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Renaturer ?
• « Il serait vain de donner une définition unique 

et consensuelle » du mot renaturation (Deboeuf
et al. 2022).

• « Re » de renaturer : 
Ø Idée de remise en état de la nature: des 

écosystèmes et des biodiversités fonctionnelles.
Ø Idée de redonner sa place (légitime ?) à la nature.



Restaurer
• La restauration consiste à ramener un 

écosystème dans un état proche de ce qu’il 
était avant la perturbation (National Research
Council, 1992).

• La restauration consiste à aider un écosystème 
à se rétablir après qu’il ait été dégradé, 
endommagé ou détruit (Society for Ecological
Restoration, site web, 30/01/2023).



Restaurer

• Une vision dynamique: restaurer un 
écosystème en bonne santé; restaurer 
l’intégrité de l’écosystème, sa résilience.

• Contexte nouveau: changement climatique, 6e
extinction, artificialisation… très rapides.

Etablir ou rétablir des capacités de 
changement, d’adaptation, d’évolution.



Ingénierie écologique

• Le Clean Water Act (1972), USA, niveau fédéral, dit dans 
son article 404 : 

Ø La compensation de la destruction des zones humides 
par la restauration, l’amélioration ou la création de 
zones humides, est obligatoire.

• L’ingénierie écologique désigne la création et la restauration 
d'écosystèmes durables qui ont de la valeur à la fois pour 
les humains et pour la nature (Mitsch & Jorgensen 2004).



L'enjeu est de « passer d'une anthropisation 
involontaire et inorganisée des milieux à une 
anthropisation explicite et maîtrisée, bâtie sur des 
organisations et des dynamiques écologiques 
éprouvées et validées par la logique de 
l'évolution » (Abbadie 2008)

Ingénierie écologique



Laisser faire
• Se donner du temps: une affaire de décennie.
• L’importance des conditions initiales : la qualité 

du sol, la maîtrise des perturbations.
Lever les freins physico-chimiques.

• Le point crucial: les capacités de dispersion des 
espèces.

Insertion dans des trames écologiques.



Pourquoi renaturer ?
• Recréer des habitats.
• Rendre la ville perméable aux espèces.
• Rétablir des continuités aux échelles

régionales et locales.
• Réduire le changement climatique et ses 

impacts.
• Rendre la ville plus humaine.



Les boosters

• Stratégie nationale bas carbone, stratégie 
nationale de la biodiversité…

• Lutte contre l’ilôt de chaleur urbain.
• La séquence Eviter-Réduire-Compenser (ERC)
• Démarche Zéro Artificialisation Nette (ZAN)

ERC



ERC, l’échec ?

fragmentation for a few species. Three projects discuss hydrological
functioning and one ecosystem services.

Offsetting measures were well presented at first glance: offset sites
were located and described and corresponding offsetting actions are
detailed for all projects. Nevertheless, these descriptions were super-
ficial, consequently the ecological state of offset sites was not de-
termined, and actions supposed to fit a site and upgrade its biodiversity
appear hypothetical. Moreover, if ratios are generally used to convert
impacts foreseen to gain needed, they may consist of multiple ratios
stemming from a complex system of scores (36%), or multiple ratios
with a basic explanation of their origin (40%), or as a unique ratio for
the whole project without explanation of its origin (24%). Finally,
concerning outputs expected from offsetting, almost none of the pro-
jects provide an explicit objective of gains and consequently no method
to evaluate any gain.

There is a clear imbalance between the biodiversity losses part and
the biodiversity gains part of the process. Thus, the location, nature and
extent of impacts are documented and certain. On the other hand, the
generation and evaluation of gains are vague and uncertain.

3.2. Areas of offset are smaller than areas impacted

Impacted site areas ranged from 5.6 ha to 1081 ha, showing a di-
versity of project sizes. Total offset site areas ranged from 0.16 ha to
130 ha. The total area of impacted sites amounts to 2451 ha while the
total area of offset amounts to 577 ha. Overall, in 17 out of 24 projects,
the total area of offset sites was smaller than the area of the impacted
sites (Fig. 2). This means that biodiversity losses per unit area are
smaller than diversity gained per area unit. This is not necessarily un-
acceptable, but implies highly effective restoration. However, 18

procedures use ratios and in all of them the mean of ratios is greater 1,
which implies that biodiversity losses per unit area are greater than
biodiversity gains per area unit. This can be explained by the entire
impacted area not being taken into account for offsetting, but only areas
supporting certain elements of biodiversity. Thus, priorities are given to
those components of biodiversity considered worthy of offsetting over
those considered to have a lower value.

Moreover, it should be noted that total area of offset sites is the sum
of many sites, while impacted sites tend to be a single tract of land. We
counted 92 offset sites over 24 projects with an average of 3.83 sites per
project. Over 92 offset sites there was a mean area of 12.4 ha and a
median of 2.4 ha. Offsetting is supposed to encourage conditions for
biodiversity to thrive, so should target large sites. However, it is actu-
ally performed on a myriad of small sites, making it even more chal-
lenging to deliver biodiversity gains.

3.3. Offsetting is conducted mainly on semi-natural and natural land

Over 25 procedures, we managed to identify habitat descriptions of
offset sites matching categories of the Corine biotopes typology for
467.85 ha out of 577.42 ha (Fig. 3). This means that 109.57 ha were not
described in enough detail for us to identify them with certainty. The
offset sites were distributed over 19 biotope categories (Fig. 3).

Three of these categories (ruderal communities, old industrial sites,
and reservoirs and canals) were artificialized land, covering 15.8 ha.
Four categories (crops, improved grassland, plantations, and vineyards)
were habitats resulting from intensive agricultural activities, covering
93.2 ha. The 12 other categories were semi-natural and natural land,
totaling 358.4 ha. Most of the offset sites were thus focused on semi-
natural habitats, which can introduce strong biases in conservation
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Fig. 2. Surfaces (ha) of offsite sites (Y axis) compared to impacted sites (X axis) for the 24 projects. Each point represents a different/single project. The line y= x
shows the limit between>1 and<1 offset ratios.
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A B S T R A C T

Biodiversity offsetting is usually the last step in the mitigation hierarchy and aims to compensate for impacts of
development projects on biodiversity. It is supposed to contribute to the key environmental objective of “no net
loss” of biodiversity by delivering gains equivalent to losses. We hypothesize that such gains can only be attained
through ecological restoration of degraded sites: the restored ecosystem should not only equal the original or
reference ecosystem as usually assumed, but rather the original state of degradation of the ecosystem used for
offsetting should be of the same level as the impacted ecosystem after development. We built on this starting
assumption to determine whether impacts and gains were considered equally in the offsetting measures of 24
infrastructure projects, and to infer the potential gains in offset sites, based on an analysis of procedure and
administrative documents. The analysis showed that impacts were presented in much more detail than the
offsetting measures. In addition, out of 577 ha that was intended to offset areas being artificialized, only 3% of
the area was artificial prior to offsetting work, i.e. delivering high potential gains, while 81% could be con-
sidered semi-natural habitats, thus with lower potential gains. Little information on the ecological quality of
offset sites was available. When described, their good quality was used as an argument to justify their selection,
resulting in relatively uncertain gains in comparison to certain impacts. Our results suggest that including
multiple comparisons of multiple ecosystem states is a way forward to better evaluate the equivalence between
gains and losses, and thus would ensure no net loss of biodiversity.

1. Introduction

Biodiversity offsetting is a landscape planning tool which aims to
compensate for the impacts of projects on biodiversity, with the broader
goal of coupling development and biodiversity conservation. It is
usually part of a mitigation hierarchy in which multiple steps (2 or 3)
are considered before resorting to offsetting, including avoidance and
reduction of impacts (Quétier et al., 2014; Gardner et al., 2013; Bull
et al., 2016). Biodiversity offsetting, therefore, concerns the residual
unavoidable predictable impacts of a project. Since the 1970s, biodi-
versity offsetting has attracted growing interest and formalization
(Gelcich et al., 2017); it is now widely incorporated in much environ-
mental legislation and in the charters of businesses (BBOP, 2013). This
tool has broad applicability in delivering the key environmental ob-
jective of “no net loss” (NNL) or even of “net gain” (NG) of biodiversity.

As soon as biodiversity offsetting spread more widely and became
the focus of academic research, reservations were expressed about its
value in biodiversity conservation (Calvet et al., 2015) in terms of its

fundamental principles, methods and effectiveness. More recently,
some authors have stated more directly that it is not an appropriate tool
with which to conserve biodiversity (Bull et al., 2016; Moilanen and
Kotiaho, 2018). The central point of the malaise surrounding biodi-
versity offsetting is the principle of NNL. There is a huge gap between
the scientific definitions of biodiversity in ecology, which include
multiple levels (genetic, specific and ecosystem) and interactions (be-
tween biotic entities and with abiotic components), and what is in-
tended when implementing NNL policies (Bull et al., 2016). It has been
suggested, therefore, that NNL policies should always clearly outline
the “frame of reference against which NNL is to be achieved” (Bull
et al., 2016). Further, the ecological relevance of the tool depends on
which qualitative and quantitative losses are considered in environ-
mental assessments and how gains are generated to ensure equivalence
(Bezombes et al., 2019).

Assessment of losses depends on the administrative procedures that
define obligations. As noted by Bull et al. (2016), official guidelines
generally refer to a comprehensive approach to biodiversity, before
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• 577 ha restaurés pour 
2451 ha impactés.

• 3 % de sols artificiels 
seulement, 81 % 
d’habitats semi naturels Weissgerber M. Et al. 2019. Biological Conservation 237: 200-208



L’objectif : le système !
Lors de la dégradation, les 
rétroactions positives 
renforcent et accélèrent les 
processus dommageables, 
conduisant à un état « 
irréversible » (aucune 
capacité à s'autoréparer).
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+

+
+

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



L’objectif : le système !

Un écosystème dégradé 
n'est plus un système 
puisque la plupart des 
rétroactions négatives ont 
disparu. +

+ +
+

+

+
+

+
+

-

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



Complexité !
Interactions !

Des objets vivants 
(espèces) et non vivants 
(eau, lumière, carbone…) 

qui s’influencent et se 
modifient les uns les 

autres.

Complexité!



there were exceptions to this general trend (Extended Data Fig. 5).
Productivity overshot normal levels when recovering during the year
after extreme (but not moderate) dry and wet events (Extended Data
Fig. 4), which is consistent with damped oscillations, rather than mono-
tonic recovery, of productivity after climate extremes (Extended Data
Fig. 1). Consistent with previous studies9,14–23, biodiversity increased
ecosystem stability (Fig. 1a; F1,37.4 5 28.74, P , 0.001).

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

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

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

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

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

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

Resistance Resilience

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

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

Temporal autocorrelation
rAR1 0.12 (0.025) 20.41 (0.020)

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

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

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

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

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

Our results suggest that biodiversity stabilizes ecosystem productiv-
ity, and probably productivity-dependent ecosystem services, during
climate events that are moderate or extreme. Anthropogenic envir-
onmental changes that drive biodiversity loss will probably decrease
ecosystem stability14 by decreasing the resistance of ecosystem produc-
tivity to climate events. Restoring biodiversity will probably increase
ecosystem resistance to climate extremes, which are forecast to become
increasingly frequent as the global climate continues to change.
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Figure 2 | Effects of biodiversity on stability measures with climate events
defined over shorter or longer durations. Biodiversity consistently increases
resistance; however, biodiversity effects on resilience depend on the direction
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RESEARCH ARTICLE SUMMARY
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FOREST ECOLOGY

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

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

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

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

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

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

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

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

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

CONCLUSION: Our findings highlight the
negative effect of biodiversity loss on forest
productivity and the potential benefits from
the transition of monocultures to mixed-species
stands in forestry practices. The BPR we dis-
cover across forest ecosystems worldwide
corresponds well with recent theoretical ad-
vances, as well as with experimental and ob-
servational studies on forest and nonforest
ecosystems. On the basis of this relationship,
the ongoing species loss in forest ecosystems
worldwide could substantially reduce forest pro-
ductivity and thereby forest carbon absorption
rate to compromise the global forest carbon
sink. We further estimate that the economic
value of biodiversity in maintaining commer-
cial forest productivity alone is $166 billion to
$490 billion per year. Although representing
only a small percentage of the total value of
biodiversity, this value is two to six times as
much as it would cost to effectively implement
conservation globally. These results highlight
the necessity to reassess biodiversity valuation
and the potential benefits of integrating and
promoting biological conservation in forest
resource management and forestry practices
worldwide.▪
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Global effect of tree species diversity on forest productivity. Ground-sourced data from 777,126
global forest biodiversity permanent sample plots (dark blue dots, left),which cover a substantial portion
of the global forest extent (white), reveal a consistent positive and concave-down biodiversity-
productivity relationship across forests worldwide (red line with pink bands representing 95% con-
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diversity always had low pest diversity, but plots with moderate
tree diversity ranged from high to low pest diversity.
On further testing of the robustness of the above result,

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

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

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

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

Discussion
Our results, especially the hump-shaped patterns, suggest that
facilitation and dilution can simultaneously influence pest in-
vasion in the same forest ecosystems (27) (Fig. 1). Both the di-
versity and biomass of the host trees showed significant positive
correlation with pest diversity, indicating the facilitation effect;
in contrast, pest diversity was negatively related to the diversity
and biomass of nonhost trees, suggesting a dilution effect in all
these models (Figs. 1B, 2, and 3 and SI Appendix, Table S2).
Although in general the relative strengths vary with the overall
host community diversity (and the relative proportion of host vs.
nonhost species), the threshold (the peak of the hump-shaped
cloud in Fig. 1) could change with other factors, such as climate,
resource availability, spatial scale, and habitat fragmentation
related to human disturbances (27–29).
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Fig. 1. The relationships between native tree species diversity (host plus nonhost) and pest diversity across the conterminous United States (n = 2,098
counties; symbol size reflects the relative forest area in each county). (A) Results based on second-order quantile regression for each quantile and polynomial
regression for all data (i.e., data in all quantiles combined). The thinner hump-shaped regression curves were based on quantile thresholds of 0.1, 0.25, 0.5,
0.75, 0.85, 0.9, 0.95, and 0.99 from bottom to top, respectively. The corresponding equations and significance for each quantile are given in SI Appendix, Table
S1. The thicker black curve represents the second-order polynomial regression with all data (counties) considered (R2 = 0.17; P < 0.001). In all cases, the pattern
switched from positive to negative. (B) The opposite relationships between host tree species diversity and pest diversity, and between nonhost tree diversity
and pest diversity, across the conterminous United States.
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specialist and generalist nonnative invasive pests showed both
similarities and differences in their relationships with host and
nonhost tree diversity, respectively (Fig. 2). The diversity of both
specialist and generalist invasive pests increased with host tree
diversity, indicating the occurrence of facilitation, but this ef-
fect was stronger for specialists than for generalists (Fig. 2A). In
contrast to their relationships with host tree diversity, both
generalists and specialists exhibited a hump-shaped relation-
ship with nonhost tree diversity; that is, pest diversity first in-
creases when nonhost diversity is low and then decreases when
nonhost diversity becomes very high (Fig. 2B).
The structural equation model (SEM) that included selected

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

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

Discussion
Our results, especially the hump-shaped patterns, suggest that
facilitation and dilution can simultaneously influence pest in-
vasion in the same forest ecosystems (27) (Fig. 1). Both the di-
versity and biomass of the host trees showed significant positive
correlation with pest diversity, indicating the facilitation effect;
in contrast, pest diversity was negatively related to the diversity
and biomass of nonhost trees, suggesting a dilution effect in all
these models (Figs. 1B, 2, and 3 and SI Appendix, Table S2).
Although in general the relative strengths vary with the overall
host community diversity (and the relative proportion of host vs.
nonhost species), the threshold (the peak of the hump-shaped
cloud in Fig. 1) could change with other factors, such as climate,
resource availability, spatial scale, and habitat fragmentation
related to human disturbances (27–29).
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130 210 sites 
d’observation aux USA: au 

delà d’un certain seuil, 
plus les espèces d’arbres

sont nombreuses, plus les 
pathogènes ont du mal à

se disperser.
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Forêt tropicale de Sungai Mahato, Riau, Sumatra, Indonésie

Puig H. 2001. La 
forêt tropicale

humide. Belin, Paris
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A la base, le sol…
Dans les phases initiales de développement 

l’écosystème, le sol constitue la source 
d’énergie et d’éléments (C, N, P…)…

http://www.minersoc.org/photo.php?id=96

http://www.parlonsbonsai.com

https://www.lebulletin.com/cultures/racines-
et-microbes-pour-ameliorer-le-contenu-en-

matiere-organique-du-sol-80491

… pour les micro-
organismes qui 

circulent ensuite dans 
la végétation et les 

animaux.



A la base, le sol…
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EN ÎLE-DE-FRANCE

RENATURER 
LES VILLES

Une expérimentation à Genève montre 
que la croissance des arbres est bien plus 

rapide et saine en l’absence de fosses 
individuelles. ©L. Chabbey, M. Schaller,  

P. Boivin, HEPIA, Genève

À RETENIR 
• La mise en place de trames brunes assurant la continuité des sols permet d’augmenter le volume de 

terre exploitable par les racines des arbres et de faciliter l’infiltration des eaux pluviales. Elles per-
mettent aux arbres de se connecter au niveau des racines et d’échanger des nutriments et informations.

• Les espèces présentes dans le sol, telles que les champignons, les unicellulaires, les vers ou encore les 
petits arthropodes, ont aussi besoin de se déplacer (Mathieu, 2015) pour accomplir leur cycle de vie, se 
reproduire, échapper à des changements ponctuels dans leur environnement, ou recoloniser un milieu 
après un épisode de mortalité, etc. (Chalot, 2016).

• La déminéralisation et la végétalisation des pieds d’arbres permettraient une meilleure colonisation par 
les plantes sauvages (Morel, 2010), en faisant office de « pas japonais » (Pellegrini et al, 2010).

RETOUR D’EXPÉRIENCE 7BIS

RENATURER POUR RECONSTITUER  
DES TRAMES BRUNES (SUISSE)
En bref  : reconfiguration des fosses de plantations 
d’arbres d’alignement.

Au-delà du retrait du revêtement de surface, il peut 
s’avérer pertinent de restaurer la trame brune en 
profondeur en supprimant ou en reconfigurant les 
fosses d’arbres individuelles pour recréer des fosses 
contiguës. Dans le cadre du projet NOS-ARBRES 
(2016-2018), le canton de Genève a produit une syn-
thèse de bonnes pratiques de plantations pour les 
nouveaux arbres et encourage la mise en place de 
fosses contiguës dotées d’un volume suffisant pour 
permettre aux grands arbres d’atteindre leur poten-
tiel d’épanouissement (idéalement de 15 à 100  m3 
de fosse par grand arbre), à la place des fosses indi-
viduelles. Ces mesures ont entrainé une croissance 
des arbres bien plus rapide et saine. Les techniciens 
du canton de Genève recommandent de planter des 
massifs avec des structures complexes (c’est-à-dire 
planter de grands et petits arbres simultanément), 

des assemblages d’espèces variées, avec des arbres 
qui se touchent, dans des fosses contiguës [32].

Renaturer pour diversi!er les habitats 
dans la matrice urbaine
Dans certains cas, la renaturation peut permettre 
de créer de nouveaux habitats propices au vivant en 
ciblant des cortèges spécifiques ou en orientant la 
renaturation vers une trajectoire particulière (prairie 
urbaine, boisement, pelouse naturelle, milieu sablon-
neux, etc.). Dans tous les cas, la diversification des 
habitats permet de multiplier les conditions de vie 
propices à l’installation d’une multitude d’espèces 
aux exigences écologiques différentes. Cette réflexion 
doit se faire à l’échelle de la commune, mais peut 
aussi concerner l’échelle du site en prévoyant une di-
versité d’habitats. Par exemple, la diversification des 
strates de végétation (herbacée, arbustive et arborée) 
offre une diversité de conditions d’accueil pour les 
espèces (Brunbjerg et al, 2018). Dans d’autres cas, il 
est possible de mettre en œuvre une approche cen-
trée sur une ou des communautés d’espèces afin de 
favoriser certains groupes ou un milieu particulier.

Deboeuf et al. 2022. Renaturer les 
villes. Méthode, exemples et 

préconisations. Agence régionale
de la biodiversité d’Ile de France



Renaturer = copier !

• Copier la nature = établir des écosystèmes 
fonctionnels = maximiser la biodiversité.

• Circulation des individus, circulation des 
informations génétiques.

• Insertion dans un système plus vaste: 
continuité fonctionnelle (et physique).

• Fermer les cycles (eau, éléments nutritifs)



Merci pour votre attention !


