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En abscisse: le degré d'intensifica4on, en tonnes récoltées.
En ordonnée: le nombre d'espèces de plantes et de carabiques dans les champs, le 
nombre d'oiseaux nicheurs dans le paysage.
Plus le mode d'agriculture est intense, moins la biodiversité est élevée.
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16. Biodiversité et intensité de la produc5on

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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Huit pays européens.

L’intensifica4on réduit le nombre
d’espèces de plantes, de carabiques
(dans le champ) et d‘oiseaux nicheurs
(hors champ). 

Les principaux facteurs explica4fs du 
déclin sont: la taille du champ, la 
fréquence et la quan4té d’herbicides, 
d’insec4cides et de fongicides



En abscisse: le degré d'intensifica4on, en tonnes récoltées.
En ordonnée: la durée de vie des pucerons (introduits expérimentalement dans les 
champs) en heures.
Plus le mode d'agriculture est intense, plus le temps de survie des pucerons 
augmente, probablement en raison de l'effet néga4f des pes4cides sur les prédateurs 
des pucerons.
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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.

F. Geiger et al. / Basic and Applied Ecology 11 (2010) 97–105 99

L’intensifica4on réduit le 
poten4el de contrôle

biologique des insectes
ravageurs (pucerons)
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En abscisse: le degré d'intensifica4on de l'agriculture a travers divers modes de mise 
en culture: prairies, rota4ons extensives (rota4ons de 5 ans avec une année en herbe 
ou avec légumineuses), rota4ons intensives (cultures annuelles et blé d'hiver).
En ordonnée: l'indice de Shannon.
Dans les quatre pays étudiés, l'indice de Shannon, c'est à dire la diversité écologique, 
diminue avec l'augmenta4on de l'intensité agricole.
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Relationships between diversity among functional groups
in the soil food web and diversity within soil faunal
taxonomic groups

The diversity measures within soil faunal groups were
significantly correlated with those among functional
groups (Table 3), suggesting that agricultural intensifi-
cation consistently affects most soil food web compo-
nents and reduces soil biodiversity. More specifically,
the diversity measures for earthworms, Collembolans
and oribatid mites, as well as average taxonomic

breadth of nematodes, were significantly and positively
correlated with the number of functional groups in the
food web (Nfw). Earthworm diversity measures also
showed a significant positive correlation with the Shan-
non index (FH) of the functional groups in the food web
Table 3).

Discussion

In this study, we show that agricultural intensificat-
ion affects various aspects of diversity in a consistent

(a) (b)

(c)

Fig. 1 Average values (! SE) of: (a) number of functional groups (Nfw), (b) Shannon index (FH) and (c) average trophic level (TL) in the

soil food web at the three land-use intensity levels in the four regions across Europe. Data from both sampling seasons are pooled. Sig-

nificance effects (P-values) of region (Reg.), land-use intensity level (Int.) and sampling season (Sam.) as determined by permutational

univariate analysis of variance are given for each measure. Regions (indicated below horizontal axis) and land-use intensity levels for

each region not sharing the same letter are significantly different according to pair-wise a posteriori comparisons. Underlined land-use

intensity levels denote significantly different values between sampling seasons. Codes are depicted in Table 1.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 973–985
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G: prairies
E: rota-ons extensives
I: rota-ons intensives
SE: Suède
UK: Royaume Uni
CZ: Tchécoslovaquie
GR: Grèce

L’intensité agricole
impacte néga4vement la 

richesse en espèces
(bactéries, champignons, 

faune) des sols
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En abscisse: le degré d'intensifica4on de l'agriculture a travers divers modes de mise 
en culture: prairies, rota4ons extensives (rota4ons de 5 ans avec une année en herbe 
ou avec légumineuses), rota4ons intensives (cultures annuelles et blé d'hiver).
En ordonnée: la biomasse moyenne des organismes cons4tuant la faune des sols.
Dans trois des pays étudiés (Suède, Tchécoslovaquie, Grèce), le poids moyen des 
animaux du sol diminue avec l'augmenta4on de l'intensité agricole; en d'autres 
termes, les animaux les plus gros sont très sensibles à l'intensité agricole.
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negative way in four agricultural regions across
Europe with contrasting soil and climatic conditions.
Specifically, increasing land-use intensity decreases
diversity within soil faunal taxonomic groups, diver-
sity among functional groups, as well as the average
trophic level in the soil food web. The reductions of
diversity at the soil food web level were due to a
decrease in biomass of functional groups with larger
body sizes, especially earthworms, enchytraeids, Coll-
embolans, and oribatid mites, or a decrease in biomass
of groups at higher trophic levels, especially preda-
ceous mites, as reported in de Vries et al. (2013). As a
result, the community- weighted mean body mass of
soil fauna was significantly decreased by land-use
intensification. Hence at high land-use intensity, food
webs contain fewer trophic levels and fewer species
with large body mass.
The effect of land use was so intense that in some

cases, one or more functional groups were entirely
missing. In Greece, for example, earthworms and pre-
daceous Collembolans were absent from intensive rota-
tions, whereas in Sweden, fungivorous mites and
predaceous Collembolans were missing. These groups
of organisms are characterized by relatively low growth

rates and are known to be sensitive to disturbance, with
populations often needing decades to recover after till-
age (Siepel, 1996; Maraun & Scheu, 2000; Adl et al.,
2006). The presence of a functional group can be related
to certain functions, as e.g., earthworms are related to
processes of C and N cycling (de Vries et al., 2013), and
its biomass is indicative of the magnitude of those func-
tions (sensu Hughes & Roughgarden, 2000; Th!ebault &
Loreau, 2006; Berg & Bengtsson, 2007). Hence, the loss
or decrease in biomass of these functional groups from
the soil food webs will likely result in a long-term
reduction in soil functioning in intensive agricultural
production systems.
Our study shows that changes in the biomass of

functional or taxonomic groups are accompanied by
changes in their diversity and that they occur across
latitudinal positions and soil types as sampled within
Europe. The biomass of e.g., earthworms, Collembo-
lans, and oribatid mites were significantly reduced by
agricultural intensification (de Vries et al., 2013) as
also the diversity, which confirms other case-specific
studies (e.g., Pi"zl, 1999; Caruso et al., 2007; Smith
et al., 2008; Dahms et al., 2010). Our data also point
out that a decrease in diversity within faunal taxo-
nomic groups was related to a decrease in diversity
among functional groups. This indicates that agricul-
tural intensification has a consistent negative effect
across most soil food web components and is not lim-
ited to specific groups of soil biota, such as arbuscular
mycorrhizal fungi (Helgason et al., 1998). Agricultural
intensification not only reduced richness and Shannon
index of faunal groups but also the average taxo-
nomic distinctness and average taxonomic breadth,
which means that the loss of species was consistently
related to the loss of taxonomically more distantly
related species. Thus, agricultural intensification also
caused a loss of taxonomic diversity, which is known
to relate positively to functioning (Heemsbergen et al.,
2004).
It has been argued that functional redundancy in

soil communities can be high, due to generalized feed-
ing habits among most soil biota (Set€al€a et al., 2005).
An explanation for the perceived low degree of speci-
ficity can be that our tools to detect specialized inter-
actions between cryptic species have been too coarse.
With tools to resolve genetic patterns in organisms,
specialized trophic interactions are more common
than previously thought (Jørgensen et al., 2005; Jørgen-
sen & Hedlund, 2013). Here, we have focused on the
trophic role of species, e.g., fungivorous Collembolans,
ignoring that two species may both feed on fungi but
that their preference for fungal species can differ.
Functional differentiation may play an important role
in determining how a functional group actually

Fig. 2 Average values (! SE) of the community-weighted mean

body mass of soil fauna (CBM) at the three land-use intensity

levels in the four regions across Europe. Data from both sam-

pling seasons are pooled. Significance effects (P-values) of region

(Reg.), land-use intensity level (Int.) and sampling season (Sam.)

as determined by permutational univariate analysis of variance

are given for each measure. Regions (indicated below horizontal

axis) and land-use intensity levels for each region not sharing

the same letter are significantly different according to pair-wise

a posteriori comparisons. Underlined land-use intensity levels

denote significantly different values between sampling seasons.

Codes are depicted in Table 1.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 973–985

INTENSIVE AGRICULTURE AND SOIL BIODIVERSITY 979

L’intensité agricole réduit 
la biomasse des sols 

(bactéries, champignons, 
faune)
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G: prairies
E: rotations extensives
I: rotations intensives
SE: Suède
UK: Royaume Uni
CZ: Tchécoslovaquie
GR: Grèce



En abscisse: le degré d'intensifica4on de l'agriculture a travers divers modes de mise 
en culture: prairies, rota4ons extensives (rota4ons de 5 ans avec une année en herbe 
ou avec légumineuses), rota4ons intensives (cultures annuelles et blé d'hiver).
En ordonnée: un indicateur de la longueur des chaines trophiques dans le sol.
Dans tous les pays étudiés on observe une tendance à la réduc4on de la longueur 
moyenne des chaînes trophiques (significa4ve en Suède et en Grèce).
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Relationships between diversity among functional groups
in the soil food web and diversity within soil faunal
taxonomic groups

The diversity measures within soil faunal groups were
significantly correlated with those among functional
groups (Table 3), suggesting that agricultural intensifi-
cation consistently affects most soil food web compo-
nents and reduces soil biodiversity. More specifically,
the diversity measures for earthworms, Collembolans
and oribatid mites, as well as average taxonomic

breadth of nematodes, were significantly and positively
correlated with the number of functional groups in the
food web (Nfw). Earthworm diversity measures also
showed a significant positive correlation with the Shan-
non index (FH) of the functional groups in the food web
Table 3).

Discussion

In this study, we show that agricultural intensificat-
ion affects various aspects of diversity in a consistent

(a) (b)

(c)

Fig. 1 Average values (! SE) of: (a) number of functional groups (Nfw), (b) Shannon index (FH) and (c) average trophic level (TL) in the

soil food web at the three land-use intensity levels in the four regions across Europe. Data from both sampling seasons are pooled. Sig-

nificance effects (P-values) of region (Reg.), land-use intensity level (Int.) and sampling season (Sam.) as determined by permutational

univariate analysis of variance are given for each measure. Regions (indicated below horizontal axis) and land-use intensity levels for

each region not sharing the same letter are significantly different according to pair-wise a posteriori comparisons. Underlined land-use

intensity levels denote significantly different values between sampling seasons. Codes are depicted in Table 1.
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L’intensifica4on agricole 
raccourcit les chaînes 
trophiques (chaînes 

alimentaires) dans les sols
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SE: Suède
UK: Royaume Uni
CZ: Tchécoslovaquie
GR: Grèce



En abscisse: le cumul des quan4tée d'herbicides apportés sur toutes les années de 
culture en kilogrammes par hectare (a, b, d) ou le nombre d'espèces d'adven4ces (c) 
ou l'abondance des adven4ces en nombre de plantes pour 4 m2 (e).
En ordonnées: le rendement en quintaux par hectare (a, c, e) ou le nombre d'espèces
d'adven4ces (b) ou l'abondance des adven4ces en nombre de plantes pour 4 m2 (d).
Dans 150 champs de blé d'hiver de l'ouest de la France, l'applica4on de doses 
crloissantes d'herbicides d'herbicides réduit la produc4vité (a) et affectent faiblement 
les adven4ces (b,d). Par ailleurs, la produc4vité n'est que faiblement affectée par les 
adven4ces (c,e). 
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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 signi!cant 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). #ere was a slight negative relationship between crop yield and weed frequency for 
the highest weed frequency, but the relationship was far from signi!cant (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 e$ect of herbicides on weed richness and abundance (Fig. 2; Table 1) taking into account 
the variability in the farmer’s behaviour. Such variability was introduced to model either a simple farmer e$ect  
(ηR

F and ηA
F) assuming a similar e$ect across the !ve !elds farmed by the farmer, or with variability between 

!elds for a given farmer, which was modelled as a nested e$ect at !eld scale within a farm (ηR
Ff and ηA

Ff) (Table 1). 
#e !rst set of models (Table 1) assumed that the e$ectiveness of herbicides did not vary with weed species 
(although all species abundances were modelled separately). #e model !t was tuned by comparing weed richness 
or abundance as estimated by the model output with the observed values. #e model with the nested e$ect at !eld 
scale within a farm (ηFf) explained the variability in weed species richness much better (Rich_!eld: DIC = 31600; 
Fig. S3) than the model with only the farmer e$ect (ηF; Rich_farm DIC = 32590). #is model also explained the 
weed species richness much better than the model without any farmer e$ect (Rich_base: DIC = 34200). Similar 
results were found for weed estimated abundance (Ab_!eld: 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 e$ect = 5508; Fig. 3a). Estimated param-
eters are given in Table S3.

ηR
F (ηA

F) and ηR
Ff (ηA

Ff) are surrogates for the e$ectiveness of treatment and vary between 0 and 1, a value 
of 1 being the e$ectiveness expected if weed control were complete. #ere was a strong farmer identity e$ect 
on the e$ectiveness of the weed control treatment (Fig. 3b): the farmers’ e$ect appeared to depend on the !eld 
(see variation of ηA

Ff over the !ve !elds farmed by each farmer in Fig. 3d), as already shown based on surveys 
of farmers32,34. #is suggests that farmers either adapted their management at !eld 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). #e weed richness (b) and frequency (d) were not a$ected by herbicides. #e crop yield was not 
signi!cantly reduced by (c) weed richness or (d) frequency. #e 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% con!dence interval, respectively.

Gaba 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 
�����ơ�����������������������Ǥ�������������������������������������������������������������������Ǥ�
����������������������������������ơ������������������������������������������������������������
�������Ǥ��������������������������������������������������������������������ͻͶά���������������������
����������ǡ�������������Ƥ������������������������ǡ������������������������������������Ǥ�	�������������
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. Signi!cant e"orts have been made to increase 
the number of herbicides and their e"ectiveness7, 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 di#cult 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.

$ere 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 e"ects 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 signi!cantly over the last ten years, 
either in Europe or in the US (see ref. 22). $rough their expected e"ect 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 

ͷ����±�������ǡ��������������ǡ�����ǡ�����Ǥ�����������	������Ǧ����±ǡ�	ǦͷͶͶͶ������ǡ�	�����Ǥ�LTER « Zone Atelier 
�������Ƭ���������°����ǽǡ���������ǯ��������������������������±ǡ�����ǡ�	ǦͽͿͼͶ���������Ǧ��Ǧ����ǡ�	�����Ǥ�Avignon 
����������ǡ�������ͷͻͷǡ�	Ǧ;ͺͿͶͶ��������ǡ�	�����Ǥ�ͺ����������ǡ���ͷͶͻǡ�;ͺͷͺ����������������ǡ�	�����Ǥ�ͻCentre 
�ǯ��������������������������±ǡ������Ƭ����������±���������������ǡ�����ͽͽǡ�ͽͿͼͶ�������������������ǡ�	�����Ǥ�
������������������������������������������������������������������Ǥ
Ǥ�ȋ�����ǣ��������Ǥ����̻�����Ǥ����Ǥ��Ȍ

R�������ǣ�ͷ�������Ͷͷͼ

A�������ǣ�Ϳ�����Ͷͷͼ

P��������ǣ�ͻ�����Ͷͷͼ

����

150 champs dans 
l’ouest de la France. 

Les herbicides ne 
garan4ssent pas une 
produc4vité de blé 
d’hiver forte (a) et 

affectent faiblement 
les adven4ces (b,d). 
La produc4vité est 
faiblement affectée 
par les adven4ces 

(c,e). 
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En abscisse: pourcentage de la surface occupée par des éléments semi-naturels 
(friches, zones forestières, haies).
En ordonnée: richesse spécifique des arbres et arbustes, des plantes herbacées, des 
oiseaux et des abeilles dans des zones de 16 km2.
Dans 25 paysages agricoles de 7 pays européens, plus le paysage est diversifié 
(présence de friches, de zones forestières, de haies), plus la biodiversité est élevée (à 
l'exception dans cette étude de la diversité des arbres).
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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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Dans 7 pays européens. 
Plus le paysage 

(champs, zones non 
cul4vées, haies) est 

diversifié, plus la 
biodiversité est élevée

En ordonnée: nombre d’espèces

16. Biodiversité et paysage



En abscisse: la distance à la prairie la plus proche du champ de radis noir 
échan4llonné, en mètres.
En ordonnée: l'intensité de la fréquenta4on des abeilles en nombre d'individus 
observés sur une distance de 15 mètres (à gauche) ou le pourcentage de fleurs 
donnant des graines (à droite).
En Allemagne, plus le champ est éloigné d'une prairie, réservoir de biodiversité et 
notamment d'abeilles sauvages, plus l'intensité de la pollinisa4on et plus la 
produc4on de graines de radis noir sont faibles.
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réduction de l’abondance des quelques espèces généralistes. Le nombre limité d’études disponibles suggère 
cependant que la diversité fonctionnelle des pollinisateurs peut contribuer au maintien de la diversité des 
communautés de plantes sauvages et améliorer la performance des cultures entomophiles (colza, par exemple). 
L’abondance et la diversité de ces pollinisateurs sont liées à la répartition des éléments semi-naturels (prairies…) 
dans le paysage. 
 

Abondance et diversité des pollinisateurs augmentent grâce aux éléments semi-naturels du paysage,  
permettant un meilleur service de pollinisation  

 
L'abondance des abeilles sauvages diminue lorsqu'on 
s'éloigne des milieux semi-naturels (ici des prairies en 
Allemagne) qui constituent des réservoirs de pollinisateurs 

Cet effet dépressif, sur l’abondance et la diversité des 
pollinisateurs, de la distance entre les plantes à polliniser 
(ici Raphanus sativus) et les milieux semi-naturels 

(d'après Steffan-Dewenter et al. 1999).  
Cette étude montre par ailleurs que la richesse spécifique des 
abeilles sauvages aussi diminue avec l'augmentation de la 
distance des plantes à polliniser aux milieux semi-naturels.  

(prairies) se traduit au niveau du service de pollinisation, 
estimé par le taux de fleurs donnant des fruits (d'après 
Steffan-Dewenter et al. 1999). 

Le contrôle biologique des bioagresseurs dépend directement de la diversité taxinomique et fonctionnelle des 
organismes, que ce soit les auxiliaires zoophages, les microorganismes du sol et des parties aériennes de la 
plante, ou les plantes (cultivées et adventices). Dans le cas des auxiliaires, leur identité est elle aussi essentielle. 
Le contrôle des phytopathogènes dépend aussi de la diversité fonctionnelle des microorganismes du sol. 
 

Une relation entre efficacité du contrôle biologique des ravageurs, diversité des ennemis naturels des ravageurs 
des cultures, et diversité des paysages 

 

Effet d'une simplification de la diversité des ennemis naturels 
r la densité de population des pucerons d'une culture de 

é. Une plus forte diversité permet un meilleur contrôle 

Les connaissances disponibles sur le rôle de la diversité 
des ennemis naturels pour le service de contrôle 
biologique ainsi que sur les effets de la complexité du 

su
bl
biologique des ravageurs par complémentarité entre groupes. 
D’après Schmidt et al. (2003).  
0 : tous les ennemis naturels présents ; -G : sans prédateurs 
généralistes rampants ; -F : sans prédateurs et parasitoïdes 
volants ; -G-F : sans prédateurs et parasitoïdes. 
Sur 7 études expérimentales menées en zones tempérées (4 
en Europe de l'Ouest, 3 aux USA), 6 ont trouvé ce type de 
relation. 

paysage sur la diversité des ennemis naturels (chapitre 1) 
suggèrent fortement qu’à l’échelle des paysages agricoles, 
plus les biodiversités alpha et surtout gamma sont élevées 
(grâce à la complexité paysagère), plus l'intensité du 
contrôle biologique est élevée, et meilleure est la résilience 
de ce service après une perturbation. D’après Tscharntke 
et al. (2007). 
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La complexité du paysage (distance de la prairie la plus proche) 
favorise l’abondance des abeilles et la produc4on par Raphanus

sa(vus (radis noir)
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En abscisse: la diversité ou un indice d'abondance des abeilles sauvages.
En ordonnée: le rendement en tonnes par hectare (en haut) ou des indicateurs de 
l'efficacité de la reproduc4on du colza: fruc4fica4on, nombre de graines par gousse, 
poids moyen d'une graine, rapport entre le poids des graines d'une plante et la masse 
de ce_e plante (indice d'inves4ssement de la plante dans la reproduc4on)
La produc4vité du colza dans 151 champs de l'opest de la France augmente avec la 
densité des pollinisateurs (abeille domes4que, abeilles sauvages, bourdons) via un 
accroissement du taux de fruc4fica4on et de la masse rela4ve des graines (baisse du 
nombre de graines par gousse).
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average, 3.14 tons/ha (range 1.9–5.2, n=151) and varied between
years (F3,147 = 6.39, p<0.001). Yield was significantly affected by
phosphorus fertilizer (F1,149 = 6, p = 0.015), while the other fertilizers
(nitrogen, potassium and sulphur), pesticides (herbicides, insecticides
and fungicides), and OSR type (see Appendix G, for interaction with
pollinator metrics), had no significant effect on OSR yield (all P> 0.11,
see Appendix F for model selection).

3.3. Contribution of pollinators at field scale

Once the main farming practices had been identified, we found that
OSR yield was significantly and positively correlated with pollinator
diversity measured using pan traps (Table 1), especially bee diversity

(Table 1, Fig. 2a), but not with hoverfly diversity (Table 1). There were
no significant interactions between farming practices and pollinator
metrics in any of our models (Table 1). An increasing the number of bee
genera from 1 to 10, was associated with an increase in yield of 37.5%
(range: 27.7–47.5%), about 1 t ha−1. Each additional genus was,
therefore associated with an average increase of 0.11 t ha−1 in OSR
yield. Restricting the analysis to years 2015 and 2016, when bees were
identified at species level, species richness had a similar, but non-sig-
nificant effect (Appendix G). The number of genera was, therefore, a
better predictor of OSR yield than species richness. Total pollinator
abundance also increased the yield (Table 1), with bee abundance
having a greater effect than hoverfly abundance (Table 1, Fig. 2b). Bee
abundance had slightly less effect (slope 0.16 +/-0.05) than bee

Table 1
Linear models of OSR yield as a function of pollinator diversity or pollinator abundance (obtained by pan traps in 151 fields or sweep nets in 44 fields), year,
phosphorus fertilizer and their two way interactions with pollinator metrics. All abundances are log (x+1) transformed. Significant effects (P> 0.05) are in bold.

Pan trap Sweep net Pan trap Sweep net

F P F P F P F P

Total diversity 3.99 0.048 1.40 0.25 Total abundance 7.75 0.006 4.52 0.042
Year 6.93 < 0.001 0.01 0.92 Year 4.85 0.003 0.01 0.92
Phosphorus fertilizer 7.07 0.009 7.09 0.011 Phosphorus fertilizer 7.28 0.008 8.04 0.007
Total diversity x year 0.24 0.87 4.68 0.037 Total abundance x year 0.35 0.79 3.07 0.088
Total diversity x phosphorus fertilizer 0.70 0.4 0.13 0.72 Total abundance x phosphorus fertilizer 0.54 0.47 0.03 0.85

Bee diversity 14.93 < 0.001 0.17 0.68 Bee abundance 12.06 0.001 5.63 0.023
Year 4.55 0.004 0.02 0.88 Year 3.58 0.016 0.01 0.9
Phosphorus fertilizer 10.20 0.002 6.84 0.013 Phosphorus fertilizer 7.54 0.007 6.72 0.013
Bee diversity x year 0.18 0.9 6.97 0.012 Bee abundance x year 0.12 0.95 3.58 0.066
Bee diversity x phosphorus fertilizer 0.48 0.49 1.02 0.32 Bee abundance x phosphorus fertilizer 0.38 0.54 0.20 0.66

Hoverfly diversity 0.01 0.99 1.85 0.18 Hoverfly abundance 3.76 0.055 0.40 0.53
Year 6.96 < 0.001 0.01 0.91 Year 5.49 0.001 0.03 0.87
Phosphorus fertilizer 6.73 0.010 7.94 0.008 Phosphorus fertilizer 7.98 0.005 9.71 0.003
Hoverfly diversity x year 0.14 0.94 0.37 0.55 Hoverfly abundance x year 2.07 0.11 0.78 0.38
Hoverfly diversity x phosphorus fertilizer 0.19 0.66 0.00 0.96 Hoverfly abundance x phosphorus fertilizer 0.01 0.93 2.81 0.1

Fig. 2. Effect of pollinator community metrics estimated from pan traps (a–c) and sweep nets (d–e) on OSR crop yield. All abundances are log (x+1) transformed. The
colour lines indicate the linear regressions between yield and pollinator for 2013 (red, square dot, dashed line), 2014 (green, round dot, solid line), 2015 (blue,
triangle dot, dot-dashed line) and 2016 (purple, diamond dot, dotted line). The black line shows the relationship averaged over the four years. The black line is not
drawn where the regressions are not significant (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).
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diversity (slope 0.18, +/-0.05): i.e. an increase of yield of one ton/ha
would require nine more genera but 29.4 more bees. Multiple stepwise
regression using the nine most abundant genera indicated that La-
sioglossum was the probable main contributor (F1,147=10.27, P =
0.0016, Fig. 2c), followed by bumblebees (F1,147=3.44, P = 0.066)
and the hoverfly Eupeodes (F1,147=2.83, P = 0.095).

There was also a significant positive correlation between yield and
bee abundance measured using sweep nets (Table 1) with an overall
increase of 0.8 ton ha−1 (28.6%, range: 15.6–41.6%, Fig. 2e), but the
effect of bee diversity (species or genus level) was far less pronounced
and varied with the year (Table 1, Fig. 2d, Appendix G). Multiple
stepwise regression suggested that honeybees were the main con-
tributor to yield (F1,42=6.51, P = 0.015, Fig. 2f), rather than La-
sioglossum as found for pan traps. This is likely to be an artefact of the
low effectiveness of pan traps for catching honeybees: honeybees and
Lasioglossum accounted for 3.2% and 62.9% of catches in pan traps, and
73.5% and 1.3% of catches in sweep nets. Restricting the analyses to
fields where exclusion experiments were carried out (66 fields instead
of 151) did not change any of the conclusions (see Appendix G).

3.4. Effect of pollinators on OSR fecundity traits at plant scale

For the control branches, a model taking into account bee abun-
dance, plant position and year (and their two-way interactions with bee
abundance), showed that bee abundance measured by pan traps in-
creased fruiting success (F1,184=10.67, P = 0.002, Fig. 3a) while the
year had an equally strong effect (F3,184=10.02, P< 0.001; see Ap-
pendix H for additional statistical models). The number of seeds per
pods was negatively correlated (F3,184=5.98, P = 0.016, Fig. 3b) with
bee abundance, but seed unit weight was not affected (F3,184=0.003, P
= 0.96, Fig. 3c). However, the increase in fruiting rate was sufficient to
increase the seed biomass adjusted for plant biomass (F1,130=6.86, P
= 0.011, Fig. 3d). In addition the seed biomass adjusted for plant
biomass averaged per field was positively correlated to yield (rs = 0.31,
P = 0.04, n = 43). This suggested that OSR plants increase their in-
vestment in grain production in preference to vegetative biomass pro-
duction in presence of pollinators. No significant interaction was found
between bee abundance and plant position or year (P> 0.19 for both
interactions) for any fecundity trait. The results were the same when
farming practices were taken into account in the models (Appendix H).

3.5. Experimental quantification of insect pollination

Insect pollinators were estimated to have contributed 30% of the

fruiting success (Fig. 4a) and this contribution increased with in-
creasing bee abundance (Table 2, Fig. 4b). Wind and self-pollination
accounted for 70% of fruiting success (Fig. 4a). In 2015 and 2016, wind
and self-pollination rates were separated and self-pollination was found
to have a far greater contribution (66%) than wind (4.2%) (Fig. 4). A
positive correlation between pollinator contribution and yield (rs =
0.24, P = 0.05, n = 66) confirmed that an increase in pollinators in-
creased the yield at field scale. We found that large-bodied insect spe-
cies (abdomen wider than 3mm) had a similar contribution (15.6%) to
small-bodied insects (12%). Bee diversity (for both pan traps and sweep
nets), Lasioglossum (pan traps), and honeybee (sweep net) abundances
all had a significant positive effect on the contribution of insects to
pollination (Fig. 4b, Table 2), confirming that honeybees were the main
large pollinators while Lasioglossum were the main wild bee pollinators
genus.

4. Discussion

Determining the role of insect pollinators is a central question for
managing pollination services in crop production (Kremen, 2005).
Previous studies have already emphasised the role of insect pollinators
in OSR yields, usually in fields with or without pollinators (Araneda
Durán et al., 2010; Bommarco et al., 2012; Hudewenz et al., 2014;
Marini et al., 2015; Stanley et al., 2013) or correlating OSR yields with
pollinator abundance (Bartomeus et al., 2014; Woodcock et al., 2016;
Zou et al., 2017). In most studies however, the contribution of polli-
nators was calculated for small area (except Lindström et al., 2016)
which may have under-estimated pollinator contribution, especially for
OSR, a plant that shows high ability to compensate for flower loss
(Pinet et al., 2015). Here we combined empirical and experimental data
collected over four years in farm fields to estimate pollinators’ con-
tribution at two different scales, field and plant. Our study shows that
bees have a major effect on OSR yields, with 35.7% higher yields in
pollinator rich landscapes than in landscapes with almost no pollina-
tors.

4.1. Contribution of insect pollination to OSR yield

Oilseed rape is a crop showing a modest dependence on pollinators,
between 10% and 40% (Klein et al., 2007), and self-pollination is
dominant in OSR (Becker et al., 1992). Using genetic inheritance tests,
self-crossing has been shown to be 53% to 87% depending on the field
(Becker et al., 1992). In our study, we found that self-pollination ac-
counted for approximately 66% of total pollination, but varied between

Fig. 3. Effect of bee abundance estimated from
pan traps on different OSR fertility traits,
averaged at field scale. The traits were mea-
sured for the control branch (a–c) and whole
plant (d). The coloured lines show the linear
regressions between OSR fertility traits and bee
abundance (log (x+1) transformed) for 2013
(red, square dot, dashed line), 2014 (green,
round dot, solid line), 2015 (blue, triangle dot,
dot-dashed line) and 2016 (purple, diamond
dot, dotted line) where these are significant.
The black line shows the relationship averaged
over the four years. Lines are not drawn where
the regressions are not significant (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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Le stock de carbone organique dans les sols, issus de la captation du CO2 par les 
végétaux photosynthétiques, est en régression au niveau mondial en raison 
essentiellement de la conversion des sols naturels, et notamment des sols forestiers, 
en sols agricoles. Cette perte représente une contribution au réchauffement 
climatique par le déséquilibre entre séquestration et émissions de CO2, et une perte 
de fertilité généralisée.
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16. Agriculture et carbone organique du sol
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globally and up to 50 per cent in certain regions {5.3.2.6}. 
Although important advances have been made in reducing 
global food insecurity in the past decade, there are still 
nearly 800 million people worldwide without access to 
adequate nutrition {4.2.5.1, 5.3.3.1}. Land degradation 
impairs water security through a reduction in the reliability, 
quantity and quality of water flows {5.8.2}. 1314

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

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

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

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

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

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

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

Panel (a) shows the degree to which humans have appropriated production of biomass.13 In some cases, particularly areas of intensive 
agriculture, human use is equivalent to 100 per cent of the total biomass that would have been produced by plant natural conditions 
(darker blue). Panel (b) shows the decline in soil organic carbon, an indicator of soil degradation (decline in red, increase in blue), 
relative to an estimated historical condition that predates anthropogenic land use.14 15 Panel (c) shows the parts of the land surface that 
can be considered as “wilderness”. The areas shown in green are wilderness in the sense that ecological and evolutionary processes 
operate there with minimal human disturbance.16 In the remaining three quarters of the Earth’s surface, natural processes are impaired 
by human activities to a significant degree. Panel (d) shows (in purple) the levels of species loss, estimated for all species groups, 
relative to the originally-present species composition.17 
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En abscisse: le ra4o rendement en situa4on d'agriculture biologique sur rendement 
en situa4on conven4onnelle.
En ordonnée (a droite), différents types de culture: moyenne des cultures, fruits, 
oléagineux, céréales, légumes; différents types de plantes: légumineuses, non 
légumineuses, pérennes, annuelles; différents espèces: maïs, orge, blé, tomate, soja.
En ordonnée (à gauche): temps écoulé depuis le m=oment de la conversion de 
parcelles en conven4onnel vers le biologique.
L'agriculture biologique se traduit par une perte de rendement plus ou moins 
prononcée qui fluctue en moyenne entre 10 et 30 %. Ce_e perte est moins grande 
dans les systèmes biologiques anciens que dans les systèmes récents.
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Comparing the yields of organic and conventional
agriculture
Verena Seufert1, Navin Ramankutty1 & Jonathan A. Foley2

Numerous reports have emphasized the need for major changes in
the global food system: agriculture must meet the twin challenge of
feeding a growing population, with rising demand for meat and
high-calorie diets, while simultaneously minimizing its global
environmental impacts1,2. Organic farming—a system aimed at
producing food with minimal harm to ecosystems, animals or
humans—is often proposed as a solution3,4. However, critics argue
that organic agriculture may have lower yields and would therefore
need more land to produce the same amount of food as conven-
tional farms, resulting in more widespread deforestation and bio-
diversity loss, and thus undermining the environmental benefits of
organic practices5. Here we use a comprehensive meta-analysis to
examine the relative yield performance of organic and conven-
tional farming systems globally. Our analysis of available data
shows that, overall, organic yields are typically lower than conven-
tional yields. But these yield differences are highly contextual,
depending on system and site characteristics, and range from 5%
lower organic yields (rain-fed legumes and perennials on weak-
acidic to weak-alkaline soils), 13% lower yields (when best organic
practices are used), to 34% lower yields (when the conventional and
organic systems aremost comparable). Under certain conditions—
that is, with goodmanagement practices, particular crop types and
growing conditions—organic systems can thus nearly match con-
ventional yields, whereas under others it at present cannot. To
establish organic agriculture as an important tool in sustainable
food production, the factors limiting organic yields need to be
more fully understood, alongside assessments of the many social,
environmental and economic benefits of organic farming systems.
Although yields are only part of a range of ecological, social and

economic benefits delivered by farming systems, it is widely accepted
that high yields are central to sustainable food security on a finite land
basis1,2. Numerous individual studies have compared the yields of
organic and conventional farms, but few have attempted to synthesize
this information on a global scale. A first study of this kind6 concluded
that organic agriculture matched, or even exceeded, conventional
yields, and could provide sufficient food on current agricultural land.
However, this study was contested by a number of authors; the
criticisms included their use of data fromcrops not truly under organic
management and inappropriate yield comparisons7,8.
We performed a comprehensive synthesis of the current scientific

literature on organic-to-conventional yield comparisons using formal
meta-analysis techniques. To address the criticisms of the previous
study6 we used several selection criteria: (1) we restricted our analysis
to studies of ‘truly’ organic systems, defined as those with certified
organic management or non-certified organic management, following
the standards of organic certification bodies (see Supplementary
Information); (2) we only included studies with comparable spatial
and temporal scales for both organic and conventional systems (see
Methods); and (3) we only included studies reporting (or from which
we could estimate) sample size and error. Conventional systems were
eitherhigh- or low-input commercial systems, or subsistence agriculture.

Sixty-six studies met these criteria, representing 62 study sites, and
reporting 316 organic-to-conventional yield comparisons on 34 dif-
ferent crop species (Supplementary Table 4).
The average organic-to-conventional yield ratio from our meta-

analysis is 0.75 (with a 95% confidence interval of 0.71 to 0.79); that
is, overall, organic yields are 25% lower than conventional (Fig. 1a).
This result only changes slightly (to a yield ratio of 0.74) when the
analysis is limited to studies following high scientific quality standards
(Fig. 2).When comparingorganic and conventional yields it is important

1Department of Geography and Global Environmental and Climate Change Center, McGill University, Montreal, Quebec H2T 3A3, Canada. 2Institute on the Environment (IonE), University of Minnesota,
1954 Buford Avenue, St Paul, Minnesota 55108, USA.
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Figure 1 | Influence of different crop types, plant types and species on
organic-to-conventional yield ratios. a–c, Influence of crop type (a), plant
type (b) andcrop species (c) onorganic-to-conventional yield ratios.Only those
crop types and crop species that were represented by at least ten observations
and two studies are shown. Values are mean effect sizes with 95% confidence
intervals. The numberof observations in each class is shown inparentheses. The
dotted line indicates the cumulative effect size across all classes.
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(243% compared to 180%). This is because the previous analysis
mainly included yield comparisons from conventional low-input sub-
sistence systems, whereas our data set mainly includes data from high-
input systems for developing countries. However, the previous study
compared subsistence systems to yields that were not truly organic,
and/or from surveys of projects that lacked an adequate control. Not a
single study comparing organic to subsistence systems met our selec-
tion criteria and could be included in the meta-analysis. We cannot,
therefore, rule out the claim16 that organic agriculture can increase
yields in smallholder agriculture in developing countries. But owing
to a lack of quantitative studies with appropriate controls we do not
have sufficient scientific evidence to support it either. Fortunately, the
Swiss Research Institute of Organic Agriculture (FiBL) recently estab-
lished the first long-term comparison of organic and different conven-
tional systems in the tropics17. Suchwell-designed long-term field trials
are urgently needed.
Our analysis shows that yield differences between organic and con-

ventional agriculture do exist, but that they are highly contextual.
When using best organic management practices yields are closer to
(213%) conventional yields (Fig. 2).Organic agriculture also performs
better under certain agroecological conditions—for example, organic
legumes or perennials, on weak-acidic to weak-alkaline soils, in rain-
fed conditions, achieve yields that are only 5% lower than conventional
yields (Fig. 2). On the other hand, when only the most comparable
conventional and organic systems are considered the yield difference is
as high as 34% (Fig. 2). In developed countries or in studies that use
conventional yields that are representative of regional averages, the
yield difference between comparable organic and conventional systems,
however, goes down to 8% and 13%, respectively (see Supplementary
Information).
In short, these results suggest that today’s organic systems may

nearly rival conventional yields in some cases—with particular crop
types, growing conditions and management practices—but often they

do not. Improvements in management techniques that address factors
limiting yields in organic systems and/or the adoption of organic agri-
culture under those agroecological conditions where it performs best
may be able to close the gap between organic and conventional yields.
Althoughwe were able to identify some factors contributing to varia-

tions in organic performance, several other potentially important factors
could not be tested owing to a lack of appropriate studies. For example,
we were unable to analyse tillage, crop residue or pest management.
Also,most studies included inour analysis experienced favourablegrow-
ing conditions (Supplementary Fig. 8), and organic systemsweremostly
compared to commercial high-input systems (whichhadpredominantly
above-average yields in developing countries; Supplementary Figs 6b
and 10a). In addition, it would be desirable to examine the total
human-edible calorie ornet energy yield of the entire farm system rather
than the biomass yield of a single crop species. To understand better the
performanceoforganic agriculture,we should: (1) systematically analyse
the long-term performance of organic agriculture under different
management regimes; (2) study organic systems under a wider range
of biophysical conditions; (3) examine the relative yield performanceof
smallholder agricultural systems; and (4) evaluate the performance of
farming systems through more holistic system metrics.
As emphasized earlier, yields are only part of a range of economic,

social and environmental factors that should be considered when
gauging the benefits of different farming systems. Indeveloped countries,
the central question is whether the environmental benefits of organic
crop production would offset the costs of lower yields (such as increased
food prices and reduced food exports). Although several studies have
suggested that organic agriculture can have a reduced environmental
impact compared to conventional agriculture18,19, the environmental
performance of organic agriculture per unit output or per unit input
may not always be advantageous20,21. In developing countries, a key
question is whether organic agriculture can help alleviate poverty for
small farmers and increase food security. On the one hand, it has been
suggested that organic agriculture may improve farmer livelihoods
owing to cheaper inputs, higher and more stable prices, and risk diver-
sification16. On the other hand, organic agriculture in developing
countries is often an export-oriented system tied to a certification
process by international bodies, and its profitability can vary between
locations and years22,23.
There are many factors to consider in balancing the benefits of

organic and conventional agriculture, and there are no simple ways
to determine a clear ‘winner’ for all possible farming situations.
However, instead of continuing the ideologically charged ‘organic
versus conventional’ debate, we should systematically evaluate the
costs and benefits of different management options. In the end, to
achieve sustainable food security we will probably needmany different
techniques—including organic, conventional, and possible ‘hybrid’
systems24—to produce more food at affordable prices, ensure liveli-
hoods for farmers, and reduce the environmental costs of agriculture.

METHODS SUMMARY
We conducted a comprehensive literature search, compiling scientific studies
comparing organic to conventional yields that met our selection criteria. We
minimized the use of selection criteria based on judgments of study quality but
examined its influence in the categorical analysis. We collected information on
several study characteristics reported in the papers and derived characteristics of
the study site from spatial global data sets (see Supplementary Tables 1–3 for a
description of all categorical variables). We examined the difference between
organic and conventional yields with the natural logarithm of the response ratio
(the ratio between organic and conventional yields), an effect size commonly used
in meta-analyses25. To calculate the cumulative effect size we weighted each indi-
vidual observation by the inverse of the mixed-model variance. Such a categorical
meta-analysis should be used when the data have some underlying structure and
individual observations can be categorized into groups (for example, crop species
or fertilization practices)26. An effect size is considered significant if its confidence
interval does not overlapwith 1 in the back-transformed response ratio. To test the
influence of categorical variables on yield effect sizes we examined between-group
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Figure 3 | Influence of N input, soil pH, best management practices, time
since conversion to organic management, irrigation and country
development. a–f, Influence of the amount ofN input (a), soil pH (b), the use of
best management practices (BMP; c), time since conversion to organic
management (d), irrigation (e) and country development (f) on organic-to-
conventional yield ratios. For details on the definition of categorical variables see
Supplementary Tables 1–3. Values are mean effect sizes with 95% confidence
intervals. The number of observations in each class is shown in parentheses. The
dotted line indicates the cumulative effect size across all classes.
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Une méta-analyse montre un perte de 
rendement de 5 à 34 % en fonc4on du type de 
culture. CeSe perte est moins élevée dans les 

systèmes les plus anciens.



En abscisse: : le ra4o rendement sans usage de fongicides  sur rendement avec usage 
de fongicides.
En ordonnée: trois types de traitements (fongicides intensifs, fongicides modérés, pas 
de fongicides) appliqués à des mélanges de variétés de blé réputées résistantes aux 
maladies ou non par4culièrement résistantes aux maladies.
Dans tous les cas, le mélange de variétés permet de maintenir les rendements par 
rapport à des cultures monovariétales et le traitement sans fongicide permet même 
une légère augmenta4on de ce rendement.
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inoculated (56% of the studies) rather than naturally infected by fungal
spores. This was significantly higher (p-value < 0.05) than the global
overyielding under low disease pressure (2.6%; p-value = 0.093) where
mixtures were treated with fungicides. Within trials involving winter
wheat, overyielding under low disease pressure turned to be significant
(2.6%; p-value < 0.05: see Appendix A.1.). The number of spring
wheat mixture studies providing information on disease pressure was
too small for analysis. Under high disease pressure, overyielding was
found to generally increase by 3.2% point (respectively 3.3% for winter
wheat only, Fig. 5) per added component variety (p-value < 0.05),
mostly when moving from two to three component varieties). Seeding
density differed significantly between disease pressure groups (t-test;
not shown), with averages of 286, 231 and 320 seeds per m2 for low,
moderate and high disease pressure, respectively. Overyielding was not
influenced by seeding density within any of these groups (meta-re-
gressions; see Appendix A.2.). Plot size had no significant influence on
overyielding under any disease pressure (see Appendix A.3.). We found
no systematic change in studied disease pressures over studied years
(see Appendix A.4.2.).

3.3. Effects of trait heterogeneity within mixtures

Mixtures composed of varieties with contrasting levels of resistance
towards one or more fungal diseases (15 studies) were distributed
evenly among trials with low, moderate and high disease pressure.

These mixtures tended to provide larger overyielding, but with a mar-
ginally significant test (+2.5%;p-value < 0.1), than mixtures com-
posed of cultivars with similar disease resistance or without any re-
ported consideration of resistance. As expected, this overyielding was
enhanced when handled resistances were specific to a disease seriously
affecting the plots (2.9%; p< 0.05; see Appendices B.1. and B.2.)
(Fig. 4). Mixtures with declared objective to enhance disease control,
based on resistance diversity rather than resistance similarity provided
higher overyielding (+5.2%) but with a marginally significant test (p-
value < 0.1; Appendix B.4.). The 9 studies presenting diversity for
resistance levels for rust or mildew diseases do not exhibited a sig-
nificantly higher overyielding than the 6 other studies addressing other
diseases (even if with a higher mean, see Appendix B.3.).

Mixtures without reported consideration of height, and certainly
displaying homogeneity for this trait, had significantly lower over-
yielding when compared to mixtures diverse in height (3.8%; p-
value< 0.05). This result was also true for the winter wheat subset
(see Appendix B.5.).

Considering multiple mixing criteria within the 433 mixtures de-
signed for resistance diversity, the mixtures presenting height diversity
(176) presented a higher overyielding (+3.6%) than mixtures for
which no information on height diversity was provided (183 mixtures,
p< 0.05) (see Appendix B.7.).

Finally, different contrasts show that diversity for plant height or
earliness in mixtures never provide a significant negative impact on
overyielding when compared to mixtures composed of varieties with
similar height or earliness, or with no information (and even a positive
trend, see Appendices B.5., B.6. and B.8.).

4. Discussion

We have surveyed the wheat bibliography to update a published
meta-analysis on overyielding in cereals cultivar mixtures (Kiær et al.,
2009), gathering more publications (a total of 32 studies), and col-
lecting complementary information on methods implemented in these
experiments. We first interpret and discuss the results of the meta-
analysis. This is followed by a broader discussion on the conditions
required for a generalization of the use of mixtures, based both on the
meta-analysis and a qualitative assessment of the literature on mixtures.

Table 1
Meta-Metaestimates of overyielding and effects of season, number of mixed component
cultivars, plot size, seeding density and trial year, including number of mixtures in the
group (k), confidence limits (CL) and test probabilities (p-values).

k Meta-estimate CL (lower) CL (higher) p-value

Overall 606 0.0351 0.024416 0.04576 <0.001
Springwheat 150 0.0142 −0.00843 0.036858 0.232
Winter wheat 456 0.0418 0.029721 0.05395 <0.001
Component number 606 0.0113 # −0.00365 0.026196 0.160
Plot size 578 0.0000 # −0.00002 0.00002 0.833
Seedingdensity 425 0.0000 # −0.00020 0.00016 0.743

# Slope from meta-regression.

Fig. 4. Meta-estimates (and confidence intervals) of mixture
overyielding under high, moderate and low disease pressure,
shown for all cultivar mixtures (full diamonds) and the subset of
mixtures designed for component diversity in resistance towards
diseases specific to the testing field (open diamonds).
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288 études sur le blé. Le mélange 
de variétés de blés non seulement 

augmente légèrement les 
rendements, mais il les main5ent 

en l’absence de traitement 
phytosanitaire

Sans fongicides

Fongicides modérés

Fongicides intensifs

Gains de rendements (%)

Le mélange de variétés                     
(= diversité géné2que) confère aux 
cultures une résistance aux 
maladies et engendre un léger gain 
de produc2vité.

16. Agroécologie: le mélange de variétés



Il existe de nombreux scénarios de transi4on agricole qui montrent que l’approche 
agroécologique peut fournir les quan4tés d’aliments nécessaires à l’humanité et 
réduire considérablement l’impact environnemental de l’agriculture.
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UN HORIZON 

Ralentir la course du dérèglement climatique, 
de la perte de biodiversité, en finir avec les 
pollutions de toutes sortes des eaux, des sols, de 
nos aliments...

Nos agriculteurs et nos forestiers peuvent-ils relever ces défis ?
La France est-elle assez grande pour produire tout cela ?

Satisfaire les besoins essentiels de tous avec une 
nourriture saine et su"sante et passer d’une 
économie dominée par le carbone fossile à une 
économie assise sur le carbone renouvelable pour 
les matériaux, la chimie, l’énergie...

Est-il possible de :

… alors que nous allons être plus nombreux
que l’artificialisation des terres fait disparaître l’équivalent d’un département tous les 10 ans

que les rendements stagnent
que les aléas climatiques plus fréquents et intenses peuvent mettre à mal les récoltes ?

DANS LE SCÉNARIO AFTERRES2050,  LA RÉPONSE EST OUI !
Construit par Solagro dans le cadre d’une démarche collaborative incluant agriculteurs, scientifiques, 
institutions et citoyens, le scénario Afterres2050 n’est ni une prédiction, ni une prescription, 
il résulte d’une démarche prospective d’exploration des possibles en prenant bien en compte 

l’ensemble des paramètres, impacts et enjeux. 

L’ÉQUATION EST COMPLEXE ! 

Si: diminu&on de la 
surconsomma&on, des 

pertes, du gaspillage, 2/3 
des protéines d’origine 

végétale, 45 % bio, élevage 
raisonné.

Alors: -50 % émissions 
agricoles de GES, -50 % eau, 

-50 % énergie, -66 % 
phytosanitaires. h"ps://solagro.org/index.php

16. L’agroécologie, c’est possible !



En abscisse: l'âge du couvert fores4er, en années.
En ordonnée: richesse spécifique des espèces fores4ères, en nombre d'espèces.
Dans des planta4ons de pins et de chênes en Irlande, la diversité des plantes du sous-
bois et celle des araignées augmentent avec l'âge du couvert arboré. Mais a_en4on, 
le  maximum de biodiversité n’est pas toujours observé dans les forêts les plus âgées.
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Fig. 1. The relationship between stand age and the species richness of (a) forest-
associated vascular plants and (b) forest-associated spiders.

richness (Spearman rho = 0.718, n = 21, p < 0.001). No relationship
was found between elevation and total bird species richness, but
there was a significant negative correlation when only ground-
nesters were considered (Spearman rho = −0.451, n = 21, p = 0.01).
No relationship was found between the available P content of the
soil and total vascular plant species richness.

3.3. Compositional indicators

The stands with the presence of the full set of indicators of vas-
cular plant species richness (Rubus fruticosus, Dryopteris dilatata,
Agrostis capillaris and Thuidium tamariscinum)  did not differ signif-
icantly either in their species richness (SR) of all plants (t = −0.98,
n = 21, p = 0.341; indicator set present: n = 11, SR = 34.2 ± 3.4, indi-
cator set absent: n = 10, SR = 30.3 ± 1.9) or their SR of vascular
plants (Z = −1.66, n = 21, p = 0.097; indicator set present: n = 11,
SR = 20.64 ± 2.9; indicator set absent: n = 10, SR = 14.4 ± 1.7) from
those without the full set of indicators. The same was the case
for the stands with the presence of the full set of indicators
of bryophyte species richness (Hypnum jutlandicum, Dicranum
scoparium, Kindbergia praelonga and Plagiothecium undulatum),
with no significant difference in the species richness (SR) of
all plants (t = 0.59, n = 21, p = 0.561; indicator set present: n = 5,
SR = 30.2 ± 2.9; indicators absent: n = 16, SR = 33.0 ± 2.5) or of
bryophytes (t = −1.55, n = 21, p = 0.138; indicator set present: n = 5,
SR = 17.60 ± 1.7; indicator set absent: n = 16, SR = 13.12 ± 1.5) from
those stands without the full set.

The abundances of none of the ten provisional bird species indi-
cators (Table 2) were correlated with total bird richness, although
the correlation for Dunnock was close to significance (Spearman
rho = 0.421, n = 21, p = 0.054). A number of the indicator species

Table 4
Summary of the confirmed structural and functional indicators and the taxonomic
groups to which they apply.

Indicator Taxonomic group

Structural
Canopy cover Bryophytesa,b

Shrub cover Birds
CWD  Forest-associated bryophytesa

Proximity to old woodland Forest associated vascular plants
Functional
Stand age Forest associated vascular plants and spiders

a In conifer plantations only.
b Bryophyte species richness low at very high canopy covers.

(Dunnock, Pheasant, Treecreeper and Greenfinch) occurred in rela-
tively few stands, however, and Stonechat was completely absent.

4. Discussion

4.1. Confirmed indicators

Several structural indicators and a single functional indicator
have been confirmed as indicators of diversity for plantation for-
est stands for one or more taxonomic group (Table 4). Canopy
cover was confirmed as a positive indicator for bryophyte diver-
sity in conifer plantations, most likely due to the lower light
intensities in the shade of conifers (Gates et al., 1965) and the
ability of bryophytes to survive at relatively low light levels com-
pared to many vascular plants, coupled with their preference for
high humidity conditions away from the competition of vascu-
lar plants (Bergamini et al., 2001; Trynoski and Glime, 1982).
Though canopy cover was not confirmed as a diversity indica-
tor for the other taxonomic groups, conifer canopy cover had a
strong negative association with shrub cover, which was confirmed
as a positive indicator of bird diversity. Increased light levels at
lower conifer canopy cover allow the vegetation to develop greater
below-canopy species and structural diversity (Eycott et al., 2006;
Hill, 1979; Moore, 2012), which in turn is important for support-
ing diverse bird (MacArthur and MacArthur, 1961; Sweeney et al.,
2010b), and invertebrate assemblages (Humphrey et al., 1999;
Oxbrough et al., 2005). In broadleaved plantations, where signifi-
cant amounts of light can be transmitted through the leaves (Gates
et al., 1965), the levels of grazing by large herbivores may  be a
more important determinant of shrub cover (Kirby, 2001; Perrin
et al., 2011). While the requirements for bryophytes and the other
groups studied may  seem to be somewhat conflicting, it is impor-
tant to note that many of the bryophyte-rich plantations in the
present study were on poorly drained peat soils in exposed, high
rainfall areas. Such plantations, which have also been found to be
rich in epiphytic bryophytes (Coote, 2007), are generally thinned to
a limited extent or left unthinned for tree stability reasons (Anon.,
2005a; Phillips, 2004). Bryophyte richness was still low at high
canopy covers, as previously identified in Sitka spruce plantations
(Moore, 2012; Smith et al., 2008), as light levels fall below the
threshold even of shade-adapted species (French et al., 2008; Hill,
1979).

CWD  volume was  confirmed as a positive indicator of forest-
associated bryophyte diversity in conifer plantations. Deadwood
is an important substrate for bryophytes in conifer plantations
(Humphrey et al., 2002a) and the greater the volume present,
the greater the chance of a range of decay classes being present,
thus the greater the range of species supported (Andersson, 1991).
However, the volume of deadwood in Irish forests tends to be
low and mainly composed of small diameter pieces (Sweeney
et al., 2010a). The stronger association of deadwood with forest-
associated bryophytes, as opposed to bryophytes in general, has
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Fig. 1. The relationship between stand age and the species richness of (a) forest-
associated vascular plants and (b) forest-associated spiders.

richness (Spearman rho = 0.718, n = 21, p < 0.001). No relationship
was found between elevation and total bird species richness, but
there was a significant negative correlation when only ground-
nesters were considered (Spearman rho = −0.451, n = 21, p = 0.01).
No relationship was found between the available P content of the
soil and total vascular plant species richness.

3.3. Compositional indicators

The stands with the presence of the full set of indicators of vas-
cular plant species richness (Rubus fruticosus, Dryopteris dilatata,
Agrostis capillaris and Thuidium tamariscinum)  did not differ signif-
icantly either in their species richness (SR) of all plants (t = −0.98,
n = 21, p = 0.341; indicator set present: n = 11, SR = 34.2 ± 3.4, indi-
cator set absent: n = 10, SR = 30.3 ± 1.9) or their SR of vascular
plants (Z = −1.66, n = 21, p = 0.097; indicator set present: n = 11,
SR = 20.64 ± 2.9; indicator set absent: n = 10, SR = 14.4 ± 1.7) from
those without the full set of indicators. The same was the case
for the stands with the presence of the full set of indicators
of bryophyte species richness (Hypnum jutlandicum, Dicranum
scoparium, Kindbergia praelonga and Plagiothecium undulatum),
with no significant difference in the species richness (SR) of
all plants (t = 0.59, n = 21, p = 0.561; indicator set present: n = 5,
SR = 30.2 ± 2.9; indicators absent: n = 16, SR = 33.0 ± 2.5) or of
bryophytes (t = −1.55, n = 21, p = 0.138; indicator set present: n = 5,
SR = 17.60 ± 1.7; indicator set absent: n = 16, SR = 13.12 ± 1.5) from
those stands without the full set.

The abundances of none of the ten provisional bird species indi-
cators (Table 2) were correlated with total bird richness, although
the correlation for Dunnock was close to significance (Spearman
rho = 0.421, n = 21, p = 0.054). A number of the indicator species

Table 4
Summary of the confirmed structural and functional indicators and the taxonomic
groups to which they apply.

Indicator Taxonomic group

Structural
Canopy cover Bryophytesa,b

Shrub cover Birds
CWD  Forest-associated bryophytesa

Proximity to old woodland Forest associated vascular plants
Functional
Stand age Forest associated vascular plants and spiders

a In conifer plantations only.
b Bryophyte species richness low at very high canopy covers.

(Dunnock, Pheasant, Treecreeper and Greenfinch) occurred in rela-
tively few stands, however, and Stonechat was completely absent.

4. Discussion

4.1. Confirmed indicators

Several structural indicators and a single functional indicator
have been confirmed as indicators of diversity for plantation for-
est stands for one or more taxonomic group (Table 4). Canopy
cover was confirmed as a positive indicator for bryophyte diver-
sity in conifer plantations, most likely due to the lower light
intensities in the shade of conifers (Gates et al., 1965) and the
ability of bryophytes to survive at relatively low light levels com-
pared to many vascular plants, coupled with their preference for
high humidity conditions away from the competition of vascu-
lar plants (Bergamini et al., 2001; Trynoski and Glime, 1982).
Though canopy cover was not confirmed as a diversity indica-
tor for the other taxonomic groups, conifer canopy cover had a
strong negative association with shrub cover, which was confirmed
as a positive indicator of bird diversity. Increased light levels at
lower conifer canopy cover allow the vegetation to develop greater
below-canopy species and structural diversity (Eycott et al., 2006;
Hill, 1979; Moore, 2012), which in turn is important for support-
ing diverse bird (MacArthur and MacArthur, 1961; Sweeney et al.,
2010b), and invertebrate assemblages (Humphrey et al., 1999;
Oxbrough et al., 2005). In broadleaved plantations, where signifi-
cant amounts of light can be transmitted through the leaves (Gates
et al., 1965), the levels of grazing by large herbivores may  be a
more important determinant of shrub cover (Kirby, 2001; Perrin
et al., 2011). While the requirements for bryophytes and the other
groups studied may  seem to be somewhat conflicting, it is impor-
tant to note that many of the bryophyte-rich plantations in the
present study were on poorly drained peat soils in exposed, high
rainfall areas. Such plantations, which have also been found to be
rich in epiphytic bryophytes (Coote, 2007), are generally thinned to
a limited extent or left unthinned for tree stability reasons (Anon.,
2005a; Phillips, 2004). Bryophyte richness was still low at high
canopy covers, as previously identified in Sitka spruce plantations
(Moore, 2012; Smith et al., 2008), as light levels fall below the
threshold even of shade-adapted species (French et al., 2008; Hill,
1979).

CWD  volume was  confirmed as a positive indicator of forest-
associated bryophyte diversity in conifer plantations. Deadwood
is an important substrate for bryophytes in conifer plantations
(Humphrey et al., 2002a) and the greater the volume present,
the greater the chance of a range of decay classes being present,
thus the greater the range of species supported (Andersson, 1991).
However, the volume of deadwood in Irish forests tends to be
low and mainly composed of small diameter pieces (Sweeney
et al., 2010a). The stronger association of deadwood with forest-
associated bryophytes, as opposed to bryophytes in general, has

En Irlande, plantations de pins 
et de chênes

En forêt, la diversité des plantes du sous-bois et des araignées depend 
de l’âge du couvert arboré

Coote et al. 2013. Ecological Indicators 32: 107-115

17. La biodiversité augmente avec l’âge de la forêt

Mais, le maximum de biodiversité n’est pas 
toujours observé dans les forêts les plus âgées



En abscisse: la richesse spécifique des arbres, en nombre d'espèces.
En ordonnée: la produc4vité annuelle des couverts fores4ers, en mètres cubes de 
bois produit par hectare et par an.
Dans 15 types de forêts différentes aux USA et en Alaska, la produc4vité des couverts 
est posi4vement liée au nombre d'espèces d'arbres, à une excep4on près.
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how species diversity affects productivity, we categorized
all the ground-measured plots into 15 forest types, and
analyzed the diversity-productivity relationship specific
to each forest type. The number of ground-measured
plots, as well as the magnitude of geographic scale, ren-
dered overwhelming evidence in support of a positive
tree species diversity-timber productivity relationship.
The negative diversity productivity relationship for the

coastal Douglas-fir subtype that was found (Fig. 6b) con-
tradicts with the positive net basal area change in associ-
ation with tree species diversity reported by Liang et al.
(2007) for the same subtype. The main reason for this
discrepancy may be in the measure of site productivity.
While Liang et al. (2007) measured site productivity by net
annual basal area change, which represents actual forest

growth, this study quantified site productivity as potential
timber growth that a site could sustain. Our results indi-
cate that intensively managed coastal Douglas-fir forests
feature a negative effect of diversity on potential timber
growth presumably because these stands are artificially
maintained in an early stage of stand development (stem
exclusion) where current annual increment is nearly opti-
mized at a low diversity. The inland Douglas-fir forests
conformed to the positive biodiversity-forest productivity
relationship as they are less intensively managed. It should
be noted, however, that this implication was only applicable
to Douglas-fir forests, which are in general low in tree spe-
cies diversity. Southern pine forests, in spite of high man-
agement intensity, still show a positive tree species
diversity-timber productivity relationship (Fig. 6j). A

Fig. 6 Sensitivity of stand productivity (m3 · ha−1 · yr−1) to species richness for 15 forest types (each panel represents one type of forest) across the
48 contiguous U.S. states and Alaska. Solid lines represent predicted means of different forest types and broken lines the 95 % confidence interval
of the predicted means, with stand basal area being kept constant at its sample mean

Watson et al. Forest Ecosystems  (2015) 2:22 Page 13 of 16

Watson et al. 2015. Forest 
Ecosystems 2: 22

Diversité et 
produc;vité des 

arbres fores;ers: 15 
types fores;ers aux 

USA et en Alaska

17. La productivité est liée à la richesse spécifique des arbres



Beaucoup de couverts fores4ers en France sont en mauvais état sanitaire en raison 

de maladies parasitaires variées: scolytes des épicéas (coléoptères), 
chenilles processionnaires des pins (lépidoptères), 
chalarose du frêne et encre du châtaignier 
(champignons) entre autres.
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17. Etat sanitaire des forêts



Il existe une alterna4ve aux pra4ques de sylviculture dominantes actuellement: il 
s'agit de la sylviculture mélangée (c'est à diversité élevée des essences d'arbres) à 
couvert con4nu (pas de coupes rases, prélèvements dispersés), promue notamment 
par l'associa4on ProSilva.
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17. La foresterie écologique, c’est possible !



En abscisse: l'âge de la ville en années.
En ordonnée: le pourcentage de la flore existant au moment de la fonda4on de la 
ville qui a disparu par siècle.
Sans surprise, l'installa4on d'une ville se traduit par une régression rapide de la 
biodiversité locale dans les premières décennies qui tend à se ralen4r au cours du 
temps.
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18. La ville, lieu d’extinction

Hahs et al. 2009. Ecology LeNers 12: 1165-1173

Taux d’ex;nc;on (taux par 
siècle) des espèces végétales
en func;on de l’âge de la ville
dans 22 villes dans le monde

with extinction rates for the other two classes of previous
land use, with 2% of the variation explained for Type II
urban areas, and 39% for Type I urban areas (Fig. 2).
However, when Hong Kong, a Type I urban area with high
leverage is excluded from the analysis, the proportion of
variation explained by native vegetation reduced to 15%.

The extinction rate of plants from urban areas was
negatively correlated with city age for Type I urban
environments (r2 = 0.47), but only weakly correlated for
other urban areas (Fig. 3, r2 = 0.15 for Type III urban areas,
r2 = 0.00 for Type II urban areas).

The proportion of the original flora that persisted in urban
areas was greater than predicted by a species–area relationship
based on the proportion of surviving native vegetation with
z = 0.27. The extinction debt can be estimated as the
difference between the actual persistence of plants, expressed
as a proportion of the current number of species, and the
predicted persistence of plants based on the species–area
relationship. Data points that are above the predicted species–
area curve have a higher proportion of species persisting than
would be expected based on the available habitat. The greater
the interval between the predicted and the actual species
persistence values, the greater the potential extinction debt for
that urban area. Persistence was greatest in Type III urban
areas, with an extinction debt of up to 55% in Melbourne and
Adelaide (Fig. 4). Type II urban areas are generally closer to
the predicted species–area curve than Type III urban areas
(Fig. 4). This suggests that these Type II cities are approaching
equilibrium in the relationship between the proportion of
native vegetation in the landscape, and the number of native
plant species that can persist in that landscape. Two Type II

urban areas, Needham and Concord, lie below the species–
area curve, suggesting that these areas have experienced a
higher rate of extinction than would be predicted by loss of
native vegetation alone (Fig. 2).

D I SCUSS ION

The influence of historical and current landscape
transformations

Areas which experienced extensive landscape transformation
prior to the initial floristic survey (Type I and Type II cities)
had the highest extinction rates (Fig. 2). In these areas, the
initial surveymay have recorded species that were persisting in
the short term, but which were pre-disposed to extinction due
to the negative effects of habitat loss and fragmentation. In
Type I cities, these species may have able to persist in
agricultural landscapes, but became vulnerable once the areas
became more extensively urbanized. Type III cities which
experienced relatively little landscape transformation prior to
the initial floristic survey are now likely to be carrying an
extinction debt. This debt will be called in over time, unless we
act to reduce the effects of habitat loss and fragmentation.

The large influence of historical land transformations on
the extinction rate of native plants may be related to an
extinction debt and the status of that debt at the time of the
two floristic surveys. For the Type I urban areas, many of
the vulnerable species may already have been lost prior to
the compilation of the reference flora (Balmford 1996; Sax
& Gaines 2008). Similar pre-European extinctions have
been documented for bird species on islands by Pimm et al.
(2006), who estimate that the true extinction rate for birds is
likely to be much higher than predictions based only on
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Figure 3 Extinction rate (proportion of the original flora lost per
century) as a function of time since the foundation date of the city
(city age). Cities are divided into three types based on the extent of
habitat transformation associated with major agrarian settlement at
1600 AD and between 1600 AD and the time of the first floristic
survey used in this study. Type I (extensive transformation pre-
1600) (s), Type II (extensive transformation between 1600 and the
initial floristic survey) (·), Type III (relatively intact ⁄ unchanged at
the time of the initial floristic survey) (m).

Figure 4 Species–area model (z = 0.27) for proportion of original
flora still persisting as a function of the proportion of the urban
area still occupied by native vegetation shown for Type III urban
areas which had not experience intensive habitat transformation at
time of first survey (m) and Type II urban areas which had
experienced extensive habitat transformation in the period between
1600 and the time of the initial floristic survey (·). Type I urban
areas are excluded from this figure as the true number of plant
species present prior to agrarian settlement and urban development
are not known.

Letter Plant extinction rates in urban areas 1169

! 2009 Blackwell Publishing Ltd/CNRS



En abscisse: Le degré d'urbanisa4on (densité de popula4on et taux 
d'imperméabilisa4on), en trois classes: faible, moyen, élevé.
En ordonnée: le nombre total d'espèces, la propor4on d'espèces non na4ves (en % 
de la flore totale), la propor4on d'espèces en danger (en % de la flore totale), la 
propor4on d'espèces thermophiles (en % de la flore totale).
Une étude à Hambourg portant sur 274 espèces végétales montre que le nombre 
total d’espèces est peu sensible au degré d’urbanisa4on. La propor4on d’espèces non 
na4ves est plus forte dans les zones les plus urbanisées, de même que celle des 
espèces thermophiles et des espèces en danger.
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18. La ville, habitat sous condi5on

434 Urban Ecosyst (2014) 17:427–444

Schmidt et al. 2014. Urban Ecosystems 17: 427-444

Hambourg: 274 espèces 
végétales en moyenne par km2. 
Le nombre total d’espèces est 
peu sensible au degré 
d’urbanisa;on. La propor;on 
d’espèces non na;ves est plus 
forte dans les zones les plus 
urbanisées.

La propor;on d’espèces en 
danger d’ex;nc;on augmente 
avec le degré d’urbanisa;on.



La température de l’air à 2 m au dessus du sol, le 10 août 2003 à 6 heures du matin, 
est plus élevée de six degrés centigrades environ dans certains quartier du centre de 
Paris par rapport à celle  du bois de Vincennes.
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18. L’ilôt de chaleur urbain

Température de 
l’air à 2 m au 

dessus du sol, 10 
août 2003, 6 

heures du ma:n

APUR 2012. Les îlots de 
chaleur urbains à Paris



En raison de l'ilôt de chaleur urbain (les zones très urbanisées sont en moyenne plus 
chaudes de 2 à 3°C que les zones rurales), le nombre (et l'intensité) des canicules est 
plus élevé dans les centres villes que dans la périphérie, comme ici à Anvers (par 
exemple, 28 jours vs. 14 dans le scénario à 4-4,5°C de moyenne mondiale).

22

http://www.urban-climate.be

Nombre de canicules à 
Anvers en 2081-2100 

(RCP8.5 scenario)

18. L’ilôt de chaleur urbain



En abscisse: le temps journalier en heures.
En ordonnée: a température de surface et la température de l'air à deux mètres de 
hauteur, le flux de chaleur en wa_s par mètre carré, l'humidité rela4ve de l'air..
Un modèle appliqué à la ville de Phoenix aux USA pour des rues rela4vement étroites 
plantées de deux rangées d'arbres montre qu'à presque tous les moments de la 
journée en été la rigueur du climat local urbain est a_énuée par la présence des 
arbres en raison de l'intercep4on du rayonnement solaire qu'ils engendrent et de la 
transpira4on de leur feuillage.
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Modélisa;on, 
Phoenix (2 rangs

d’arbres dans une
rue “canyon”

Upreti et al. 2017. Urban Forestry and 
Urban Greening 26: 18-24 

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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Fig. 8. Diurnal variation of the average impact of
trees on (a) surface temperature, (b) 2-m air tem-
perature, (c) ground heat flux, and (d) 2-m relative
humidity for Phoenix during June-August 2012.
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18. Végéta5on urbaine et température



En abscisse: les condi4ons de vie et l'âge du 4lleul argenté: arbre adulte en 
arboretum en situa4on quasi naturelle, jeune arbre en ville, arbre moyennement âgé 
en ville, arbre âgé en ville.
En ordonnée: l'abondance naturelle en carbone 13 dans les feuilles, indicateur de 
stress hydrique (plus la valeur est élevée, c'est à dire plus la plante est riche en 
carbone 13, plus la plante est en manque d'eau).
L'analyse isotopique du carbone des feuilles de 4lleus argentés dans rues de Paris 
montre que la arbres urbains souffrent de stress hydrique compara4vement aux 
arbres ruraux et que ce stress est plus fort chez les arbres jeunes que chez les arbres 
âgés.
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Figure 5. (A) Foliar δ15N, (B) Foliar %N, (C) Foliar δ13C and (D) Foliar C:N, in the 
different sample classes. Bars show means and error bars correspond to standard error.  
Different lower case letters indicate a significant difference between classes, following the 
results of linear models and Tukey post-hoc tests (see Table 4 and text). For arboretum sites, 
and younger, intermediate and older street systems, respectively, n = 7, n = 28, n = 29 and n = 
20 for all variables. 

 

 The difference between foliar δ15N and soil δ15N, ∆15Nleaf-soil, was 

calculated by using the soil δ15N at 10-30 cm. It was significantly lower in older 

and intermediate street systems when compared to younger street systems, and 

significantly lower than in the arboretum in older street systems (Table 4, Figure 

6B). ∆15Nleaf-soil in older street systems was about 3 ‰ units lower than in 

younger street systems (Figure 6B). 

Arboretum Younger Intermediate Older

0
2

4
6

8
10

Arboretum Younger Intermediate Older

−3
0

−2
9

−2
8

−2
7

−2
6

−2
5

Arboretum Younger Intermediate Older 

Fo
lia

r δ
15

N
  (

‰
) 

Fo
lia

r δ
13

C
  (

‰
) 

A!

C!

a 

b b 

Arboretum Younger Intermediate Older

2.
0

2.
2

2.
4

2.
6

2.
8

3.
0

3.
2

3.
4

Fo
lia

r %
N

 

Arboretum Younger Intermediate Older 

Arboretum Younger Intermediate Older

10
12

14
16

18

Arboretum Younger Intermediate Older 
Fo

lia
r C

:N
 

B!

D!

b 

Class effect:  
p = 0.06 

ab 
a 

b b 

ab 
a 

ab 
b 

Enrichissement des feuilles
en 13C dans les arbres
urbains par rapport aux 
arbres ruraux

Davantage de stress 
hydrique en milieu urbain.

Un potentiel de 
transpiration limité.

Rankovic A. 2016. Doctoral thesis

18. Végéta5on urbaine et température
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En abscisse: deux profondeurs de sol (entre 0 et 10 cm, entre 10 et 20 cm) sous des 
4lleuls argentés: arbre adulte en arboretum en situa4on quasi naturelle, jeune arbre 
en ville, arbre moyennement âgé en ville, arbre âgé en ville.
En ordonnée: la teneur en carbone organique dans le sol, en % du poids sec du sol.
Les sols naturels sont plus riches en carbone que les sols urbains. Sous les arbres 
urbains, la carbone organique tend à s'accumuler au cours du temps.

! 99 

!
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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Accumula?on de 
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18. Végétation urbaine et carbone organique du sol



En abscisse: le temps en dates au cours du mois de juillet.
En ordonnée: le température de surface d'un toit végétalisé (green) ou non végétalisé 
(standard), en degrés Fahrenheit.
La végéta4on du toit réduit constamment la température de surface, c'est à dire 
l'émission de rayonnement vers l'extérieur et l'intérieur du bâ4ment.
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Gaffin S. et al. 2006. In: Rosenzweig et al, Green 
Roofs in the New-York Metropolitan Region

18. Végéta5on urbaine et température



En abscisse: le temps en dates au cours du mois d'août.
En ordonnée: l'énergie consommée en kilowa_s-heures par jour.
Le local expérimental bénéficie d'une température de consigne, assurée par 
clima4sa4on froide. Lorsque le local est entouré sur ses quatre faces d'un mur végétal 
non adhérent aux parois, l'énergie de clima4sa4on consommée est plus faible d'un 
4ers environ.
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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.

G. Pérez et al. / Applied Energy 187 (2017) 424–437 429
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En abscisse: le temps (en heures).
En ordonnée: le flux d'eau relâché par les toits.
Suite à une pluie vigoureuse (barres grises), un toit standard lâche de l'eau de façon 
concentrée (ligne con4nue). Quand le toit est végétalisé (ligne poin4llée), l'eau est 
relâché de façon étalée dans le temps.
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A 1999 report to the NYC Department of 
Environmental Protection (DEP) stated that 
vegetated roofs could have signi! 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.  " 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 over# ow events in New York 
City.

 
Green Roof Functions
Green roof infrastructure could bene! t New 
York City by absorbing and later evaporating 
stormwater as well as retarding its # ow.  " e 
overall e$ 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 # ow may have 
bene! ts that are much larger than expected to 
the extent that they reduce peak rates and # ow 
volumes responsible for much of the # ooding 

and CSO events.  
Studies have shown 

green roofs to be e$ 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 runo$  
rates were signi! 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. 

" 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.  " 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 runo$  from a standard 
roof to runo$  from a green roof.
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Figure 3.  Case study areas.

Tillinger D. et al. 2006. In: Rosenzweig et al, Green 
Roofs in the New-York Metropolitan Region
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En abscisse, le type de végétation sur les toits: Intensif (substrat profond, biodiversité 
élevée), extensif (substrat peu profond, biodiversité faible, souvent plantes de type 
Sedum), graviers, bétonné brut.
En ordonné: la quantité de ruissellement évitée, en %.
Un toit intensif peut réduire la quantité d'eau ruisselée de 25% en moyenne.

Mentens J. et al. 2006. Landscape and 
urban planning 77: 217-226

220 J. Mentens et al. / Landscape and Urban Planning 77 (2006) 217–226

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.

Tradi-onnel
Graviers

Extensif
Intensif
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La réduction de la pollution de l'air par la végétation est en général faible. La 
végétation urbaine peut toutefois diminuer d’un quart la concentration de l’air 
en NO2  et d'un tiers la concentration de l’air en nanoparticules. La végétation 
urbaine peur également émettre des composés organiques volatils 
susceptibles de favoriser l'apparition d'ozone dans les basses couches de 
l'atmosphère.

30
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VEGETATION URBAINE   LES ENJEUX POUR L’ENVIRONNEMENT ET LA SANTEDossier Thématique

Document APPA Nord-Pas de Calais - 2014

Il existe un certain nombre de publications sur le piégeage des particules de diamètre inférieur à 
10 µ (PM 10), mais beaucoup moins sur les particules plus "nes (PM 2,5, PM 1). 
Outre les arbres, les plantes grimpantes sur les façades, comme le lierre, sembleraient capables de 
piéger les particules plus "nes avec un bon rendement. Les toitures végétalisées notamment avec 
des herbacées peuvent aussi jouer un rôle complémentaire.

Voici un schéma récapitulatif des mécanismes de piégeage des polluants gazeux et particulaires par 
les végétaux.

Les particules fines et ultrafines en milieu urbain

CE QUE DIT
LA LITTÉRATURE SCIENTIFIQUE

Selon les études menées, l’efficacité des toitures végétales sur l’élimination des polluants atmos-
phériques serait moindre par rapport aux arbres et arbustes. Elles peuvent néanmoins jouer un 
rôle complémentaire dans l’amélioration de la qualité de l’air. De plus, il s’agit d’un bon moyen 
pour augmenter le couvert végétal urbain car il existe peu de places et de disponibilités pour l’im-
plantation des végétaux au vue de la superficie imperméabilisée. Cependant, la mise en place 
de toitures végétales représente un coût supérieur à l’implantation d’arbres.

Mécanismes d’interactions entre les plantes et les polluants.APPA Nord-Pas-de-Calais 2014. Végétation urbaine, les enjeux pour 
l’environnement et la santé. Loos, APPA, 28 p.

18. Végéta5on urbaine et pollu5on

La végétation urbaine 
peut réduire d’un quart la 
concentration de l’air en 
NO2.

La végétation urbaine 
peut réduire d’un tiers la 
concentration de l’air en 
nanoparticules.



En abscisse: groupes de températures, 25-30°C (température contrôle), +5 et +10°C 
(températures élevées).
En ordonnée: le taux d'émission d'isoprène en nanomoles par mètre carré et par 
seconde.
Dans ce_e métanalyse portant sur 159 études qui incluent 357 espèces végétales, 78 
% des arbres à feuilles caduques et 48 % des conifères éme_ent davantage 
d'isoprène en cas de canicule compara4vement à des températures plus basses. 
L'isoprène est un précurseur de l'ozone dans les basses couches de l'atmosphère.
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growth and productivity 8An<um et al., =@229. ,uch changes can further 
reduce ecosystem services such as the absorption of air pollutants and 
the cooling effects provided by urban plants 8FPa0 et al., =@@69. There-
fore, tree selection may need to consider such functions of B*)%s, 
especially when B*)%s emission does not contribute substantially to 
urban environmental pollution. That is, we select trees that can tolerate 
the many stressors in urban environments but also have a relatively low 
B*)%s emission rate. ,trategically planting urban trees by selecting the 
appropriate tree species can achieve a “win-win” of more ecosystem 
services provided by urban trees but less environmental pollution 
contribution by plant B*)%s. As the stressors may vary by cities, it 
would be ideal to have a database of urban tree species and a guideboo/ 
for such selections for each city. Therefore, it is highly desirable to 
further explore the internal mechanism of plant B*)%s emission under 
environmental stresses and design appropriate urban forest develop-
ment strategy according to the characteristics of the city, establishing a 
suitable living environment. It shall be noted that in addition to the 
potential contribution of B*)%s to o0one and ,)A formation, plants also 
affect air quality in many other ways, such as the deposition of pollut-
ants 8Duhammad et al., =@==A Eang et al., =@239, and their physical 
dispersion 8Da/ar et al., =@26A Danes et al., =@2=9. Ilants can also 
contribute to the production of allergens such as pollens 8Zhang et al., 
=@=2b9. Therefore, tree selection may also need to consider these 
impacts. 

�. �onclusions 

*6(6 <in�in�s 

)ur study presents a quantitative synthesis of B*)%s emission rates 
of urban plants and how they respond to environmental stresses. We 
found B*)%s emission rates of different plants varied widely and 
responded differently to various environmental stressors. 1owever, the 
studies at the tree species level were most conducted in 'orth America 
and Asia. Fue to the limited number of studies, it is dif-cult to generate 
generali0able conclusions that can be directly applied to urban tree 
species selection. Therefore, further strengthening of species-level 
studies is highly desirable, especially for plants from ,outh America 
and )ceania. Additionally, different compounds of B*)%s respond 
differently to environmental stressors. &levated temperature and nitro-
gen deposition enhanced isoprene emission, while other factors inhibi-
ted isoprene emission. All factors except for elevated %)= concentration 
promoted monoterpene emission. Increase of temperature and biotic 

stress promoted the emission of sesquiterpene, while other factors had 
no signi-cant effect. Because there are too few observations on the in-
teractions of these factors, we were not able to quantitatively explore 
how these multiple factors <ointly affect B*)%s emissions, which war-
rants further research. 

*6�6 <1�1�e �i�ec�ions 

Based on the meta-analysis, we further identi-ed a few /ey /nowl-
edge gaps and research priorities. (irst, more studies on the B*)%s 
emission at the tree species level, and how carbon allocation responds to 
environmental stresses are needed, particularly in ,outh America and 
)ceania. In addition, our studies focus on leaf-scale emissions, but 
B*)%s emissions from plant roots should not be neglected. ,tudies on 
the species level would be necessary and bene-cial to establish more 
accurate B*)%s emission inventories, especially in urban areas. Addi-
tionally, it would be highly desirable to integrate remotely sensed data 
with in-situ measurements to have a spatially full covered map of B*)%s 
emission from urban plants. ,econd, the combined effects of multiple 
environmental stresses, especially long-term stresses, on B*)% emis-
sions and the mechanisms warrant further research. It is particularly 
important to study the similarity and difference of the impacts from 
short-term and long-term stresses. Deanwhile, establishing the locali0ed 
B*)%s emissions factor databases may be more bene-cial for local 
B*)%s emission estimates. Third, it is vital to evaluate B*)%-climate 
interactions on global change. (inally, there is little empirical wor/ on 
the synergies and tradeoffs between B*)% emissions and ecosystem 
services provision of urban plants, which warrants future investigation. 
,uch understanding is crucially important for ma/ing the right decision 
on the selection of urban plant species. 
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Dans une rue étroite au niveau de pollu4on de l'air par les voitures élevé, la 
planta4on d'arbres peut ralen4r la circula4on de l'air et y augmenter la concentra4on 
des polluants. Dans ce cas, il vaut mieux végétaliser les façades et les toits.
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direction fluctuations below the tree crown (Di Sabatino et al.,
2015), and depending on foliage shape and distribution, these act
as a source of turbulence and hence increase turbulent diffusion
and facilitate pollutant dilution. The aerodynamics effects of trees
have been addressed extensively by several authors using wind
tunnel investigations complemented by detailed CFD modelling.
Also, the effect of the role of non-neutral thermal stratification has
been addressed in both computational and observational studies.
For example, De Maerschalck et al. (2010) showed that in specific
meteorological conditions or geometries of built environment,
vegetation can decrease turbulent kinetic energy and act as a
diffuser breaking down the turbulent eddies. Based on real-
atmospheric observations in street canyons, Di Sabatino et al.
(2015) showed that the presence of trees alters the thermal verti-
cal distribution inside street canyons, especially in nocturnal hours,
with the bottom layer muchwarmer than the top of the canyon, but
with a remarkable decoupling of the flow and diminished vertical
exchange. In synthesis, there is a consensus that an increase in

pollutant concentrations in street canyons occur with the presence
of trees (Buccolieri et al., 2009; Gromke and Ruck, 2009, 2007).
However, a reduction in pollution concentrations may occur
depending on micrometeorological conditions and type of foliage;
this is especially true due to the presence of hedges in street can-
yons and dense vegetation along highways (Al-Dabbous and
Kumar, 2014; Brantley et al., 2014; Gromke et al., 2016). Critical in
interpreting these findings is that vegetation can both introduce
extra mechanical turbulence, but also reduce turbulent kinetic
energy, while the strong wind speed reduction around the vege-
tation causes strong shear stresses and therefore extra turbulence.
Nevertheless, the combination of local meteorological conditions
and vegetation has received less attention and extra research ef-
forts may be foreseen in future years.

The nature of vegetation effects are dominated by the geometry
of the built-up environment. In street canyons, trees may deterio-
rate air quality if their configuration is not planned adequately
(Abhijith and Gokhale, 2015; Buccolieri et al., 2011; Ries and
Eichhorn, 2001; Salmond et al., 2013; Vos et al., 2013; Wania
et al., 2012) whereas in open road environments a mixture of
trees and bushes can act as barriers to improving air quality behind
them (Brantley et al., 2014; Hagler et al., 2012; Islam et al., 2012; Lin
et al., 2016; Shan et al., 2007). These dispersion and deposition
characteristics are affected by the density and area of the vegeta-
tion with the deposition rate due to vegetation being estimated by
twomethods: the leaf area index (LAI) that is defined as the amount
of vegetation surface area per m2 of ground area, or leaf area
density (LAD) that is defined as the total one-sided leaf area per
unit volume of canopy layer (m2 m!3 or m2 m!1). The porosity,

Fig. 1. Description of flow and pollutant dispersion patterns in a street canyon with
and without different types of vegetation: (a) vegetation free street canyon, (b) street
canyonwith trees, (c) street canyon with hedges, and (d) street canyon with green roof
and green wall.

Fig. 2. Dispersion patterns of road pollutants under open road configurations (a)
without vegetation barrier (b) with vegetation, and (c) with green wall.

K.V. Abhijith et al. / Atmospheric Environment 162 (2017) 71e8674

direction fluctuations below the tree crown (Di Sabatino et al.,
2015), and depending on foliage shape and distribution, these act
as a source of turbulence and hence increase turbulent diffusion
and facilitate pollutant dilution. The aerodynamics effects of trees
have been addressed extensively by several authors using wind
tunnel investigations complemented by detailed CFD modelling.
Also, the effect of the role of non-neutral thermal stratification has
been addressed in both computational and observational studies.
For example, De Maerschalck et al. (2010) showed that in specific
meteorological conditions or geometries of built environment,
vegetation can decrease turbulent kinetic energy and act as a
diffuser breaking down the turbulent eddies. Based on real-
atmospheric observations in street canyons, Di Sabatino et al.
(2015) showed that the presence of trees alters the thermal verti-
cal distribution inside street canyons, especially in nocturnal hours,
with the bottom layer muchwarmer than the top of the canyon, but
with a remarkable decoupling of the flow and diminished vertical
exchange. In synthesis, there is a consensus that an increase in

pollutant concentrations in street canyons occur with the presence
of trees (Buccolieri et al., 2009; Gromke and Ruck, 2009, 2007).
However, a reduction in pollution concentrations may occur
depending on micrometeorological conditions and type of foliage;
this is especially true due to the presence of hedges in street can-
yons and dense vegetation along highways (Al-Dabbous and
Kumar, 2014; Brantley et al., 2014; Gromke et al., 2016). Critical in
interpreting these findings is that vegetation can both introduce
extra mechanical turbulence, but also reduce turbulent kinetic
energy, while the strong wind speed reduction around the vege-
tation causes strong shear stresses and therefore extra turbulence.
Nevertheless, the combination of local meteorological conditions
and vegetation has received less attention and extra research ef-
forts may be foreseen in future years.

The nature of vegetation effects are dominated by the geometry
of the built-up environment. In street canyons, trees may deterio-
rate air quality if their configuration is not planned adequately
(Abhijith and Gokhale, 2015; Buccolieri et al., 2011; Ries and
Eichhorn, 2001; Salmond et al., 2013; Vos et al., 2013; Wania
et al., 2012) whereas in open road environments a mixture of
trees and bushes can act as barriers to improving air quality behind
them (Brantley et al., 2014; Hagler et al., 2012; Islam et al., 2012; Lin
et al., 2016; Shan et al., 2007). These dispersion and deposition
characteristics are affected by the density and area of the vegeta-
tion with the deposition rate due to vegetation being estimated by
twomethods: the leaf area index (LAI) that is defined as the amount
of vegetation surface area per m2 of ground area, or leaf area
density (LAD) that is defined as the total one-sided leaf area per
unit volume of canopy layer (m2 m!3 or m2 m!1). The porosity,

Fig. 1. Description of flow and pollutant dispersion patterns in a street canyon with
and without different types of vegetation: (a) vegetation free street canyon, (b) street
canyonwith trees, (c) street canyon with hedges, and (d) street canyon with green roof
and green wall.

Fig. 2. Dispersion patterns of road pollutants under open road configurations (a)
without vegetation barrier (b) with vegetation, and (c) with green wall.

K.V. Abhijith et al. / Atmospheric Environment 162 (2017) 71e8674

Augmenta;on de la 
concentra;on des 
polluants dans l’air

Abhijith et al. 2017. Atmospheric 
Environment 162:71-86

18. Végéta5on urbaine et pollu5on: géométrie locale



En abscisse: deux niveaux d'urbanisation combiné à deux niveaux de biodiversité.
En ordonnée: niveau de sentiment de bien être (à gauche) et sentiment de repos (à 
droite).
En milieu urbain comme en milieu suburbain, la présence d'un niveau élevé de 
biodiversité contribue au sentiment de bien être et favorise le repos des personnes.
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Fig. 2. Average scores in subjective well-being plotted as a function of location and
biodiversity of green areas. A high biodiversity level is more strongly linked to well-
being in urban green areas as compared to peri-urban green areas.

receiving higher scores. The 2-way interaction was  also signifi-
cant [F(1,569) = 4.95; p = .004; partial eta squared = .015]. Concerning
the perceived restorativeness score, significant effects were
detected for both “Location” [F(1,568) = 32.46; p = .000; partial eta
squared = .054], with peri-urban green areas receiving higher
scores, and “Biodiversity” [F(1,568) = 32.58; p = .000; partial eta
squared = .055], with high biodiversity green areas receiving higher
scores. The 2-way interaction was also significant [F(1,569) = 9.31;
p = .002; partial eta squared = .016]. Taken together, the effects dis-
cerned show that the level of biodiversity and the peri-urban
(vs. urban) location of a green area are positively linked to self-
reported benefits and perceived restorativeness. To disentangle the
significant 2-way interactions detected, we examined the scores
of the dependent variables within the single cells of the research
design (as plotted in Figs. 2 and 3) and conducted simple post hoc
comparisons. Results show that a high level of biodiversity was
more strongly linked to benefits and well-being and to perceived
restorativeness in the case of urban green areas, compared to peri-
urban green areas: although significant in both cases, the effect
sizes (Cohen’s d, calculated from http://www.uccs.edu/∼lbecker/)
decreased from .64 to .19 for benefits and well-being, and from .74
to .22 for perceived restorativeness.

3.2. Effects of activities in the green area experience on positive
outcomes

To evaluate the effects of the different activities carried out dur-
ing the “green” experience, we identified three different groups
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Fig. 3. Average scores in perceived restorativeness plotted as a function of location
and  biodiversity of green areas. A high biodiversity level is more strongly linked
to  perceived restorativeness in urban green areas as compared to peri-urban green
areas.

of respondents according to the main activity they reported while
being in the setting. These activities were: (a) reading, talking,
socializing (n = 163); (b) walking/exercising (n = 306); and (c) con-
templating the setting (n = 84). Because of missing values (i.e., some
of the respondents did not answered to this section of the ques-
tionnaire), the total sample size in this analysis is lower (N = 553).
The activities range across an increasing level of personal involve-
ment with the setting (or place dependency) from more socially to
more environment-oriented activities. We assumed that restora-
tion effects should be stronger for activities depending more on
the restorative characteristics of the setting itself, such as contem-
plating, walking or exercising, as compared to activities that are
relatively independent from the restorative characteristics of the
setting, such as reading, talking, or meeting other people. Consis-
tently with our prediction, the results showed a significant effect
of the main activity on the two  criteria: self-reported benefits and
well-being (F(2,552) = 19.66, p = .000) and perceived restorativeness
(F(2,551) = 18.6, p = .000).

Duncan post hoc comparisons were conducted to check whether
the significant differences highlighted by the omnibus F-test are
consistent with the general trend we  predicted (i.e., well-being
and perceived restorativeness are higher when shifting from activ-
ities that imply a lower level of involvement with the green
setting, towards activities implying a higher level of involvement
with the green setting). Indeed, the mean scores of well-being
for “reading, talking, and socializing” (M = 2.00; SD = .83; n = 163)
were significantly lower for alpha < .05 compared to “contemplat-
ing the setting” (M = 2.40; SD = .88, n = 84) and “walking, exercising”
(M = 2.48; SD = .75, n = 306). These two  scores did not differ from
each other. Likewise, the mean scores of perceived restorativeness
for “reading, talking, and socializing” (M = 2.00; SD = .60; n = 163)
were significantly lower for alpha < .05 compared to “contemplat-
ing the setting” (M = 2.29; SD = .60, n = 84) and “walking, exercising”
(M = 2.35; SD = .59, n = 306), which did not differ from each other.

To assess the relations between length of visits to green areas,
biodiversity level, perceived restorativeness, and self-reported
benefits and well-being bivariate correlations were explored (see
Table 2). The results show that self-reported benefits and well-
being were significantly correlated with length of visit to green
areas (r = .15; p = .000; n = 566), biodiversity level (r = .22; p = .000;
n = 569), and perceived restorativeness (r = .68; p = .000; n = 568).
Furthermore, our two  main predictors (i.e., length of visit and level
of biodiversity) were independent of each other (r = .08; p = .06;
n = 566). Although very small, this marginally significant r value
might suggest to test interactions between this predictors, but this
is beyond the scope of the present paper. Both predictors corre-
lated to perceived restorativeness (r = .19 and .25; n = 565 and 568,
respectively; p = .000). This pattern suggests a possible mediation
process, where both length of visit and level of biodiversity influ-
ence benefits and well-being through perceived restorativeness.

To test these mediation models, we used the INDIRECT proce-
dure for SPSS, following the approach proposed by Preacher and
Hayes (2008). A first model estimated the total, direct and indi-
rect effects of length of visit to the green areas on self-reported
benefits and well-being through perceived restorativeness (Fig. 4).
The indirect effect of length of visit on benefits and well-being was
quantified as the product of the ordinary least squares (OLS) regres-
sion coefficient estimating perceived restorativeness from length
of visit (i.e., path “a”) and the OLS regression coefficient estimating
self-reported benefits and well-being from perceived restorative-
ness, accounting for length of visit (i.e., path “b”). The INDIRECT
procedure tested the significance of this product with 5000 boot-
strap samples. The bias-corrected bootstrap-confidence interval
(CI) for this parameter estimate that does not include zero indi-
cated a significant mediation effect (Preacher & Hayes, 2008). As
expected, results show that length of visit to green areas positively
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Fig. 2. Average scores in subjective well-being plotted as a function of location and
biodiversity of green areas. A high biodiversity level is more strongly linked to well-
being in urban green areas as compared to peri-urban green areas.

receiving higher scores. The 2-way interaction was  also signifi-
cant [F(1,569) = 4.95; p = .004; partial eta squared = .015]. Concerning
the perceived restorativeness score, significant effects were
detected for both “Location” [F(1,568) = 32.46; p = .000; partial eta
squared = .054], with peri-urban green areas receiving higher
scores, and “Biodiversity” [F(1,568) = 32.58; p = .000; partial eta
squared = .055], with high biodiversity green areas receiving higher
scores. The 2-way interaction was also significant [F(1,569) = 9.31;
p = .002; partial eta squared = .016]. Taken together, the effects dis-
cerned show that the level of biodiversity and the peri-urban
(vs. urban) location of a green area are positively linked to self-
reported benefits and perceived restorativeness. To disentangle the
significant 2-way interactions detected, we examined the scores
of the dependent variables within the single cells of the research
design (as plotted in Figs. 2 and 3) and conducted simple post hoc
comparisons. Results show that a high level of biodiversity was
more strongly linked to benefits and well-being and to perceived
restorativeness in the case of urban green areas, compared to peri-
urban green areas: although significant in both cases, the effect
sizes (Cohen’s d, calculated from http://www.uccs.edu/∼lbecker/)
decreased from .64 to .19 for benefits and well-being, and from .74
to .22 for perceived restorativeness.

3.2. Effects of activities in the green area experience on positive
outcomes

To evaluate the effects of the different activities carried out dur-
ing the “green” experience, we identified three different groups
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Fig. 3. Average scores in perceived restorativeness plotted as a function of location
and  biodiversity of green areas. A high biodiversity level is more strongly linked
to  perceived restorativeness in urban green areas as compared to peri-urban green
areas.

of respondents according to the main activity they reported while
being in the setting. These activities were: (a) reading, talking,
socializing (n = 163); (b) walking/exercising (n = 306); and (c) con-
templating the setting (n = 84). Because of missing values (i.e., some
of the respondents did not answered to this section of the ques-
tionnaire), the total sample size in this analysis is lower (N = 553).
The activities range across an increasing level of personal involve-
ment with the setting (or place dependency) from more socially to
more environment-oriented activities. We assumed that restora-
tion effects should be stronger for activities depending more on
the restorative characteristics of the setting itself, such as contem-
plating, walking or exercising, as compared to activities that are
relatively independent from the restorative characteristics of the
setting, such as reading, talking, or meeting other people. Consis-
tently with our prediction, the results showed a significant effect
of the main activity on the two  criteria: self-reported benefits and
well-being (F(2,552) = 19.66, p = .000) and perceived restorativeness
(F(2,551) = 18.6, p = .000).

Duncan post hoc comparisons were conducted to check whether
the significant differences highlighted by the omnibus F-test are
consistent with the general trend we  predicted (i.e., well-being
and perceived restorativeness are higher when shifting from activ-
ities that imply a lower level of involvement with the green
setting, towards activities implying a higher level of involvement
with the green setting). Indeed, the mean scores of well-being
for “reading, talking, and socializing” (M = 2.00; SD = .83; n = 163)
were significantly lower for alpha < .05 compared to “contemplat-
ing the setting” (M = 2.40; SD = .88, n = 84) and “walking, exercising”
(M = 2.48; SD = .75, n = 306). These two  scores did not differ from
each other. Likewise, the mean scores of perceived restorativeness
for “reading, talking, and socializing” (M = 2.00; SD = .60; n = 163)
were significantly lower for alpha < .05 compared to “contemplat-
ing the setting” (M = 2.29; SD = .60, n = 84) and “walking, exercising”
(M = 2.35; SD = .59, n = 306), which did not differ from each other.

To assess the relations between length of visits to green areas,
biodiversity level, perceived restorativeness, and self-reported
benefits and well-being bivariate correlations were explored (see
Table 2). The results show that self-reported benefits and well-
being were significantly correlated with length of visit to green
areas (r = .15; p = .000; n = 566), biodiversity level (r = .22; p = .000;
n = 569), and perceived restorativeness (r = .68; p = .000; n = 568).
Furthermore, our two  main predictors (i.e., length of visit and level
of biodiversity) were independent of each other (r = .08; p = .06;
n = 566). Although very small, this marginally significant r value
might suggest to test interactions between this predictors, but this
is beyond the scope of the present paper. Both predictors corre-
lated to perceived restorativeness (r = .19 and .25; n = 565 and 568,
respectively; p = .000). This pattern suggests a possible mediation
process, where both length of visit and level of biodiversity influ-
ence benefits and well-being through perceived restorativeness.

To test these mediation models, we used the INDIRECT proce-
dure for SPSS, following the approach proposed by Preacher and
Hayes (2008). A first model estimated the total, direct and indi-
rect effects of length of visit to the green areas on self-reported
benefits and well-being through perceived restorativeness (Fig. 4).
The indirect effect of length of visit on benefits and well-being was
quantified as the product of the ordinary least squares (OLS) regres-
sion coefficient estimating perceived restorativeness from length
of visit (i.e., path “a”) and the OLS regression coefficient estimating
self-reported benefits and well-being from perceived restorative-
ness, accounting for length of visit (i.e., path “b”). The INDIRECT
procedure tested the significance of this product with 5000 boot-
strap samples. The bias-corrected bootstrap-confidence interval
(CI) for this parameter estimate that does not include zero indi-
cated a significant mediation effect (Preacher & Hayes, 2008). As
expected, results show that length of visit to green areas positively
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18. Biodiversité urbaine et bien-être



Défini4on de la santé (humaine) par l’Organisa4on Mondiale de la Santé (OMS): Etat 
de complet bien-être physique, mental et social, qui ne consiste pas seulement en 
une absence de maladie ou d’infirmité.
Le concept One Health, une seule santé, apris son essor au début des années 2000. 
C'est une vision systémique de la santé, qui postule que la santé humaine est 
dépendante de celle des animaux, des plantes et des écosystèmes, et 
réciproquement..
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19. One Health : Une Seule Santé

https://www.woah.org/fr/ce-que-nous-
faisons/initiatives-mondiales/une-seule-sante/

Défini;on de la santé (humaine) 
par l’Organisa;on Mondiale de la 
Santé (OMS): 

Etat de complet bien-être 
physique, mental et social, qui ne 
consiste pas seulement en une 
absence de maladie ou d’infirmité.

Le concept One Health prend son 
essor aux alentours des années 
2000. Vision systémique.



En 2006, l’OMS a répertorié 21 000 espèces médicinales
et en 2021, le service des plantes médicinales du jardin 
royal botanique de Kew, au Royaume-Uni, en a idenOfié
34 408. 30 % des nouveaux principes acOfs médicinaux
sont issus de la biodiversité. 4 millions de personnes 
dépendant de la biodiversité pour leur médecine
tradiOonnelle. 
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Les molécules extraites des êtres 
vivants présentent plusieurs avantages 
Tout d’abord, une seule substance a souvent plusieurs modes 
d’action. Les anticancéreux naturels peuvent ainsi agir en inhibant 
les résistances des cellules cancéreuses aux molécules thérapeu-
tiques, ils peuvent également induire l’apoptose et l’autophagie, in-
duire des nécroses cellulaires, réduire les proliférations cellulaires.

Par ailleurs, leurs propriétés structurelles peuvent présenter un 
avantage : les squalamines sont environ dix fois plus petites que 
les anticorps monoclonaux utilisés en thérapeutique ce qui évite 
les inconvénients des molécules de grande taille, notamment pour 
reconnaitre et accéder aux épitopes cellulaires.

La demande croissante de produits 
naturels menace leur existence
Le volume des plantes médicinales récolté augmente de 8 à 15 % 
tous les ans avec une demande croissante en Europe, Amérique du 
nord et Asie. Malheureusement, ces plantes sont souvent surexploi-
tées avec une intensité qui met en danger leur reproduction de façon 
probablement irréversible. En effet, si les populations des espèces 
exploitées perdent trop d’individus, leur diversité génétique diminue 
et elles peuvent être entraînées dans un vortex d’extinction. Ainsi, 
les pressions qui s’exercent sur la biodiversité menacent aujourd’hui 
directement environ 21 % des plantes médicinales connues. 

La plupart des plantes utilisées pour la médecine sont issues de 
milieux naturels ou semi naturels. Leur disparition massive pose la 
question de la pérennité de ces ressources dans le futur, car les mi-

PRINCIPE ACTIF ORIGINE ACTION THÉRAPEUTIQUE
CAFÉINE Caféier (Coffea sp.) Stimulant psychotrope

ACIDE ACÉTYLE SALICYLIQUE Saule (Salix sp.) Anti inflammatoire (Aspirine)

QUININE Quiquina (Cinchona sp.) Antipaludéen

ARTÉMISINE Armoise (Artemisia annua) Antipaludéen

PACLITAXEL
If (Taxus brevifolia) puis Taxomices andreanae, 

Fusarium lateritium, Alternaria sp. Monochaetiasp.
Anticancéreux (Taxol)

STREPTOMYCINE Microorganisme du sol Antibiotique

PENICILLINE Microorganisme du sol Antibiotique

GRISEOFULVINE Microorganisme du sol Antifongique

LYSAT D’AMIBOCYTE DE LIMULE Limule (Limulus polyphemus) Détection des contaminations des vaccins

BUFFOTOXINE Buffo gargarizans, Buffo melanostictus Antileucémique

VINCRISTINE Pervenche de Madagascar (Catharanthus roseus) Antimitotique

EPIGALLOCATHECHIN GALLATE 
(POLYPHÉNOL)

Théier (Camellia sinensis) Augmente la sensibilité à la vincristine un anticancéreux

MATRINE (ALKALOÏDE) Sophora flavescens Inhibe la résistance aux anticancéreux

DIARYLHEPTANOÏDE Curcuma (Curcuma longa)
Inducteur d’apoptose et d’autophagie (traitement 

cancereux)

SHIKONIN (NAPHTOQUINONE) Lithospermum erythrorhizon
Antioxydant et antitumoral, inhibiteur de la réplication du 

VIH dans les macrophages et les monocytes

SQUALAMINE (AMINOSTÉROL) Requin épineux (Squalus acanthias) Antibactérien et antiprotozoaire

Tableau 1 : Exemples de molécules thérapeutiques dérivées de la biodiversité.

lieux qui les hébergent sont dégradés, voire disparaissent sous les 
pressions cumulées du changement d’usage des terres, de la pollu-
tion, du changement climatique, de l’appropriation des ressources 
naturelles par les humains et de l’homogénéisation biotique.

Mais pour bien quantifi er les menaces, il faut aussi considérer les 
effets indirects de l’érosion du vivant. L’interconnexion des espèces, 
via les réseaux trophiques, constitue l’essence même de notre sur-
vie collective. La disparition d’un élément du vivant, une espèce, 
un écosystème, a des répercussions sur d’autres espèces, d’autres 
écosystèmes. Par exemple, la disparition des insectes, en raison 
de l’usage des pesticides, induit la disparition des oiseaux qui s’en 
nourrissent. Ces oiseaux peuvent être partiellement granivores, no-
tamment en dehors des périodes de gestation et nidifi cation. Leur 
déclin entrainera celui des arbres dont ils dispersent les graines. Si 
ces arbres accumulent des substances actives d’intérêt, leur dispa-
rition constituera une perte de chance pour des malades humains.

Deux phénomènes doivent faire l’objet 
d’attention : l’exploitation non durable 
et la perte de savoirs traditionnels 
associés aux espèces médicinales
En matière d’exploitation non durable, l’histoire du Paclitaxel (chimio-
thérapie anticancéreuse) est emblématique. Au départ identifi é dans 
les ifs, il fut extrait après abattage, ce qui a vite menacé son hôte, 
un arbre à croissance lente. Heureusement, le besoin important de 
Paclitaxel a conduit à rechercher la molécule dans d’autres espèces 
vivantes. Elle a été isolée dans un champignon endophyte du micro-
biome racinaire de l’If, puis dans d’autres microorganismes du genre 
Fusarium, Alternaria et Monochaetia. 

Soubelet 2023



Comme pour la plupart des autres formes vivantes, les tropiques sont riches en 
plantes médicinales. Mai, a_en4on, les données ayant permis de dessiner ce_e carte 
sont suscep4bles d'être biaisées: en effet, l’inventaire des plantes médicinales est 
très dépendant de dynamiques sociales parfois très anciennes, mais différentes d'un 
con4nent à l'autre.
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Figure 2  2  6   Mean medicinal plant species (per 2° grid cell) in each natural unit of analysis 
(Allkin et al., 2017; Diazgranados et al., 2018). 

Also indicated are Conservation International’s biodiversity hotspots. Acknowledgement and Source of map: Samuel Pironon 
and Ian Ondo, Department of Biodiversity Informatics and Spatial Analysis, Kew, Royal Botanic Gardens. 

higher at places and times with more resources and fewer 
natural enemies. This is particularly true on the deep sea 
floor where abundances tend to be low even though species 
richness is high (Ramirez-Llodra et al., 2010).

2.2.3.6 Organismal traits 

Traits refer to the structural, chemical and physiological 
characteristics of plants and animals (e.g., body size, clutch 
size, plant height, wood density, leaf size or nutrient content, 
rooting-depth) that are related to the uptake, use and 
allocation of resources. Global variations in traits reflect the 
combined influence of abiotic (climate, geology, soils) and 
biotic variables (Figure 2.2.2E; Simard et al., 2011) and can 
often mediate the relationship between organisms and their 
environment, thus dictating the resilience of biodiversity to 
environmental change (Willis et al., 2018). Many traits show 
consistent patterns of within-species geographic variation; 
for example, most mammalian and avian species show 
larger body size in cooler regions (Meiri & Dayan, 2003; 
Olsen et al., 2009). Similarly, leaf area and plant height 
become reduced in cooler regions. An understanding of 
traits is important for both biodiversity conservation and 
determining NCP. 

First, traits directly affect the ability or otherwise of plants 
and animals to respond to environmental perturbations 
including land-use change, climate change, pests and 
pathogens and this in turn directly affects their conservation 
potential. When a community of organisms faces a 
particular driver of change, its responses will be therefore 
strongly mediated by the set of traits in the community and 
how variation in those traits is distributed within and among 
species and populations (e.g., Díaz et al., 2013; Hevia et 
al., 2017; Suding et al., 2008). For example, in a global 
assessment on plant traits (Willis et al., 2018), species with 
a less dense wood and shorter roots were less able to 
withstand intervals of drought than those possessing these 
traits. The same is also true for animals. In a recent study on 
global terrestrial mammals, for example, those species not 
possessing traits adapted to burrowing and/or requiring a 
specialized diet were less resilient to climate change (Pacifici 
et al., 2017). There are also similar studies of traits of marine 
organisms to again indicate that certain traits provide greater 
resilience to environmental change (Costello et al., 2015). 

Second, organismal traits provide a critical link to biological 
functions that underpin the delivery of many important 
societal benefits (De Bello et al., 2010; Diaz et al., 2006; 
Lavorel, 2013). These include food and timber (quality 

19. Biodiversité et médecine tradi5onnelle

Comme pour la plupart 
des autres formes 
vivantes, les tropiques 
sont riches en plantes 
médicinales. Mais 
l’inventaire des plantes 
médicinales est très 
dépendant de 
dynamiques sociales 
parfois très anciennes.

IPBES 2022.  The global assessment report on biodiversity 
and ecosystem services. Bonn, IPBES



Le rumen de la vache est un véritable écosystème, contrôlé par la vache qui crée un 
milieu de vie favorable aux microorganismes qui assurent une bonne par4e de sa 
diges4on. Le rumen est un espace fermé ou règne l'anaérobiose (absence d'oxygène), 
d'où l'émission de méthane, et une température très favorable aux microorganismes: 
39-40°C. Les carbonates (CO3

2-) et phosphates salivaires sécrétés par la vache 
main4ennent le pH à 5,8 - 6,8, valeur op4male pour les microorganismes. La 
dégrada4on microbienne du fourrage se traduit par la produc4on d'azote 
ammoniacal et de divers composés orga niques qui passent dans le métabolisme de 
la vache. 

Bactéries et champignons prolifèrent et sont par4ellement consommés par des 
protozoaires (qui sont des animaux). En aval du rumen, l'absorp4on par la vache des 
carbonates élève fortement le pH, ce qui facilite l'ac4on des enzymes qui dégradent 
les protéines (protéases) et les acides nucléiques (nucléases) des microorganismes et 
des protozoaires en acides aminés et nucléo4des qui passent dans le métabolisme de 
la vache.
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Les carbonates et phosphates 
salivaires main;ennent le pH 
à 5,8 - 6,8.

Anaérobiose, 40°C.

Absorp;on des carbonates: 
diges;on acide.

La diges;on de la vache porte 
sur les microorganismes.

19. Mutualismes dans le rumen de la vache

Sélosse M.A. 2000. La symbiose. Paris, Vuibert



En abscisse: le nombre d'espèces de pe4ts mammifères.
En ordonnée: le nombre de cas de maladie de Lyme chez l'humain pour 100 000 
habitants.
En Amérique du nord, plus la diversité des pe4ts mammifères est élevée, plus la 
prévalence de la maladie de Lyme (érup4ons cutanées, désordres neurologiques, 
ar4culaires), transmise par une espèce de 4que, est faible (effet dilu4on).
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En Amérique du nord, plus la 
diversité des petits 

mammifères est élevée, plus la 
prévalence de la maladie de 
Lyme (éruptions cutranées, 
désordres neurologiques, 

articulaires), transmise par 
une espèce de tique, est faible 

(effet dilution).

Roches B. & Tesseydre A. 2011. Biodiversité et maladies 
infectieuses. Regards sur la biodiversité n°18, Société 

Française d’Ecoogie

19. Zoonoses



Six des neufs limites planétaires sont déjà dépassées. Dans l'ordre décroissant de 
degré de dépassement: biodiversité et état des écosystèmes, pollu4on, flux d’azote et 
de carbone, climat, eau, usage des sols.

39

NPP-reducing effects of global land-use (see the Supplementary
Materials).

HANPP designates both the harvesting and the elimination or
alteration (mostly reduction) of potential natural NPP (32),
mainly through agriculture, silviculture, and grazing. Terrestrial
HANPP can be estimated both as a fraction of potential natural
NPP [15.7% in 1950 and 23.5% in 2020; inferred from (33) and
the Supplementary Materials] and of Holocene mean NPP (30%
or 16.8 Gt of C year−1 in 2020; see the Supplementary Materials).
We argue that an NPP-based planetary boundary limiting HANPP
should be set in relation to preindustrial Holocene mean NPP and
not the current potential natural NPP. This is because the global in-
crease in NPP due to anthropogenic carbon fertilization constitutes
a resilience response of Earth system that dampens themagnitude of
anthropogenic warming. Hence, the NPP contribution to a carbon
sink associated with CO2 fertilization should be protected and sus-
tained rather than considered as being available for harvesting. Ex-
amples of large land areas under human use with declining carbon
sinks, some even turning into carbon sources, i.e., due to human
overexploitation of biomass, are already being observed, for

example, in some Amazonian regions (34) and northern European
forests.

As NPP is the basis for the energy and materials flow that under-
pins the biosphere«s functioning (30), we argue that today«s plane-
tary-scale impact of HANPP is reflected in the observation that
major indicators of the state of the biosphere show large and wor-
risome declines in recent decades (16). This suggests that current
HANPP is well beyond a precautionary planetary boundary
aiming to safeguard the functional integrity of the biosphere and
likely already into the high-risk zone. We therefore provisionally
set the functional component of the biosphere integrity planetary
boundary at human appropriation of 10% of preindustrial Holocene
mean NPP, shifting into the zone of high risk at 20%. The boundary
thus defined was transgressed in the late 19th century, a time of con-
siderable acceleration in land use globally (35) with strong impacts
on species (27), already leading to early concerns about the effects of
this large-scale land transformation.

Thus, while the climate warming problem became evident in the
1980s, problems arising in functional biosphere integrity due to
human land use began a century earlier. Since the 1960s, growth

Fig. 1. Current status of control variables for all nine planetary boundaries. Six of the nine boundaries are transgressed. In addition, ocean acidification is approach-
ing its planetary boundary. The green zone is the safe operating space (below the boundary). Yellow to red represents the zone of increasing risk. Purple indicates the
high-risk zone where interglacial Earth system conditions are transgressed with high confidence. Values for control variables are normalized so that the origin represents
mean Holocene conditions and the planetary boundary (lower end of zone of increasing risk, dotted circle) lies at the same radius for all boundaries (except for the
wedges representing green and blue water, see main text). Wedge lengths are scaled logarithmically. The upper edges of the wedges for the novel entities and the
genetic diversity component of the biosphere integrity boundaries are blurred either because the upper end of the zone of increasing risk has not yet been quantitatively
defined (novel entities) or because the current value is known only with great uncertainty (loss of genetic diversity). Both, however, are well outside of the safe operating
space. Transgression of these boundaries reflects unprecedented human disruption of Earth system but is associated with large scientific uncertainties.
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20. Réduire les flux nets d’énergie et de matériaux

Six des neufs limites planétaires 
sont déjà dépassées: biodiversité 

et état des écosystèmes, pollu4on, 
flux d’azote et de carbone, climat, 

eau, usage des sols

ENV IRONMENTAL STUD IES

Earth beyond six of nine planetary boundaries
Katherine Richardson1*, Will Ste!en2�, Wolfgang Lucht3,4, Jørgen Bendtsen1, Sarah E. Cornell5,
Jonathan F. Donges3,5, Markus Drüke3, Ingo Fetzer5,6, Govindasamy Bala7, Werner von Bloh3,
Georg Feulner3, Stephanie Fiedler8, Dieter Gerten3,4, Tom Gleeson9,10, Matthias Hofmann3,
Willem Huiskamp3, Matti Kummu11, Chinchu Mohan8,12,13, David Nogués-Bravo1, Stefan Petri3,
Miina Porkka11, Stefan Rahmstorf3,14, Sibyll Schapho!3, Kirsten Thonicke3, Arne Tobian3,5,
Vili Virkki11, Lan Wang-Erlandsson3,5,6, Lisa Weber8, Johan Rockström3,5,15

This planetary boundaries framework update !nds that six of the nine boundaries are transgressed, suggesting
that Earth is now well outside of the safe operating space for humanity. Ocean acidi!cation is close to being
breached, while aerosol loading regionally exceeds the boundary. Stratospheric ozone levels have slightly re-
covered. The transgression level has increased for all boundaries earlier identi!ed as overstepped. As primary
production drives Earth system biosphere functions, human appropriation of net primary production is pro-
posed as a control variable for functional biosphere integrity. This boundary is also transgressed. Earth
system modeling of di"erent levels of the transgression of the climate and land system change boundaries il-
lustrates that these anthropogenic impacts on Earth system must be considered in a systemic context.
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INTRODUCTION
The planetary boundaries framework (1, 2) draws upon Earth
system science (3). It identifies nine processes that are critical for
maintaining the stability and resilience of Earth system as a
whole. All are presently heavily perturbed by human activities.
The framework aims to delineate and quantify levels of anthropo-
genic perturbation that, if respected, would allow Earth to remain in
a ¨Holocene-like© interglacial state. In such a state, global environ-
mental functions and life-support systems remain similar to those
experienced over the past ~10,000 years rather than changing into a
state without analog in human history. This Holocene period, which
began with the end of the last ice age and during which agriculture
and modern civilizations evolved, was characterized by relatively
stable and warm planetary conditions. Human activities have now
brought Earth outside of the Holocene«s window of environmental
variability, giving rise to the proposed Anthropocene epoch (4, 5).

Planetary-scale environmental forcing by humans continues and
individual Earth system components are, to an increasing extent, in
disequilibrium in relation to the changing conditions. As a conse-
quence, the post-Holocene Earth is still evolving, and ultimate

global environmental conditions remain uncertain. Paleoclimate re-
search, however, documents that Earth has previously experienced
largely ice-free conditions during warm periods (6, 7) with corre-
spondingly different states of the biosphere. It is clearly in human-
ity«s interest to avoid perturbing Earth system to a degree that risks
changing global environmental conditions so markedly. Ice cover is
only one indicator of substantial system-wide change in numerous
other Earth system dimensions. The planetary boundaries frame-
work delineates the biophysical and biochemical systems and pro-
cesses known to regulate the state of the planet within ranges that
are historically known and scientifically likely to maintain Earth
system stability and life-support systems conducive to the human
welfare and societal development experienced during the Holocene.

Currently, anthropogenic perturbations of the global environ-
ment are primarily addressed as if they were separate issues, e.g.,
climate change, biodiversity loss, or pollution. This approach,
however, ignores these perturbations« nonlinear interactions and re-
sulting aggregate effects on the overall state of Earth system. Plane-
tary boundaries bring a scientific understanding of anthropogenic
global environmental impacts into a framework that calls for con-
sidering the state of Earth system as a whole.

For >3 billion years, interactions between the geosphere (energy
flow and nonliving materials in Earth and atmosphere) and bio-
sphere (all living organisms/ecosystems) have controlled global en-
vironmental conditions. Earth system«s state changed in response to
forcings generated by external perturbations (e.g., solar energy
input and bolide strikes) or internal processes in the geosphere
(e.g., plate tectonics and volcanism) or biosphere (e.g., evolution
of photosynthesis and rise of vascular plants). These forcings were
processed through interactions and feedbacks among processes and
systems within Earth system, shaping its often complex overall re-
sponse. Today, human activities with planetary-scale effects act as
additional forcing on Earth system. Thus, the anthroposphere has
become an additional functional component of Earth system (3,
8), capable of altering Earth system state. The planetary boundaries
framework formulates limits to the impact of the anthroposphere
on Earth system by identifying a scientifically based safe operating
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Les trois piliers du développement durable sont le social, l'environnement et 
l'économie. Le développement durable est à l’intersection de l’environnement, du 
social et de l’économique.
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