variability between 

fields for a given farmer, which was modelled as a nested effect at field scale within a farm (ηR
Ff and ηA

Ff) (Table 1). 
The first set of models (Table 1) assumed that the effectiveness of herbicides did not vary with weed species 
(although all species abundances were modelled separately). The model fit was tuned by comparing weed richness 
or abundance as estimated by the model output with the observed values. The model with the nested effect at field 
scale within a farm (ηFf) explained the variability in weed species richness much better (Rich_field: DIC = 31600; 
Fig. S3) than the model with only the farmer effect (ηF; Rich_farm DIC = 32590). This model also explained the 
weed species richness much better than the model without any farmer effect (Rich_base: DIC = 34200). Similar 
results were found for weed estimated abundance (Ab_field: DIC of the model with ηA

Ff = 7069, Ab_farm: DIC of 
the model with ηA

F = 6142 and Ab_base: DIC of the model without any effect = 5508; Fig. 3a). Estimated param-
eters are given in Table S3.

ηR
F (ηA

F) and ηR
Ff (ηA

Ff) are surrogates for the effectiveness of treatment and vary between 0 and 1, a value 
of 1 being the effectiveness expected if weed control were complete. There was a strong farmer identity effect 
on the effectiveness of the weed control treatment (Fig. 3b): the farmers’ effect appeared to depend on the field 
(see variation of ηA

Ff over the five fields farmed by each farmer in Fig. 3d), as already shown based on surveys 
of farmers32,34. This suggests that farmers either adapted their management at field level, or possibly that the 

Figure 1. Pairwise relationships between crop yield (q.ha−1), weed richness (or weed abundance) and 
herbicide application rates. (a) Negative relationship between crop yield (q.ha− 1) and herbicide applied (dose 
in kg.ha− 1). The weed richness (b) and frequency (d) were not affected by herbicides. The crop yield was not 
significantly reduced by (c) weed richness or (d) frequency. The weed frequency is the sum of the weed presence 
in each quadrat. On each graph, the line and the smooth line represent the predictions of the linear mixed 
models and 95% confidence interval, respectively.

Gabas S. et al. 2016. Scientific Reports
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Herbicides do not ensure for higher 
wheat yield, but eliminate rare 
plant species
Sabrina Gabaͷ,͸, Edith Gabriel͹, Joël Chadœufͺ, Florent Bonneu͹ & Vincent Bretagnolle͸,ͻ

Weed control is generally considered to be essential for crop production and herbicides have become 
the main method used for weed control in developed countries. However, concerns about harmful 
environmental consequences have led to strong pressure on farmers to reduce the use of herbicides. 
������������������������������������������ͻͶά����������������������ǡ������Ǧ����������������������������
of crop yields, weeds and herbicides is required to balance economic and environmental issues. This 
study analysed the relationship between weeds, herbicides and winter wheat yields using data from 
ͷͻͶ��������������Ƥ����������������	�����Ǥ���������������������������������������������������������
of farmers’ behaviour, including implicitly their perception of weeds and weed control practices, on 
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and biodiversity conservation may, therefore, be achieved simultaneously in intensive agriculture 
simply by reducing the use of herbicides.

Human food sources depend, directly or indirectly, on four main annual crops: wheat, barley, corn and rice1. 
Indeed the total economic value of annual crop production for human food has been estimated worldwide at 
around 1600 billion euros per year2, from 2005 FAO statistics. For centuries, weed control has been considered to 
be a critical issue and a limiting factor in crop production (review in3). Herbicides alone account for 37% pesticide 
active ingredients used worldwide4, and pesticides cost around 40 billion USD worldwide per year5, being said to 
save around 10% of losses to pests6, about 180 billion USD per year. Significant efforts have been made to increase 
the number of herbicides and their effectiveness7, review in ref. 8. However, as they generate large environmental 
costs, the use of herbicides, and more generally pesticides, has raised considerable concern with regard to their 
harmful consequences on ground and surface waters9, biodiversity10 and health11. Moreover, as many weed spe-
cies are developing resistance to herbicides12,13 these species are becoming more difficult and expensive to control. 
Finally, it has recently been acknowledged that weeds in agro-ecosystems play an important role in maintaining 
ecosystem services (e.g., pollination: review in14; biological control15). Maintaining a balance between herbicide 
costs, weeds and crop production is, therefore, seen as the major challenge for agriculture in the future, from both 
economic and environmental viewpoints4.

There has recently been a general call to limit the use of herbicides at European and national levels16, either 
by reducing application rates, restricting the range of products (especially the most environmentally harmful) 
or using alternative management methods such as incorporating alfalfa in annual crop succession17 or sowing 
mixed crops18. However, farmers and scientists have expressed strong concern with regard to the potential neg-
ative indirect effects of a partial herbicide ban, since this may hamper food production19,20; see review in ref. 21.  
Despite many government incentives, the use of pesticides has not decreased significantly over the last ten years, 
either in Europe or in the US (see ref. 22). Through their expected effect on weeds (i.e., a major reduction in 
weed biomass), herbicides are implicitly thought to improve crop yields and so reducing the use of herbicides 
would indirectly reduce crop production. A strong relationship between herbicide use and crop yield is thus a 
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Les herbicides ne garantissent pas une productivité forte (a) 
et n’affectent pas toujours les adventices (b,d). La 

productivité est faiblement affectée par les adventices (c,e). 
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Fig. 2. Relationships between number of plant species in the study sites
and landscape structure (percentage of semi-natural habitats, P < 0·014,
for herbs only) and land-use intensity (percentage of intensively
fertilized agricultural land, P < 0·012, for herbs only). Dots represent
variation around the model predicted factor effects (solid line).

Fig. 4. Relationships between species num-
ber of the five arthropod species groups in the
study sites, landscape structure and land use
(percentage of semi-natural habitats, P < 0·002;
habitat diversity, P < 0·011, for bees only; crop
diversity, P < 0·015). Dots represent variation
around the model predicted factor effects
(solid line).

Fig. 3. Relationships between number of bird species in the study
sites and landscape structure (percentage of semi-natural habitats,
P < 0·016) and land-use intensity (total nitrogen applied per hectare
of agricultural land, P < 0·040). Dots represent variation around the
model predicted factor effects (solid line).
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Sensible au pathogène

Resistant au pathogène

La variété sensible au pathogène plantée 
en mélange avec la variété résistante est 
plus productive de 89 % (par rapport à la 
monoculture) et l’infection est moins sévère 
de 94 % (par rapport à la monoculture).

Coût par hectare en US$:
Monoculture standard: 7.28
Culture mélangée: 3.48
Economie par hectare: 3.80

Zhu Y. et al. 2000. Nature 406: 718-722
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diversity always had low pest diversity, but plots with moderate
tree diversity ranged from high to low pest diversity.
On further testing of the robustness of the above result,

quantile regressions also revealed hump-shaped relationships
between native tree species diversity and nonnative pest diversity
(Fig. 1A). The relationships transitioned from positive to nega-
tive at intermediate levels of tree diversity. The hump-shaped
curves were observed for all the quantiles analyzed (SI Appen-
dix, Table S1). Similarly, randomly drawn subsets of samples
(counties) (n = 50, 100, 500, and 1,000) from the 2,098 total
counties included in the analysis yielded similar results as pat-
terns using data from all counties (SI Appendix, Fig. S1).
The diversity of nonnative invasive pests increased signifi-

cantly with host tree diversity but decreased with nonhost tree
diversity across the conterminous United States (Fig. 1B). The
specialist and generalist nonnative invasive pests showed both
similarities and differences in their relationships with host and
nonhost tree diversity, respectively (Fig. 2). The diversity of both
specialist and generalist invasive pests increased with host tree
diversity, indicating the occurrence of facilitation, but this ef-
fect was stronger for specialists than for generalists (Fig. 2A). In
contrast to their relationships with host tree diversity, both
generalists and specialists exhibited a hump-shaped relation-
ship with nonhost tree diversity; that is, pest diversity first in-
creases when nonhost diversity is low and then decreases when
nonhost diversity becomes very high (Fig. 2B).
The structural equation model (SEM) that included selected

physical and human factors explained 40% of the variation in
pest diversity. We found a significant positive correlation be-
tween pest diversity and human population density, a proxy for
pest propagule pressure (23–26) and host tree diversity (Fig. 3).

Annual mean temperature was negatively related to pest di-
versity, while precipitation had a positive effect. However, forest
area and spatial autocorrelation had little effect on the general
patterns, as shown by randomly drawn county subsamples with
smaller sample sizes and thus with greater physical isolation
among themselves (SI Appendix, Fig. S1). Spatial autoregression
(SAR) and ordinary least squares (OLS) regression analyses also
showed similar associations between pest diversity and various
biological, environmental, and human factors (SI Appendix, Ta-
ble S2). Despite the influence of this broad spectrum of external
factors (detected either separately from tree diversity by GLM
regression or OLS/SAR or jointly by SEM with native tree di-
versity also considered), tree diversity imposes significant effects
on pest invasions.

Discussion
Our results, especially the hump-shaped patterns, suggest that
facilitation and dilution can simultaneously influence pest in-
vasion in the same forest ecosystems (27) (Fig. 1). Both the di-
versity and biomass of the host trees showed significant positive
correlation with pest diversity, indicating the facilitation effect;
in contrast, pest diversity was negatively related to the diversity
and biomass of nonhost trees, suggesting a dilution effect in all
these models (Figs. 1B, 2, and 3 and SI Appendix, Table S2).
Although in general the relative strengths vary with the overall
host community diversity (and the relative proportion of host vs.
nonhost species), the threshold (the peak of the hump-shaped
cloud in Fig. 1) could change with other factors, such as climate,
resource availability, spatial scale, and habitat fragmentation
related to human disturbances (27–29).
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Fig. 1. The relationships between native tree species diversity (host plus nonhost) and pest diversity across the conterminous United States (n = 2,098
counties; symbol size reflects the relative forest area in each county). (A) Results based on second-order quantile regression for each quantile and polynomial
regression for all data (i.e., data in all quantiles combined). The thinner hump-shaped regression curves were based on quantile thresholds of 0.1, 0.25, 0.5,
0.75, 0.85, 0.9, 0.95, and 0.99 from bottom to top, respectively. The corresponding equations and significance for each quantile are given in SI Appendix, Table
S1. The thicker black curve represents the second-order polynomial regression with all data (counties) considered (R2 = 0.17; P < 0.001). In all cases, the pattern
switched from positive to negative. (B) The opposite relationships between host tree species diversity and pest diversity, and between nonhost tree diversity
and pest diversity, across the conterminous United States.
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dix, Table S1). Similarly, randomly drawn subsets of samples
(counties) (n = 50, 100, 500, and 1,000) from the 2,098 total
counties included in the analysis yielded similar results as pat-
terns using data from all counties (SI Appendix, Fig. S1).
The diversity of nonnative invasive pests increased signifi-

cantly with host tree diversity but decreased with nonhost tree
diversity across the conterminous United States (Fig. 1B). The
specialist and generalist nonnative invasive pests showed both
similarities and differences in their relationships with host and
nonhost tree diversity, respectively (Fig. 2). The diversity of both
specialist and generalist invasive pests increased with host tree
diversity, indicating the occurrence of facilitation, but this ef-
fect was stronger for specialists than for generalists (Fig. 2A). In
contrast to their relationships with host tree diversity, both
generalists and specialists exhibited a hump-shaped relation-
ship with nonhost tree diversity; that is, pest diversity first in-
creases when nonhost diversity is low and then decreases when
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The structural equation model (SEM) that included selected

physical and human factors explained 40% of the variation in
pest diversity. We found a significant positive correlation be-
tween pest diversity and human population density, a proxy for
pest propagule pressure (23–26) and host tree diversity (Fig. 3).

Annual mean temperature was negatively related to pest di-
versity, while precipitation had a positive effect. However, forest
area and spatial autocorrelation had little effect on the general
patterns, as shown by randomly drawn county subsamples with
smaller sample sizes and thus with greater physical isolation
among themselves (SI Appendix, Fig. S1). Spatial autoregression
(SAR) and ordinary least squares (OLS) regression analyses also
showed similar associations between pest diversity and various
biological, environmental, and human factors (SI Appendix, Ta-
ble S2). Despite the influence of this broad spectrum of external
factors (detected either separately from tree diversity by GLM
regression or OLS/SAR or jointly by SEM with native tree di-
versity also considered), tree diversity imposes significant effects
on pest invasions.

Discussion
Our results, especially the hump-shaped patterns, suggest that
facilitation and dilution can simultaneously influence pest in-
vasion in the same forest ecosystems (27) (Fig. 1). Both the di-
versity and biomass of the host trees showed significant positive
correlation with pest diversity, indicating the facilitation effect;
in contrast, pest diversity was negatively related to the diversity
and biomass of nonhost trees, suggesting a dilution effect in all
these models (Figs. 1B, 2, and 3 and SI Appendix, Table S2).
Although in general the relative strengths vary with the overall
host community diversity (and the relative proportion of host vs.
nonhost species), the threshold (the peak of the hump-shaped
cloud in Fig. 1) could change with other factors, such as climate,
resource availability, spatial scale, and habitat fragmentation
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Les phénomènes extrêmes à 
l’horizon 2100
Le climat de Paris à la fin du XXIe siècle 
sera plus chaud, avec des vagues de 
chaleur plus fréquentes et plus intenses, 
et des hivers plus doux et arrosés.

• Une augmentation du nombre de jours 
très chauds (température maximale 
supérieure à 30 °C) qui atteindrait 
10 à 45 jours par an à la fin du siècle, 
contre 10 jours en moyenne aujourd’hui.

• Une augmentation du nombre de jours 
extrêmement chauds (température 
maximale supérieure à 35° C) qui 
atteindrait 1 à 12 jours par an à la fin 
du siècle, contre 1 jour en moyenne 
aujourd’hui.

• Une forte augmentation du nombre 
de jours de vagues de chaleur (période 
d’au moins cinq jours consécutifs avec 
une température maximale quotidienne 
dépassant de plus de 5 °C la normale 
climatique) qui atteindrait 21 à 94 jours 
par an, contre 7 jours en moyenne 
toutes saisons confondues aujourd’hui.

• Une forte augmentation du nombre
de jours de canicule (moyenne de la 
température minimale sur trois jours 
supérieure à 21 °C et moyenne de la 
température maximale sur trois jours 
supérieure à 31 °C) qui atteindrait
3 à 26 jours par an, au lieu d’un jour 
en moyenne aujourd’hui. 

• L’îlot de chaleur urbain, particulière-
ment intense en période de fortes 
chaleurs, va de plus amplifier le stress 
thermique des parisiens et les risques 
associés (déshydratation, aggravation 
des maladies chroniques ou coups de 
chaleur).

• Des épisodes froids se produiront encore 
à Paris, mais moins fréquemment.

• Les épisodes de sécheresse agricole 
(assèchement des sols) seront à la fois 
plus fréquents et plus intenses.

7

D’après le dernier rapport du GIEC, l’augmentation des températures moyennes à la surface du globe pour la 
période 2081-2100 sera probablement comprise entre 0,3 et 4,8 °C (par rapport aux valeurs constatées sur la 
période 1986-2005).
Les climatologues n'ont pas une approche unique du changement climatique. Pour obtenir ces résultats, ils 
utilisent plusieurs modèles simulant diversement l’évolution du climat, tenant compte de différents scénarios 
socio-économiques, ainsi que de la variabilité propre du climat. 

POURQUOI DES INCERTITUDES ?

La canicule de 2003, un été 
« frais » à la fin du siècle ? 
Avec une température moyenne de
22,6 °C, l’été 2003 a été le plus chaud 
jamais observé à Paris depuis le début 
des mesures en 1872. À la fin du siècle 
et pour les scénarios les plus pessimistes 
(sans politique climatique visant à faire 
baisser ou stabiliser les émissions de 
gaz à effet de serre), un été comme 
celuide 2003 serait fréquent.

Les incertitudes
Les résultats des différents modèles ne 
permettent pas de dégager une 
tendance significative pour les précipi-
tations estivales ni pour les pluies 
extrêmes (cumul de précipitations 
supérieur à 30 mm en 1 heure). De 
même, des incertitudes persistent sur 
les phénomènes liés au vent. Aucune 
tendance n’a pu être établie pour le 
nombre de tempêtes ni pour leur 
intensité. Des incertitudes demeurent 
également sur l’évolution de la couverture 
nuageuse, et donc de l’ensoleillement.

La température moyenne quotidienne est la moyenne des températures minimale et maximale quotidiennes. 
Une moyenne de ces valeurs est ensuite calculée  sur la saison estivale pour chaque année.

Observations (Paris-Montsouris)
Projections climatiques des modèles français (Aladin-Climat et WRF)
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Futur: des canicules plus fortes
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Nombre de canicules à 
Anvers entre 2081 et 

2100 (scénario RCP8.5)

Futur: des canicules fréquentes
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S’adapter ?

Air temperature 
at 2 m above 
soil, 10 August 
2003 6:00 am, 
Paris

APUR 2012. Les îlots de 
chaleur urbains à Paris
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S’adapter ?

Température 
de l’air à 2 m 
au dessus du 
sol, 10 Août 
2003 6h00, 
Paris

APUR 2012. Les îlots de 
chaleur urbains à Paris

Climat = CO2 (planétaire) + 

albédo + evapotranspiration 

(local)
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Figure 4. (A) Soil organic C content, (B) Soil δ13C, (C) Soil total N content and (D) Soil 
δ15N  at 10-20 cm and 30-40 cm in the different sample classes. Bars show means and error 
bars correspond to standard error. Different letters mean that a significant difference (p < 
0.05) was indicated by a linear mixed-effect model and Tukey post-hoc tests (see Table 3 and 
text). For each bar, n = 5. 
 

Average soil total N content at 10-20 cm was 0.18 % at the arboretum, 

and 0.12 %, 0.17 % and 0.23 % for younger, intermediate and older street 

systems, respectively. At 10-20 cm, soils from older street systems thus 

contained about twice more total N than soils from young street systems, and 

about 1.3 times more than soils from the arboretum (Figure 4C). At 30-40 cm, 

soils from older street systems contained significantly more total N than soils 

from the arboretum and intermediate street systems. Average total N content at 

30-40 cm was 0.1 % for the arboretum, and 0.13 %, 0.11 % and 0.2 % in 

younger, intermediate and older street systems respectively. Soils from older 

street systems contained about twice more N than the other soils. 

Soil δ15N was significantly higher at both depths in intermediate and older 

street systems than in younger street systems and the arboretum, which did not 
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temperature (Fig. 8b) from 31.69 °C to 28.4 °C, and the ground heat flux
(Fig. 8c) from 8.85 W m−2 to −2.03 W m−2. The maximum decrease
for surface temperature, 2-m air temperature, and ground heat flux is
9.98 °C, 4.17 °C, and 107 W m−2, respectively. Comparing to the spa-
tial patterns illustrated in previous figures, the maximum decrease of
surface temperature and 2-m air temperature occurs at night, while the
maximum decrease in ground heat flux is observed in daytime. Fig. 8d

shows that trees increase daily mean 2-m relative humidity from
24.22% to 34.04% for the Phoenix metropolitan area. The maximum
increase of about 23% in 2-m relative humidity is observed during the
morning time.

Fig. 7. Simulated impact of trees on 2-m relative humidity for Phoenix during June-August 2012 at (a) 0200 LT, and (b) 1400 LT.
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Figure 4. (A) Soil organic C content, (B) Soil δ13C, (C) Soil total N content and (D) Soil 
δ15N  at 10-20 cm and 30-40 cm in the different sample classes. Bars show means and error 
bars correspond to standard error. Different letters mean that a significant difference (p < 
0.05) was indicated by a linear mixed-effect model and Tukey post-hoc tests (see Table 3 and 
text). For each bar, n = 5. 
 

Average soil total N content at 10-20 cm was 0.18 % at the arboretum, 

and 0.12 %, 0.17 % and 0.23 % for younger, intermediate and older street 

systems, respectively. At 10-20 cm, soils from older street systems thus 

contained about twice more total N than soils from young street systems, and 

about 1.3 times more than soils from the arboretum (Figure 4C). At 30-40 cm, 

soils from older street systems contained significantly more total N than soils 

from the arboretum and intermediate street systems. Average total N content at 

30-40 cm was 0.1 % for the arboretum, and 0.13 %, 0.11 % and 0.2 % in 

younger, intermediate and older street systems respectively. Soils from older 

street systems contained about twice more N than the other soils. 

Soil δ15N was significantly higher at both depths in intermediate and older 

street systems than in younger street systems and the arboretum, which did not 
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with a reduction up to 15 !C on the wall surface temperature, going
from a peak temperature of 36.4 !C to 21.4 !C (12:15 h), and main-
taining temperatures below 23 !C throughout the day. On the other
hand, the South orientation showed a reduction up to 16 !C during
temperature peaks at 15:45 h. Finally, for the West orientation,
reductions up to 16.4 !C were recorded, decreasing from the
43.9 !C to 27.5 !C at 19:00 h.

In view of these figures, it is also interesting to observe how the
temperatures reduction occurs for each orientation. Thus, on the
East orientation the green screen is not only able to eliminate
the peak in the surface temperatures that takes place early on
the morning, but also, to keep the building surface temperature
under the 23 !C all day long. A large temperatures reduction takes
place in the South orientation though following the same pattern
as the reference cubicle. Finally, in the West orientation the green
facade achieves significant reductions of the slope of the initial
increase of superficial temperatures, reaching a considerably lower
peak than in the reference cubicle. In addition, after the maximum
value, the temperature drop is also faster than in the reference, i.e.
at 22:00 h the building surface has still 23 !C while under the green
facade the temperature is already 20 !C.

These results revealed that the shadow effect of green facade in
the East and West orientations is quite significant and should be
considered in an architectural design strategy with the same
importance than for the South orientation. Therefore, the vertical
greenery system provides dampened temperatures between inter-
nal and external air temperatures while maintain the same delay
between inner and outer wall temperature peaks observed by ori-
entation facades (thermal lag) of the building. These results com-
plement and increase those provided by Jim [16], in which the
contribution of VGS on the thermal performance of the buildings
was highlight for a humid-tropical climate. In that study the big
influence of the East orientation in reference to the South one
was also found. Due to the experimental constraints no results
were obtained for the West orientation.

Finally, in order to evaluate differences in the energy consump-
tion of both cubicles (Double-skin green facade and Reference) an
experiment under controlled temperature was carried out. The
comfort range considered for the cooling period in Mediterranean
continental climate is 23 !C and 26 !C based on the ASHRAE stan-
dards [30]. Therefore a set point of 24 !C was used to evaluate
the thermal behaviour along this period. Fig. 18 shows the daily
electrical energy consumption during the 4th week of August
2015. In this case, the cumulative energy savings obtained by the
double-skin green facade cubicle was 34% lower at the end of the
studied period in comparison to the reference cubicle.

This is a new and significant contribution to the energy savings
in buildings that must be considered by architects and building

designers in order to complement the traditional passive strategies
with nature based solutions which allow achieving more sustain-
able urban environments.

4. Conclusions

As continuation of a long term research in order to study the
potential of vertical greenery systems as a passive tool for energy
savings in buildings, a double-skin green facade made with a wire
mesh light support structure and Boston Ivy (Parthenocissus tricus-
pidata) as deciduous plant species, was studied in an experimental
cubicle under Mediterranean continental climate (Csa, warm tem-
perate - summer dry - hot summer, according to Köppen classifica-
tion) and compared to an identical reference cubicle without
green screen. The influence of the leaf area index (LAI) and the
building facade orientation on the shadow effect provided by the
green facade as well as the relating energy savings on the cubicle
were the main goals in this study.

From the literature review carried out it could be concluded
that LAI is really a key parameter to characterize the foliar density
and consequently the thermal behaviour of vertical greenery sys-
tems (VGS), especially for green facades, due to the big influence
on the shadow effect. Despite this, a lack of data relating to LAI
for the species used in VGS was found as well as of a suitable
methodology to measure LAI for these purposes. After a theoretical
approach to the LAI concept it could be stated that the most simple
and quick procedure to measure LAI in order to characterize the
foliar density of VGS is the indirect method, so that the resulting
value can be related to its ability to intercept solar radiation.

From the results obtained in the experimental setup, it can be
concluded that the double-skin facade can provide comparable
shadow factor values for all orientations, to those provided by
the artificial barriers proposed in building regulations such as
facade setbacks, cantilevers, awnings, slats, and others (Table 4).

As a consequence of this capacity to intercept direct solar radi-
ation the experiments with no HVAC systems conducted during
Summer 2013, when the green facade was only partially devel-
oped, showed the high capacity to intercept the direct solar radia-
tion, which implies representative reductions on the external
surface wall temperatures up to 10.1 !C on the South orientation,
and indoor temperature reductions around 2.5 !C.

On Summer 2015, with a higher foliage development, this ther-
mal behaviour was confirmed by representative reductions on the
external surface wall temperature in all orientations (East, South
and West). In addition, tests under controlled temperatures
showed the high potential of the double-skin green facade as a pas-
sive system in comparison to the reference one, obtaining accumu-
lated electrical energy savings up to 34% for cooling periods with a
LAI of 3.5–4 during the Summer period, under Mediterranean con-
tinental climate.

In addition, it was confirmed that the energy savings provided
by green facade systems are dependent on the orientation. Thus,
on the East orientation the green facade was able to intercept the
large impact of the solar radiation in the early hours of the day
with a reduction of 15 !C on the building surface temperature,
going from 36.4 !C to 21.4 !C at 12:15 h, and keeping it below
23 !C throughout the day. In the South orientation, at the time of
peak temperatures in this orientation (15:45 h), the reduction
was up to 16 !C, going from 46.7 !C to 30.7 !C. Finally, on the West
orientation the double-skin green facade was able to reduce
16.4 !C, going from 43.9 !C to 27.5 !C at 19:00 h.

Results revealed that the shadow effect of green facades on the
East and West orientations is representative and should be consid-
ered in architectural design strategy with the same importance
than South orientation.
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Fig. 18. Measured energy savings during the end of August 2015.
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2.2. Leaf area index (LAI)

2.2.1. Theoretical approach to LAI measurement
The ability to intercept solar radiation by plants depends on

their spatial structure, that is, on the plant canopy three-
dimensional geometry. This concept has been extensively studied
before and has been applied in the fields of agriculture, with the
aim of estimating the growth and yield of crops and therefore
the needs of water and nutrients, as well as in the field of forest
ecology, in order to estimate the amount of biomass, energy bal-
ances and water in ecosystems, etc. [17]. The leaf area index
(LAI) is defined as a dimensionless quantity that characterizes
canopies structures, becoming a key measure used to understand
and compare these plant canopies.

In a parametric approach LAI is established as the one-sided
green leaf area per unit ground surface area (LAI = leaf area/ground

area, m2/m2) in broadleaf canopies [26]. The LAI value depends on
the type and the growth phase of the plant (crop), usually ranging
from 0 to 10.

The LAI of crops or in a forest ecosystem can be measured
according to direct or indirect methodologies. The direct method,
which is the most reliable to measure LAI, involves harvesting all
the leaves of a plot and measuring the area of each leaf. On the
other hand, indirect methods are based on the measurement of
parameters directly related to LAI, such as the amount of light
transmitted or reflected by the plant canopy [27].

One of the most widely used indirect methods is the photosyn-
thetically active radiation (PAR) inversion technique, based on the
estimation of LAI using the amount of light energy transmitted by a
plant canopy, so that the more leaf density the more light absorp-
tion. This method is based on Beer’s law, which is an empirical
relation that links absorption of light with the properties of the tra-

Fig. 6. Double-skin green facade under study. Summer 2015.

Fig. 7. Experimental set-up in Puigverd de Lleida, Spain.

Fig. 8. Constructive section of the cubicles used in the real scale experimental set-up.
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A 1999 report to the NYC Department of 
Environmental Protection (DEP) stated that 
vegetated roofs could have signifi cant feasibility 
as an alternative to storage-tank technologies 
in some wastewater drainage basins (Copp et 
al., 1999).  Modeling studies in Vancouver, BC; 
Seattle, WA; and Portland, OR have investigated 
this potential (Graham and Kim, 2003; Liptan et 
al., 2004; Taylor and Ganges, 2004.  Th is study 
evaluates potential green roof hydrological 
functions through data analysis and modeling 
to determine whether green roofs could have 
an impact on the frequency and severity of 
combined sewer overfl ow events in New York 
City.

 
Green Roof Functions
Green roof infrastructure could benefi t New 
York City by absorbing and later evaporating 
stormwater as well as retarding its fl ow.  Th e 
overall eff ect would be a reduction in the 
amount and rate of discharge of stormwater into 
the combined sewer system, thus potentially 
reducing the frequency and volume of CSO 
events.  Even small reductions in fl ow may have 
benefi ts that are much larger than expected to 
the extent that they reduce peak rates and fl ow 
volumes responsible for much of the fl ooding 

and CSO events.  
Studies have shown 

green roofs to be eff ective 
at capturing rainfall. For 
example, the city of Portland 
found that a green roof 
with a 4 – 5 inch (10 – 13 
cm) growing medium and 
72% plant cover of mixed 
succulents could absorb 69% 
of the annual rainfall that fell 
on it (Hutchinson et al., 2003).  
During summer storms, the 
roof retained 100% of the 
rainfall, and peak runoff  
rates were signifi cantly lower 
for the green roof than for a 
control roof. For a theoretical 

discussion of water relations on a green roof, 
see Appendix I. 

Th e ability of green roof infrastructure to 
function as a stormwater catchment system 
depends on a number of factors including type 
of green roof (intensive or extensive), soil type, 
plant type, severity of a particular storm, and 
antecedent weather.  Th e design of a green roof 
system needs to optimize both hydrological 
and structural functionality.  For example, the 

Potential hydrograph for a green roof
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Figure 2. Hydrograph comparing hypothetical runoff  from a standard 
roof to runoff  from a green roof.
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runoff divided by the rainfall during 5 min gives the
percentage of runoff.

Analysis of variance (ANOVA) was used to identify
the significant factors in the data set (Neter et al., 1996).
Linear regression was performed separately for every
time scale. Due to the large amount of independent
variables and the amount of missing data, the ANOVA
could not always be applied with all variables and in
such a case several approaches were taken like using
only the assumed, most important variables or taking
subsets of the data set. In order to make sure that the
used statistical methods were valid, the assumptions
of the linear model were checked: normality of the er-
ror terms was checked using the Kolmogorov–Smirnov
and the Shapiro–Wilk tests, while the equality of vari-
ance was checked visually on a plot of predicted values
versus residuals. Where the requirement of normality
was not met, second-degree factors were calculated and
added in the ANOVA. This was always sufficient to nor-
malize the data, so transformations were not necessary.
These second-degree factors were first standardized to
avoid problems with multicollinearity. All statistical
analyses were done using the statistical software pack-
age SPSS 11.0.

To illustrate the effect of green roofs on the runoff
reduction in an urban environment, an example is pre-
sented for Brussels (Brussels Capital Region, Bel-
gium) for which detailed land cover data are available
(Gryseels, 1998). The macroclimate is largely compa-
rable to the German climate. The mean annual rain-
fall of 821 mm for Brussels fits well in the range for
which the rainfall–runoff relationship was established
(Table 3). The city region is a relatively green urban
area with a lot of gardens, parks and forests, which
cover about 50% of the total area. Buildings occupy
only 26% of the total area. However, the built-up area
strongly differs between the city centre, where greenery
is sparse and buildings occupy about 60% of the area,
and the outer limits of the region (southeast) where the
Zoniën forest is located (Fig. 5). Annual runoff of the
various land cover types varies widely from 0% for
water surfaces, forests and public parks, 10% for agri-
culture and other green zones, 15% for privately owned
green, 25% for recreational zones and 90% for roads,
parking areas and buildings (cf. Kuttler, 1998; Dunnett
and Kingsbury, 2004). Using the percentages of runoff
for the several land cover types, the area of the differ-
ent land cover classes and the mean annual rainfall the

total annual runoff was estimated at 61.4 × 109 l. To es-
timate the potential reduction of the runoff by greening
the roofs, the following assumptions were made:

- 10% of the buildings may have an extensive green
roof. This percentage is quite realistic if one consid-
ers that this is less than the current percentage green
roofs out of all new roofs in Germany (Köhler, 2003).

- A substrate layer of only 100 mm is assumed. This
type of extensive green roof can be installed on al-
most all roof slopes.

3. Results

3.1. Annual runoff

An overview of the annual runoff from roofs
(Table 2) presented in the existing literature clearly
demonstrates that the runoff is mainly determined
by the roof type and may be as high as 91% for a
traditional non-greened roof and as low as 15% for
an intensive green roof (see also Fig. 2). The annual
precipitation, type of roof, number of layers and depth

Fig. 2. Annual runoff for various roof types as a percentage of the
total annual rainfall; respectively, for intensive green roofs (“int”,
n = 11), extensive green roofs (“ext”, n = 121), gravel-covered roofs
(“gravel”, n = 8) and non-greened roofs (“trad”, n = 5). The box plots
show the total range of the data (after removal of outliers), the 25
and 75% percentiles and the median.
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plants, substrate characteristics (thickness and composition), and irri-
gation regime that provides water for evapotranspiration in the absence
of precipitation.

4. Plant-substrate parameters influencing ET

4.1. Volumetric water content

The cooling performance of a green roof depends on the water
content of the substrate that determines the availability of water for
evapotranspiration. Volumetric water content in the soil is related to
the green-roof hydrological cycle because the green roof gains water
from rainfall and irrigation, and loses it through evapotranspiration,
surface runoff and drainage.

Djedjig et al. (2012) [70] found that when the green roof was
characterized by a VWC in the soil of 10% of the maximum value,
evapotranspiration was reduced to its minimum. On the contrary,
evapotranspiration increased when the substrate had high water con-
tent.

Jim and Peng (2012) [49] found that during rainy days, antecedent
VWC in the soil reduces the infiltration rate, thus increasing the runoff
quantity. On successive sunny or cloudy days when drainage and run-
off are negligible, the water stored in the substrate depends by irriga-
tion and evapotranspiration. Previous studies [27,73,74] identified
volumetric water content in the soil as the key factor for the evapo-
transpiration process, especially when irrigation is not present. In
Bevilacqua et al. (2015) [75] even though the environmental conditions
would allow evapotranspiration to take place, no considerable ET was
found due to the limited water content in the substrate.

In the research conducted by Tan et al. (2017) [58] on conventional
garden soil and artificial substrates, consisting mainly of perlite, the
evapotranspiration rates exhibited strong positive correlations with the
volumetric water content. In fact, when volumetric water content in the
soil decreased, the plant evapotranspiration rate was restricted. In ad-
dition, the ET decreased because of the low plant transpiration activity
due to the lack of available water even if high solar irradiance occurred.

The use of a water retention layer below the green roof substrate
makes it possible to maintain the VWC consistently higher. The water
retention layer, therefore, sustains plant life by providing an additional
availability of moisture, i.e. a liquid such as water in the form of very
small drops, either in the air, in a substance, or on a surface. In green
roof systems planted with Sedum mexicanum and Disphyma austral,
Voyde et al. (2010) [35] observed a rapid water loss via latent heat flux
in the days after watering. This water loss gradually decreased because
the water available was reduced until plants stopped transpiring to
preserve water.

The sensitivity test performed by Feng et al. (2010) [52] has shown

that an increase from 30% to 60% in volumetric water content in the
soil showed a reduction of 24% the heat stored within the green roofs,
thanks to the increasing latent heat. On the contrary, Tabares-Velasco
and Srebric (2012) [46] found that the water content in the substrate
did not have the most significant impact on ET. However, a change in
substrate conditions from the driest to the wettest led to a decrease in
the substrate temperature of about 10.0 °C and a reduction in the in-
coming heat flux by 40%. This reduction was mainly due to an increase
in the evapotranspiration rate (from 8.0 to 230.0Wm−2) despite of an
increase of 70% in substrate thermal conductivity and a decrease of
50% in substrate reflectivity, measured with a Portable Spectro-
radiometer using a calibrated lamp different that the fluorescent lamps
directly above plants. Soil reflectivity depends on soil type and water
content that typically varies from 0.10 for wet soil to 0.35 for dry soil.

He et al. (2017) [76] found that a higher water ratio helped to in-
crease the evapotranspiration intensity while it decreased the thermal
resistance of soil layer. As it was evaluated in some studies, the relation
between the increment in the substrate volumetric water content and
the increment of ET was not linear [49,54].

Evapotranspiration-substrate water content curves have an elon-
gated ‘‘S’’ shape with low evapotranspiration rates when water is scarce
in the substrate and high evapotranspiration rates when water is
abundant. In the middle of the substrate water content range, the re-
lationship is approximately linear (Fig. 4). Experimental data revealed
that samples with higher water content provided higher latent fluxes
and lower convective fluxes [52].

As result this section highlight that substrate water content plays an
important role in decreasing temperatures on the green roof surface and
the total incoming heat flux through the roof.

4.2. Vegetation

The transpiration process of plants contributes to the evaporation
from the substrate, moreover the plant layer shades the roof surface and
further reduces the heat fluxes incoming into the roof.

The species of plants, their physiology and growth typology, influ-
ence the green roof cooling effect by means of the ET process. Succulent
plants, which store excess water in their thick leaves, are generally well
adapted to extreme climates, and particularly in dry conditions. The
Sedum family, capable of activating Crassulacean Acid Metabolism
(CAM) photosynthesis, is recommended for extensive roofs where the
depth of the soil layer is very shallow [77]. Under dry soil conditions,
the evapotranspiration in a green roof with Sedum may be mostly
evaporation from soil, with little transpiration from plants. Voyde et al.
(2010) [35] found that planted treatments of Sedum mexicanum and
Disphyma australe attained a latent heat flux of 2.19mm/day and
2.21mm/day, respectively, when the plants were not water stressed.
Irrigated green roofs showed a latent heat flux higher than 200Wm−2,
suggesting that despite the presence of drought-tolerant Sedum, irriga-
tion increased evapotranspiration when water was available.

Schweitzer and Erell (2014) [56] compared a well-watered roof
covered with and without plants and observed that ET was the least
effective cooling mechanism without the shade provided by plants.
Aptenia lost less than half as much water as Pennisetum, about
3 Lm−2day−1 and 7 Lm−2 day−1 respectively. The Pennisetum loss rate
was even less than in bare moist soil, about 3.8 Lm−2 day−1. Coutts
et al. (2013) [48] evidenced that soil without plants may deliver greater
latent heat fluxes, as the resistance to water loss from the vegetation
surface is not present. The peaks of latent heat flux afterwards a cycle of
irrigation are lower on the green roofs than the bare soil, this because
the green roofs retained water in the substrate and vegetation over a
longer period. The samples with plants consistently show an average
reduction of the heat flux transferred into the spaces beneath the roof of
about 25% compared to samples without plants. This is because plants
provide extra shading to the roof, additional water storage, and a better
water control by means of evapotranspiration and photosynthesis [54].

Fig. 4. Relationship between evapotranspiration and substrate water content
[54].
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