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… des espèces disparaissent depuis au moins 500 ans

La biodiversité régresse…

ADVANCE UNEDITED 
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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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… les effectifs s’effondrent en France

La biodiversité régresse…

20 – Biodiversité – Les chiffres clés – Édition 2018

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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Office National de la Biodiversité, 2018. 
Les chiffres clés, édition 2018, 92 p.
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… des invertébrés disparaissent localement en Allemagne

La biodiversité régresse…
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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 

2008 2011 2014 2017

400

600

800

1,000

G
am

m
a 

di
ve

rs
ity

a
Forest
Grassland

B
io

m
as

s 
(g

)

b

0

10

20

2008 2011 2014 2017

0

20

40

A
bu

nd
an

ce

c

0

300

600

2008 2011 2014
Year Year

Year Year

2017

S
pe

ci
es

 n
um

be
r

d

0

30

60

2008 2011 2014 2017

0

50

100

150

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.

Seibold S. et al. 2019. 
Nature 574: 671-674
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… ou change ? Elle change dans le temps de l’évolution

La biodiversité régresse…

Nous sommes
là, quelque part !

Lopez-Garcia & Moreira 2007. 
Research in Microbiology 159: 67-73 
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La biodiversité régresse…
… nous coupons des branches de l’arbre de vie

Dessin de Charles 
Darwin, 1837
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Les causes de la sixième crise d’extinction

La biodiversité régresse
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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} 

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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Les causes de la sixième crise d’extinction

La biodiversité régresse

WWF LIVING PLANET REPORT 2020     64 65

BIODIVERSITY’S CATASTROPHIC 
COLLAPSE ON LAND
Land-use change is currently the most important direct 

driver of biodiversity loss on land, with climate change, 

overexploitation, pollution and invasive species not far 

behind.

Adrienne Etard,  
Jessica J. Williams &  

Tim Newbold  
(University College London)

Human activities are altering natural habitats and reshaping life on 

(DUWK¶V�VXUIDFH��7HUUHVWULDO�ELRGLYHUVLW\�LV�PDLQO\�LPSDFWHG�E\�¿YH�
direct drivers: land-use change, climate change, overexploitation, 

pollution and the introduction of invasive species 62. 

These drivers, alone and in combination, have had dramatic 

impacts on terrestrial biota. The latest Living Planet Index shows 

that vertebrate populations have declined by 68%, on average, 

VLQFH�������&KDSWHU�����,PSDFWV�YDU\�LQ�GL̆HUHQW�SDUWV�RI�WKH�
world, with the hyper-diverse tropical areas – that are critical to 

global biodiversity conservation – being particularly sensitive to 

anthropogenic threats 63.

Despite the increasing impact of a changing climate, three-quarters 

of all the plant and vertebrate species that have gone extinct since 

the year 1500 were harmed by overexploitation and/or agricultural 

activity (with invasive species also a predominant threat) 64, 62.  

Indeed, about one-third of the total land surface is used for 

agricultural purposes. Energy, transportation and housing also 

contribute to land conversion; built-up areas cover about 1% of  

the total land surface. The land surface covered by agricultural  

and built-up areas nearly doubled between 1900 and 2016 65.

Land-use change has profound impacts on local biodiversity. 

When humans modify habitats, many species can’t persist in the 

new conditions. Fragmented habitats, comprising remnant habitat 

patches surrounded by human-disturbed land, may not be large 

enough to sustain viable populations. Remaining species are those 

able to cope in altered conditions; as such, global land-use change 

favours ecological generalists at the expense of rare and  

specialist species 66-68. 

Species richness – that is, the number of species occurring in 

an ecological community, landscape or region – is estimated 

WR�GHFUHDVH�E\�D�JOREDO�DYHUDJH�RI�������LQ�KXPDQ�PRGL¿HG�
habitats compared to intact habitats 69��DOWKRXJK�WKH�H̆HFWV�DUH�
geographically uneven. Mediterranean and tropical biodiversity has 

been found to be the most sensitive to land-use change 70. Land-

XVH�FKDQJH�DOVR�KDV�LQGLUHFW�QHJDWLYH�H̆HFWV�RQ�ELRGLYHUVLW\��IRU�
H[DPSOH�WKURXJK�URDGNLOOV�DQG�KXPDQ�ZLOGOLIH�FRQÀLFWV��

Looking ahead to 2050, global land-use model projections show 

that, without changes in diet, food production and food loss and 

waste, agricultural areas will have to expand in order to meet 

increased food demand. Future projections indicate that, by 2050, 

cropland areas may have to be 10 to 25% larger than in 2005 71. 

$VVRFLDWHG�ELRGLYHUVLW\�ORVVHV�PD\�KDYH�QHJDWLYH�H̆HFWV�RQ�WKH�
delivery of ecosystem services, such as pollination and pest control, 

a situation compounded by the changing climate 72. This makes 

reconciling global food production with biodiversity conservation 

one of the major challenges of the 21st century.
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area of ‘forest managed for timber 
and other uses’ was calculated as total 
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forest area.. Adapted from the IPCC  
Land Special Report on Land – 
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WWF, 2020. Living 
planet report 2020
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Le climat change
Une réalité actuelle

Une augmentation de 0,78 à 0,85 °C 
de la température de l’atmosphère 

et de l’océan planétaires entre 1850 
et 2012. 

SPM

Summary for Policymakers

6

Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961!1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
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La biodiversité régresse
La course climat-espèces

SPM

15

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

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

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

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

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

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

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

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



18

La biodiversité régresse
L’Evolution prise de court

LETTER Rates of projected climate change dramatically exceed past
rates of climatic niche evolution among vertebrate species

Ignacio Quintero1 and John J.

Wiens2*

Abstract
A key question in predicting responses to anthropogenic climate change is: how quickly can species adapt
to different climatic conditions? Here, we take a phylogenetic approach to this question. We use 17 time-
calibrated phylogenies representing the major tetrapod clades (amphibians, birds, crocodilians, mammals,
squamates, turtles) and climatic data from distributions of > 500 extant species. We estimate rates of
change based on differences in climatic variables between sister species and estimated times of their split-
ting. We compare these rates to predicted rates of climate change from 2000 to 2100. Our results are strik-
ing: matching projected changes for 2100 would require rates of niche evolution that are > 10 000 times
faster than rates typically observed among species, for most variables and clades. Despite many caveats,
our results suggest that adaptation to projected changes in the next 100 years would require rates that are
largely unprecedented based on observed rates among vertebrate species.

Keywords
Adaptation, climate change, extinction, niche evolution, vertebrates.

Ecology Letters (2013) 16: 1095–1103

INTRODUCTION

Climate is changing rapidly, and this change may pose a major
threat to global biodiversity (e.g. Thomas et al. 2004; Hof et al.
2011; Bellard et al. 2012). In the last 30 years, average global annual
temperature has increased 0.6 °C, and by 2100 it is likely to increase
an additional 4.0 °C or more (IPCC 2007). Rainfall will also be
affected, and by 2100 some regions may experience a 30% decrease
or increase in annual precipitation (IPCC 2007). Recent climate
change has already driven many local populations to extinction, as
shown by contractions at the warm-edge limits (low latitude or low
elevation) of many species’ geographical ranges (e.g. Chen et al.
2011; recent review in Cahill et al. 2013). Many authors predict that
climate change will have a major negative impact on global biodi-
versity, especially when combined with other threats, such as habitat
destruction (e.g. Hof et al. 2011). However, the extent to which spe-
cies are threatened by climate change depends on the details of
how they respond, including whether they can adapt to these
changes evolutionarily.
Populations faced with climate change can respond in several dif-

ferent ways. These include dispersal to more suitable locations, per-
sistence in situ through either phenotypic plasticity or evolutionary
adaptation to changed conditions (either abiotic or biotic), or some
combination of these processes (e.g. Holt 1990; Visser 2008). If dis-
persal, acclimation or adaptation do not occur, then the population
may go extinct, especially if climate change pushes local conditions
outside the fundamental climatic niche of the population or species
(i.e. the set of temperature and precipitation conditions where the
population or species can persist). Nevertheless, almost all models
that have predicted future impacts of climate change have assumed
that rates of evolutionary change in the climatic niche are negligible
(e.g. Thomas et al. 2004; Deutsch et al. 2008; Schloss et al. 2012).

This raises a fundamental question: how quickly do species’ climatic
niches actually evolve? This question may be especially critical as
human activities increasingly limit the ability of populations to track
suitable climates over space, and given that unimpeded rates of
movement may be slower than rates of climate change (e.g. Schloss
et al. 2012).
There are many ways that the rate of climatic niche evolution can

be addressed. Several studies have used or described a microevolu-
tionary approach, utilising estimates of selection and heritability on
relevant traits (e.g. Visser 2008; Sinervo et al. 2010; Hoffmann &
Sgr!o 2011). However, this approach may be difficult to apply to
large numbers of species, especially if the relevant traits are
unknown (e.g. physiology vs. traits related to species interactions).
Another way that this question can be addressed is using compari-
sons among species. By documenting the climatic conditions where
species occur, their realised climatic niches can be estimated (i.e. the
set of climatic conditions where the species occurs, which must be
included within the fundamental climatic niche). Time-calibrated
phylogenies can then be used to estimate the time spans over which
changes occur between climatic conditions occupied by closely
related species. These rates can then be compared to projected rates
of climate change in relevant climatic variables in the future. Some
recent studies have focused on comparing rates of climatic niche
evolution among clades using time-calibrated phylogenies (e.g. Smith
& Beaulieu 2009; Kozak & Wiens 2010; Cooper et al. 2011; Fisher-
Reid et al. 2012). Recent studies have also used phylogenetic analy-
ses of climatic data to help predict species’ responses to current
changes (e.g. Lavergne et al. 2012) and to predict future shifts in
geographical ranges (Lawing & Polly 2011). However, there has
been little emphasis on absolute rates of climatic niche evolution
among species and their relevance to rates of projected climate
change.
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there were exceptions to this general trend (Extended Data Fig. 5).
Productivity overshot normal levels when recovering during the year
after extreme (but not moderate) dry and wet events (Extended Data
Fig. 4), which is consistent with damped oscillations, rather than mono-
tonic recovery, of productivity after climate extremes (Extended Data
Fig. 1). Consistent with previous studies9,14–23, biodiversity increased
ecosystem stability (Fig. 1a; F1,37.4 5 28.74, P , 0.001).

We quantified resistance and resilience, using proportional changes
in productivity from one year to the next, within each experimental
unit (plot) for each observed climate event (Methods). Linear mixed-
effects models were used to test whether resistance and resilience
depend on biodiversity, and how these biodiversity effects depend
on climate event properties, such as the direction (wet or dry), intensity
(moderate or extreme), or duration (3–24 months) of climate events,
while accounting for repeated measurements (Methods).

Biodiversity increased the resistance of ecosystem productivity to a
broad range of climate events (biodiversity main effect in Table 1 and
Fig. 1b). That is, more diverse communities exhibited smaller propor-
tional changes in productivity during climate events. On average,
across all studies and climate events, the productivity of low-diversity

communities with one or two species changed by approximately 50%
(V < 2; Fig. 1b), whereas that of high-diversity communities with 16–
32 species changed by approximately 25% (V < 4; Fig. 1b), during
climate events. Biodiversity increased resistance irrespective of the
direction (wet or dry) or intensity (moderate or extreme) of climate
events (all interactions were non-significant, P . 0.05; Table 1). There
was, however, one marginally significant interaction: biodiversity may
have increased resistance more during moderate climate events than
during extreme ones (biodiversity 3 intensity interaction in Table 1
and Extended Data Fig. 6). There was substantial variability in the
effect of biodiversity on resistance among studies and among years
within studies (see variance components in Table 1, Fig. 1b and
Extended Data Fig. 7); however, biodiversity increased resistance simi-
larly in long-term studies that were conducted for at least 9 years, and
in short-term studies (Methods).

Examination of the dynamics of recovery shows that, at both low
and high diversity, productivity had often returned to, or overshot, its
normal level during the year after a climate event (Extended Data
Fig. 4). Given this rapidity of recovery both for low- and for high-
diversity communities, biodiversity may not have a major impact
on the recovery of ecosystem productivity after climate events, at
least over the timescales and climate-event intensities considered.
Indeed, we were unable to detect strong and consistent effects of
biodiversity on our measure of ecosystem resilience (Table 1 and
Fig. 1c). Biodiversity decreased resilience after wet events, and
increased, although non-significantly (see confidence intervals
for 12-month events shown in Fig. 2), resilience after dry events
(biodiversity 3 direction interaction in Table 1 and Fig. 1c). That is,
less diverse communities recovered closer to normal levels of produc-
tivity during the year after wet events. On average, across all studies,
climate events, and levels of biodiversity, productivity moved approxi-
mately 10% closer to normal levels (D < 1.1; Fig. 1c) during the
year after climate events; however, this was often due to greatly over-
shooting, rather than failing to reach, normal levels of productivity
(Extended Data Fig. 4). The effect of biodiversity on resilience did
not vary substantially among studies or among years within studies
(see relatively small point estimates with large standard errors for
biodiversity variance components in Table 1 and Extended Data Fig. 8).

Next, we tested how our results depended on the duration over
which climate events were defined. To do so, we considered multiple

Table 1 | Fixed effect tests and variance component estimates
(standard error) for linear mixed-effects models

Resistance Resilience

Fixed effects
Biodiversity F1,27.8 5 20.68*** F1,8.5 5 0.67
Direction F1,81.7 5 0.53 F1,56.9 5 0.15
Intensity F1,85.6 5 1.40 F1,57.7 5 2.36
Biodiversity 3 intensity F1,82.3 5 3.02*
Biodiversity 3 direction F1,46.1 5 6.52**

Variance components
Study 0.37 (0.15) 1.4 3 1026 (3.5 3 1028)
Study 3 biodiversity 0.041 (0.022) 0.0067 (0.0096)
Study 3 year 0.32 (0.074) 0.68 (0.15)
Study 3 biodiversity 3 year 0.033 (0.011) 0.018 (0.012)
Plot 0.25 (0.038) 9.6 3 1027 (2.3 3 1028)
Plot 3 year 2.1 (0.051) 4.1 (0.099)

Temporal autocorrelation
rAR1 0.12 (0.025) 20.41 (0.020)

*P , 0.1; **P , 0.05; ***P , 0.001. Direction: 0, dry; 1, wet. Intensity: 0, moderate; 1, extreme.
Biodiversity: log2(number of species). Study 5 factor. Year 5 factor. Plot is defined within studies. Both
response variables were log2-transformed. Non-significant (P . 0.1) interactions were excluded from
the model. Kenward–Roger approximation is given for denominator degrees of freedom.
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Figure 1 | Biodiversity effects on ecosystem stability, and its resistance
and resilience components. Biodiversity consistently increases ecosystem
stability (a) and resistance (b), but not resilience (c). Lines are mixed-effects
model fits for each study (a), or each climate event within each study (b, c) (thin
lines), or across climate events and studies (thick lines with bands indicating

95% confidence intervals). Thick lines and bands in c indicate trends averaged
across both moderate and extreme events for either dry (dashed red lines)
or wet (solid blue lines) events. Stability measures are unitless. Axes are
logarithmic. See Table 1 for test statistics and Extended Data Table 1 for
sample sizes.
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versions of the drought index, which aggregated water balances over
different timescales, ranging from seasonal (3 months) to multi-year
(24 months) events30 (Methods). We found that biodiversity consis-
tently increased the resistance of ecosystem productivity during cli-
mate events, irrespective of the duration (3–24 months) of the climate
event (Fig. 2). Biodiversity had no significant effect on the resilience of
ecosystem productivity after brief, intra-annual wet or dry climate
events (Fig. 2). Biodiversity decreased resilience only after prolonged,
wet climate events that lasted 1 year or more (Fig. 2). The magnitudes
of biodiversity effects on resistance were substantially larger than those
on resilience for all but the longest durations (Fig. 2).

It is difficult, or perhaps impossible, to fully disentangle the resist-
ance and resilience components of empirical time series, especially
when there are frequent perturbations. For example, resilience to the
first of two consecutive climate events could bias estimates of resist-
ance to the second event. Similarly, resistance to the second of two
consecutive climate events could bias estimates of resilience to the first
event. To explore how this might have affected our results, we tested
whether biodiversity effects on resistance differed between climate
events that were preceded either by normal or by other climate event
years, and whether biodiversity effects on resilience differed between
climate events that were succeeded either by normal or by climate event
years (Methods). We found that biodiversity increased resistance,
especially during climate events that were preceded by climate event
years (biodiversity 3 consecutive interaction: F1,64.8 5 7.21, P , 0.01)
(Extended Data Fig. 9), and that biodiversity did not significantly
impact resilience, regardless of whether a climate event was succeeded

by a normal year or another climate event (biodiversity 3 consecutive
interaction: F1,39.6 5 2.42, P 5 0.13). We also tested whether biodiver-
sity significantly influenced resilience when considering only climate
events that were succeeded by multiple normal years in long-term
studies that were conducted for at least 9 years, and with resilience
quantified 2, rather than 1, years after climate events (Methods). We
again found no detectable effect of biodiversity on resilience
(F1,10.6 5 0.20, P 5 0.66). Thus, biodiversity did not influence resili-
ence after 1 or 2 years of unperturbed recovery.

Our results suggest that greater biodiversity generally provides
greater resistance. We focused on dimensionless, proportional
measures of resistance and resilience to allow comparisons of com-
munities with different levels of productivity. However, absolute mea-
sures of resistance and resilience might be of interest for some
applications within particular communities, and do not necessarily
depend on biodiversity in the same manner (Fig. 3 and Extended
Data Figs 4 and 5). Given that biodiversity increases productivity,
more productivity could be lost during dry events, and gained back
after dry events, in diverse than in depauperate communities3,10. In this
case, it is also important to note that our analyses show that biodiver-
sity increased productivity not only during normal years, but also
during climate events (Fig. 3).

Our results suggest that biodiversity stabilizes ecosystem productiv-
ity, and probably productivity-dependent ecosystem services, during
climate events that are moderate or extreme. Anthropogenic envir-
onmental changes that drive biodiversity loss will probably decrease
ecosystem stability14 by decreasing the resistance of ecosystem produc-
tivity to climate events. Restoring biodiversity will probably increase
ecosystem resistance to climate extremes, which are forecast to become
increasingly frequent as the global climate continues to change.
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defined over shorter or longer durations. Biodiversity consistently increases
resistance; however, biodiversity effects on resilience depend on the direction
(wet or dry) and duration of climate events. Values shown are parameter
estimates and 95% confidence intervals for biodiversity effects from mixed-
effects models, with the 12-month values corresponding to the results shown in
Table 1 and Fig. 1. Values in the upper panel are averaged across both intensities
and both directions. For clarity, values in the lower panel are slightly offset
on the x axis. See Extended Data Table 1 for sample sizes.

16

64

256

1,024

1 2 4 8 16 32 64

Number of species

P
ro

du
ct

iv
ity

 (g
 m

–2
 y

r–1
)

Moderate dry

Extreme dry

Moderate wet

Extreme wet

Normal

Figure 3 | Biodiversity effects on productivity during climate events or
normal years. Lines are mixed-effects model fits for each year within each
study (thin lines) or across all years and studies (thick lines with bands
indicating 95% confidence intervals). See Extended Data Fig. 5 for results
within studies. There was a significant effect of biodiversity on productivity
(F1,30.6 5 202.4, P , 0.001), a significant effect of event (F4,139.5 5 6.86,
P , 0.001), and a significant biodiversity 3 event interaction (F4,124.3 5 3.23,
P 5 0.015). Axes are logarithmic. See Extended Data Table 1 for
sample sizes.

5 7 6 | N A T U R E | V O L 5 2 6 | 2 2 O C T O B E R 2 0 1 5

RESEARCH LETTER

G2015 Macmillan Publishers Limited. All rights reserved

Prairies



21

Agir pour et par la biodiversitré
1. Maximiser la diversité biologique

RESEARCH ARTICLE SUMMARY
!

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 Ba!azy, Jacek Oleksyn,
Tomasz Zawi!a-Nied"wiecki, 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.!
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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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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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On further testing of the robustness of the above result,
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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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!
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 !ux
(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 !ux is
9.98 °C, 4.17 °C, and 107 W m!2, respectively. Comparing to the spa-
tial patterns illustrated in previous "gures, the maximum decrease of
surface temperature and 2-m air temperature occurs at night, while the
maximum decrease in ground heat !ux 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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Fig. 8. Diurnal variation of the average impact of
trees on (a) surface temperature, (b) 2-m air tem-
perature, (c) ground heat !ux, and (d) 2-m relative
humidity for Phoenix during June-August 2012.
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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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(!1!<!"0.015) with high certainty (95% credible intervals not overlapping 
zero) in three systems, all of which occurred in the Indo-Pacific realm 
(freshwater mammals, freshwater birds and terrestrial birds) (Fig.!3). 
This suggests that this region has the highest risk of system-wide 
declines and should be a conservation priority. By contrast, the pri-
mary cluster was increasing with high certainty in seven systems, six 
of which were in temperate regions. In addition, seven additional sys-
tems had strongly declining primary population clusters but with less 
certainty (95% credible intervals overlapped zero), four of which were 
amphibian or reptile groups. Finally, 14 systems showed strong but 
low-certainty increases, with no obvious taxonomic nor geographic 
patterns (Fig.!3).

Each primary cluster also contained variation among populations. 
In the 10 systems with significant or non-significant mean declines 
where !1!<!"0.015, 87% of the individual populations showed strong 
declines (Fig.!5). These 10 systems accounted for around 20% of the total 
global vertebrate populations, but for around 61% of strong declines. 
The multimodality observed in Fig.!5 was an outcome of aggregating 
unimodal primary clusters across systems, and suggests that there are 
heterogeneous stressor levels among systems (that is, similar principles 
to those that cause extreme clusters within systems). The remaining 
approximately 11% of strongly declining populations were distributed 
across 47 out of 57 systems; it is unclear whether they represent a devia-
tion from the natural dynamics that are expected to occur in any natu-
rally variable system.

Primary cluster trends were related to body size, but not as predicted. 
In comparison to the overall patterns for larger animals, the same sys-
tems showed significant declines and increases, but two additional 
temperate systems showed significant increases (Extended Data Fig.!4 
and Supplementary Table!4). Smaller species also appeared to decline 
more than larger species; there were 27 systems in which smaller spe-
cies had more-negative growth rates than larger species, compared 
with 18 systems in which the reverse was true. However, analyses of 
the smaller species were based on substantially fewer populations, 
and trends were generally not significant (Supplementary Table!4), 
so patterns remain tentative.

Discussion
By re-analysing a comprehensive dataset of global wildlife population 
trends, we show that previously estimated global declines are driven by 
a few extremely declining populations. Removing only 2.4% of declining 
populations reversed the estimated global trends from more than 50% 
mean decline since 1970 to a slightly positive growth. Our BHM model 
revealed that clusters of extreme decline are widespread and occur 
disproportionately in larger species, and that a few clusters of extreme 
increase also exist and occur disproportionately in smaller species. 
This is consistent with previous arguments of ‘trophic downgrading’16.

Clusters of extreme declines were largely due to small time-series 
datasets. However, neither random sampling error nor ‘saw tooth’ 
population dynamics (in which ultimately stable populations experi-
ence sudden declines followed by gradual increases) can fully explain 
this association (see!Supplementary Information for a full discussion). 
Additional explanations are needed. Extreme trends could reflect tran-
sient populations that naturally leave or enter a survey area19, which 
could represent natural dynamics. Alternatively, researchers may stop 
sampling after populations become (close to) extirpated, although the 
converse has also been suggested20. A third possibility is that some 
regions experience both lower sampling effort and greater declines, 
such that poorly sampled datasets correlate with factors linked to 
vulnerability, such as lower national wealth or conservation invest-
ment. Understanding why small time series contain so many extreme 
declines is particularly important given that studies that did not find 
widespread declines often excluded short time series7,10,12, potentially 
reconciling divergent findings among studies.

Once extreme clusters were statistically separated, no global trend 
remained across typical populations (that is, primary clusters; 98.6% 
of populations). However, aggregating systems into one global trend 
hid important variation. Three systems, all of which occurred in the 
Indo-Pacific realm, showed widespread vertebrate declines across 
typical populations. Moreover, among typical populations smaller 
species may be faring worse than larger ones. Although these results 
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Fig. 4 | Effect of the size of the time series. The number of data points in the 
time series versus the mean log-transformed value of the geometric mean 
growth rate.
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Fig. 5 | Populations in the primary clusters across all systems, after removal 
of extreme clusters. The primary cluster of each system is unimodal, but 
because systems are experiencing decline (or growth) heterogeneously, 
plotting distributions across systems shows multimodality. Histograms show 
significantly declining systems (red), strongly but not significantly declining 
systems (orange) and weak changes or increases (yellow). Vertical lines show 
thresholds for strongly declining ("0.015) and strongly increasing (+0.015) 
growth rates, corresponding to an approximate 50% loss or a doubling (over 50 
years), respectively. Distributions of primary clusters were calculated based on 
the mean and s.d. from the hierarchical model, and using the system-specific 
weights to adjust for species richness.
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(!1!<!"0.015) with high certainty (95% credible intervals not overlapping 
zero) in three systems, all of which occurred in the Indo-Pacific realm 
(freshwater mammals, freshwater birds and terrestrial birds) (Fig.!3). 
This suggests that this region has the highest risk of system-wide 
declines and should be a conservation priority. By contrast, the pri-
mary cluster was increasing with high certainty in seven systems, six 
of which were in temperate regions. In addition, seven additional sys-
tems had strongly declining primary population clusters but with less 
certainty (95% credible intervals overlapped zero), four of which were 
amphibian or reptile groups. Finally, 14 systems showed strong but 
low-certainty increases, with no obvious taxonomic nor geographic 
patterns (Fig.!3).

Each primary cluster also contained variation among populations. 
In the 10 systems with significant or non-significant mean declines 
where !1!<!"0.015, 87% of the individual populations showed strong 
declines (Fig.!5). These 10 systems accounted for around 20% of the total 
global vertebrate populations, but for around 61% of strong declines. 
The multimodality observed in Fig.!5 was an outcome of aggregating 
unimodal primary clusters across systems, and suggests that there are 
heterogeneous stressor levels among systems (that is, similar principles 
to those that cause extreme clusters within systems). The remaining 
approximately 11% of strongly declining populations were distributed 
across 47 out of 57 systems; it is unclear whether they represent a devia-
tion from the natural dynamics that are expected to occur in any natu-
rally variable system.

Primary cluster trends were related to body size, but not as predicted. 
In comparison to the overall patterns for larger animals, the same sys-
tems showed significant declines and increases, but two additional 
temperate systems showed significant increases (Extended Data Fig.!4 
and Supplementary Table!4). Smaller species also appeared to decline 
more than larger species; there were 27 systems in which smaller spe-
cies had more-negative growth rates than larger species, compared 
with 18 systems in which the reverse was true. However, analyses of 
the smaller species were based on substantially fewer populations, 
and trends were generally not significant (Supplementary Table!4), 
so patterns remain tentative.

Discussion
By re-analysing a comprehensive dataset of global wildlife population 
trends, we show that previously estimated global declines are driven by 
a few extremely declining populations. Removing only 2.4% of declining 
populations reversed the estimated global trends from more than 50% 
mean decline since 1970 to a slightly positive growth. Our BHM model 
revealed that clusters of extreme decline are widespread and occur 
disproportionately in larger species, and that a few clusters of extreme 
increase also exist and occur disproportionately in smaller species. 
This is consistent with previous arguments of ‘trophic downgrading’16.

Clusters of extreme declines were largely due to small time-series 
datasets. However, neither random sampling error nor ‘saw tooth’ 
population dynamics (in which ultimately stable populations experi-
ence sudden declines followed by gradual increases) can fully explain 
this association (see!Supplementary Information for a full discussion). 
Additional explanations are needed. Extreme trends could reflect tran-
sient populations that naturally leave or enter a survey area19, which 
could represent natural dynamics. Alternatively, researchers may stop 
sampling after populations become (close to) extirpated, although the 
converse has also been suggested20. A third possibility is that some 
regions experience both lower sampling effort and greater declines, 
such that poorly sampled datasets correlate with factors linked to 
vulnerability, such as lower national wealth or conservation invest-
ment. Understanding why small time series contain so many extreme 
declines is particularly important given that studies that did not find 
widespread declines often excluded short time series7,10,12, potentially 
reconciling divergent findings among studies.

Once extreme clusters were statistically separated, no global trend 
remained across typical populations (that is, primary clusters; 98.6% 
of populations). However, aggregating systems into one global trend 
hid important variation. Three systems, all of which occurred in the 
Indo-Pacific realm, showed widespread vertebrate declines across 
typical populations. Moreover, among typical populations smaller 
species may be faring worse than larger ones. Although these results 
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Fig. 4 | Effect of the size of the time series. The number of data points in the 
time series versus the mean log-transformed value of the geometric mean 
growth rate.
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Fig. 5 | Populations in the primary clusters across all systems, after removal 
of extreme clusters. The primary cluster of each system is unimodal, but 
because systems are experiencing decline (or growth) heterogeneously, 
plotting distributions across systems shows multimodality. Histograms show 
significantly declining systems (red), strongly but not significantly declining 
systems (orange) and weak changes or increases (yellow). Vertical lines show 
thresholds for strongly declining ("0.015) and strongly increasing (+0.015) 
growth rates, corresponding to an approximate 50% loss or a doubling (over 50 
years), respectively. Distributions of primary clusters were calculated based on 
the mean and s.d. from the hierarchical model, and using the system-specific 
weights to adjust for species richness.
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