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"Definitions of habitats, or rather lack of it, is one of the chief blind spots in Zoology.”

Charles Sutherland Elton, 1966






« Tout paysage se présente d’abord comme un immense désordre qui laisse libre de

choisir le sens que ’on préfére lui donner. »

Claude Levi Strauss, 1955
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Resumé

Le constat actuel d’une perte de biodiversité est largement partagé au sein de la com-
munauté scientifique mais également auprés du public et du monde politique. I.’attention
portée depuis plus d'une décennie aux changements climatiques et a leurs effets sur la bio-
diversité a parfois conduit a négliger le principal facteur d’érosion de la biodiversité : la
destruction des habitats. Méme s’il n’est pas oublié, ce facteur reste cependant moins étu-
dié car plus difficile & cerner ou mesurer. En effet, les relations qui lient les espéces a leurs
habitats sont complexes et mesurer un changement de température semble plus abordable
dans I'absolu qu’analyser un changement dans ’habitat, surtout quand ce dernier n’est
pas clairement défini. La question de la définition et de la représentation de ’habitat en
écologie est ainsi a la base de ce projet de thése, qui vise a mieux connaitre les relations

qui lient espéces et habitats pour mieux comprendre 1’érosion de la biodiversité.

Le but de cette thése est d’étudier les relations entre espéces et habitats avec un focus
particulier sur leurs différentes composantes : (i) ’habitat, a travers la question de sa
définition en écologie et de son importance en conservation, (ii) les liens entre espéces et
habitats, a travers la question des échelles spatiales et (iii) les espéces, a travers la question
de leur spécialisation aux habitats. J’ai donc abordé dans une premiére partie I’histoire et
I’évolution du concept d’habitat en écologie et a ses implications en conservation. Je me
suis ensuite focalisé sur divers aspects qui régissent les relations écologiques entre espéces
et habitats.

En particulier, dans une seconde partie et a travers le prisme de I'écologie du pay-
sage, je me suis intéressé aux problématiques autour des effets d’échelles spatiales via une
étude sur la distribution d’espéces d’arthropodes dans les paysages métropolitains mesu-
rés a différentes échelles spatiales. J’ai pu mettre en évidence que les échelles spatiales de
réponses des espéces aux mesures du paysage sont trés variables et ceci indépendamment
de la représentation choisie du paysage. La théorie prédirait pourtant une certaine co-
hérence en fonction par exemple de certains traits écologiques. Ce cas d’étude démontre
plus largement que les relations entre espéces et mesures de I'environnement ne sont pas

forcément substituables et que I’échelle spatiale en est I'une des principales raisons.

Dans une troisiéme partie, je me suis concentré sur la spécialisation des espéces et jai
taché de comprendre comment des espéces dites spécialistes pouvaient se répartir le long
d’un gradient continu d’habitat. Selon leurs niveaux de spécialisation, j’ai pu montrer que
les espéces ne se répartissaient pas de maniére similaire le long du gradient. Les espéces

spécialistes sont plus particuliérement présentes dans les milieux homogénes du gradient

viil



et semblent s’effacer au profit d’espéces plus généralistes dans les milieux hétérogénes. 11
apparait donc qu’il n’y aurait pas de spécialisations particuliéres des espéces aux milieux

hétérogénes.

La derniére partie aborde I'implication du concept d’habitat dans les politiques pu-
bliques de conservation en prenant comme exemple 'une des plus importantes politiques
de conservation au niveau mondial, la directive Habitats de I’'Union européenne. J’ai pu
évaluer la directive Habitats en analysant différents critéres, touchant autant a ses abou-
tissements qu’a sa construction et a sa légitimation en matiére de conservation. A travers
des exemples concrets et ’analyse du corpus bibliographique, j’ai pu identifier d’impor-
tantes lacunes de connaissances au sein de la directive qui entravent ces critéres. Ce travail
met en évidence un découplage entre les aspects scientifiques et leurs applications dans
la directive et questionne 'opportunité d’utiliser le niveau habitat pour répondre a des

problématiques de conservation.
Finalement, ce travail de thése a permis de mettre en évidence certaines complexités

qui gouvernent les relations entre espéces et habitats et il offre des pistes pour mieux les

appréhender et pousse aussi a penser autrement ces relations pour mieux les comprendre.
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Chapitre 1

Introduction !

1.1 La crise de la biodiversité : différents facteurs et un

mauvails focus

Le constat d’un déclin important de la biodiversité du fait de changement environ-
nementaux d’origine anthropique est aujourd’hui largement partagé dans la communauté
scientifique et méme dans la société (Collen et al., 2009; Pimm et al., 2014). Derriére le
terme « biodiversité », on peut mettre beaucoup de choses mais force est de constater que
quel que soit le référentiel de biodiversité considéré, on montre actuellement une baisse,
que ce soit en termes de nombres d’espéces au niveau global, en termes d’abondances
ou encore de complexité des interactions entre espéces ou méme de nos relations, de nos
expériences, en tant qu’humain, a cette biodiversité (Soga et Gaston, 2016; Chan et al.,
2016). Pourtant, il est aussi largement reconnu que la biodiversité joue un role central
et important, par exemple en octroyant & ’humanité des services gratuits, dits services
écosystémiques (Mace et al., 2012; Bennett et al., 2015; Oliver et Roy, 2015).

Les facteurs anthropiques de cette baisse sont multiples et eux aussi de mieux en mieux
reconnus. Les changements d’utilisation des sols, le changement climatique, les pollutions,
la surexploitation ou encore les espéces invasives sont parmi les facteurs principaux (Per-
eira et al., 2012) mais ils sont rarement étudiés de maniére conjointe dans les « scénarios
de biodiversité » qui visent a comprendre et prédire I'impact de ces facteurs sur la biodi-
versité (Titeux et al., 2016a). La création du Groupe d’experts intergouvernemental sur
I'évolution du climat (GIEC) en 1988 et les travaux de recherche qui en ont découlé ont

joué un role majeur dans la prise de conscience de I'importance du changement clima-

1. Ce chapitre introductif reprend certains passages du rapport de synthése bibliographique sur les
relations entre les espéces et leurs habitats publiés pour le compte du « Ministére de ’écologie » (der-
niére dénomination en date : Ministére de ’environnement, de ’énergie et de la mer) via le Service du
Patrimoine Naturel (SPN, Jeanmougin et al., 2014). Ce rapport est consultable depuis le site internet du
SPN.


http://spn.mnhn.fr/spn_rapports/archivage_rapports/2015/SPN%202014%20-%2054%20-%20EspeceHabitat_final_07092015.pdf
http://spn.mnhn.fr/spn_rapports/archivage_rapports/2015/SPN%202014%20-%2054%20-%20EspeceHabitat_final_07092015.pdf

1.1 La crise de la biodiversité : différents facteurs et un mauvais focus

tique, accentuant d’autant plus la recherche en écologie sur ce facteur (i.e. le changement
climatique). En effet, le changement climatique est devenu central dans ’étude des scéna-
rios de biodiversité. Dans une récente analyse Titeux et al. (2016b) ont montré que 85%
des recherches qui s’intéressent a des projections futures de biodiversité ne s’intéressent

qu’aux changements dans les conditions climatiques (Figure 4.4).
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FIGURE 1.1 — Estimation des I'utilisation de données issues des scénarios de changement
climatique, de mode d’occupation et d’utilisation des terres et des deux combinés pour
expliquer les scénarios de biodiversité. Tiré de Titeux et al. (2016b).

Cependant, le changement climatique n’a jamais été caractérisé comme la premiére
cause d’érosion de la biodiversité méme si son impact pourrait aller en se renforcant dans
les prochaines décennies (Bellard et al., 2012). Les changements de mode d’occupation
des sols induits par les activités anthropiques et donc la dégradation et la destruction
des habitats sont depuis longtemps considérés comme la premiére cause du déclin de la
biodiversité (Dirzo et Raven, 2003; Newbold et al., 2015). Au niveau global, ces change-
ments sont principalement dus a 'augmentation des terres agricoles et a I'urbanisation.
Par exemple, Ellis et al. (2010) évalue que la surface des terres utilisées pour 1'agriculture
et 'environnement urbain est passée de 5% en 1700 & 39% en 2000. La composition des
communautés d’espéces semble dépendre fortement des différents modes d’utilisation des
sols. Ainsi, les changements dans les usages des sols et leur forte homogénéisation induisent
une homogénéisation globale des communautés d’espéces (Newbold et al., 2016). De plus,
la destruction directe des habitats d’espéces induite par ces changements d’usages des

sols impacte fortement les populations des espéces et cela de maniére directe mais aussi



INTRODUCTION

décalée dans le temps (e.g. le principe de la dette d’extinction; Tilman et al., 1994).
Ainsi, la fragmentation des habitats est 'un des principaux facteurs qui tend & réduire la
persistance des populations.

Les mécanismes expliquant 'impact de la fragmentation sur les espéces ont été large-
ment étudiés et plusieurs théories générales ont émergé pour expliquer ces patrons (Haila,
2002). La théorie de la biogéographie insulaire (MacArthur et Wilson, 1967) est 'un des
cadres théoriques majeurs permettant de prédire les effets de la perte d’habitat et de la
fragmentation sur les espéces (Figure 1.2). Cette théorie, d’abord pensée par l’exemple
insulaire, s’applique également pour comprendre la persistance des espéces dans un pay-
sage comme une dichotomie entre une matrice, négative ou neutre pour l'espéce et des
« flots » d’habitat dans cette matrice ol 'espéce persiste. L’autre grande théorie est la
théorie des métapopulations (Hanski, 1998) qui découle de la théorie de la biogéographie
insulaire et met en exergue les relations existant entre les populations pour expliquer leurs
persistance. Cependant, d’un point de vue empirique, les résultats sur 'impact de la frag-
mentation montrent certaines contradictions (Betts et al., 2014) et les modéles théoriques,

leurs limites.
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FIGURE 1.2 — Représentation graphique de la théorie de la biogéographie insulaire (Ma-
cArthur et Wilson, 1967). Le nombre d’espéces sur une ile va dépendre de sa surface (plus
I'ile est grande, plus elle contiendra d’espéces) et de sa distance au continent (i.e. la source,
plus I'ile en est proche, plus elle contiendra d’espéces) régit par les mécanismes écologiques
de colonisation /extinction. Les points A, B, C et D correspondent & des compromis entre
ces deux facteurs. Cette théorie peut étre transposée a un paysage théorique composé
d’une dichotomie entre matrice et habitat. Plus le patch d’habitat dans la matrice sera
grand, plus il contiendra d’espéces (ou d’individus) et plus il sera proche d’un autre patch
source, plus le nombre d’espéces ou d’individus sera important.

Meéme si la destruction des habitats est la premiére cause du déclin de la biodiversité



1.2 Espéces et habitats : des définitions complexes

peu d’études s’appliquent a intégrer le facteur « habitat » dans ’analyse des scénarios
de biodiversité (Figure 4.4). Le GIEC a donné des outils trés performants aux écologues
pour qu’ils puissent analyser I'impact du changement climatique sur la biodiversité mais il
n’existe pas réellement aujourd’hui d’outils similaires pour prédire les changements dans
I'utilisation et 'occupation des sols. Il manque I'impulsion d’une plateforme scientifique
générale identique au GIEC pour coordonner de telles modélisations. La plateforme inter-
gouvernementale sur la biodiversité et les services écosystémiques (IPBES) devrait jouer
ce role dans le futur (Titeux et al., 2016b).

Prédire et comprendre 'impact des changements d’usages des sols sur la biodiversité
est au coeur des problématiques de ’écologie et reléve donc d’une meilleure compréhension
des relations qui lient les espéces a leurs habitats. Si les espéces sont 1'une des pierres
angulaires de la conservation, elles peuvent s’étudier a différents niveaux d’organisation, de
Iindividu jusqu’a 'espéce comme entité a part entiére. On peut ainsi s’intéresser a I’espéce
dans son ensemble (e.g. extinction d’une espéce) ou seulement a certaines populations
ou a des individus en particulier. L’habitat quant a lui est I'un des paradigmes le plus

fondamental en écologie et pourtant 'un des moins questionné (Mitchell, 2005).

1.2 Espéces et habitats : des définitions complexes

« Espéce » et « Habitat » sont deux concepts centraux en écologie. Cette partie aborde
ces deux concepts et présente comment ils se définissent dans le cadre de ’étude de leurs

relations.

1.2.1 L’espéce

De nombreuses définitions du concept d’espéce ont jalonné I’histoire des sciences(Cracraft,
1989; Jolly, 2014; Mallet, 2008; Queiroz, 2007; Ruse, 1969; Simpson, 1951). La définition
de Mayr (1942), basée sur un concept biologique de la notion d’espéce, fait partie des plus
connues. Elle statue qu’une espéce est une population ou un ensemble de populations,
dont les individus peuvent effectivement ou potentiellement se reproduire entre eux et
engendrer une descendance viable et féconde, dans des conditions naturelles. On parle
alors d'un critére d’interfertilité. Mais d’autres définitions du concept ont émergé basées
sur des approches génotypiques ou encore en lien avec la théorie de la niche écologique
(Mayr, 1963).

Un consensus semble aujourd’hui se former autour d’une définition plus évolutive pre-
nant en compte I'histoire évolutive des espéces par ’étude des lignées (Jolly, 2014; Mallet,

1995; Queiroz, 2005, 1998). Une espéce est ainsi définie comme un ensemble d’individus

4



INTRODUCTION

ou de populations ayant une histoire évolutive indépendante d’autres populations. Ce-
pendant, malgré ce consensus, des questions similaires demeurent car lorsqu’il s’agit de
ségréger concrétement les unités évolutives indépendantes, on retombe sur les mémes cri-
téres : interfertilité, divergence moléculaire, caractéres morphologiques, niche écologique,
biogéographie, etc. Le débat est encore aujourd’hui important au sein de la communauté
scientifique autour de cette notion d’espéce et surtout autour des critéres applicables en
pratique (Hey et al., 2003; Queiroz, 2007) pour délimiter ces entités taxonomiques.
Cependant, lorsque l'on aborde la question des relations entre les espéces et leurs
habitats, on s’intéresse a différents niveaux d’organisation biologique. Dans cette relation,
lespéce, qui a la base désigne donc une entité taxonomique, est en fait généralement
abordée au niveau de la population et de I'individu. Ainsi, dans ce manuscrit, le débat
scientifique autour de la notion d’espéce sera laissé de coté car répondant plus a des
problématique taxonomiques. Les travaux effectués n’apportent pas de réponses pour ce
qui est de la définition méme de 'espéce en général mais nous utilisons le concept pour
simplement délimiter les entités taxonomiques. Par contre, pour ce qui est du concept
d’habitat, beaucoup plus central dans les questions écologiques abordées dans la theése,

une réflexion plus importante est nécessaire ici.

1.2.2 L’habitat

Le concept d’habitat est, comme celui d’espéce, complexe dans sa définition (Boullet,
2003) mais c’est pourtant un terme extrémement courant aujourd’hui dans le langage
scientifique, technique mais aussi politique. En écologie scientifique, ¢’est un terme ancien
(Carpenter, 1956; Yapp, 1922). Lorsque Ernest Haeckel introduit le terme écologie en
1866, celui-ci signifie littéralement « science de 'habitat » (dérivé d’oikos signifiant «
demeure » en grec). Malgré son importance centrale en écologie, ¢’est un concept qui n’a
recu que peu d’attention sémantique du fait de sa grande complexité.

Certains auteurs ont tout de méme relevé le défi et ils ont tous, au minimum, pointé
le flou qui entoure le concept d’habitat et les confusions que cela engendre (e.g. Block et
Brennan, 1993; Gaillard et al., 2010; Udvardy, 1959; Mitchell, 2005). Tous ont également
plaidé pour qu’une rationalisation des différentes définitions existantes soit entreprise (Da-
vis, 1960; Hall et al., 1997) ou encore appelé a une redéfinition du concept basée sur des
approches différentes (Dennis et al., 2014, 2003). Le concept d’habitat reste ainsi I'un
des paradigmes de I’écologie scientifique le plus fondamental mais aussi le moins discuté
et le moins remis en question. Elton (1966) écrivait d’ailleurs & ce propos « Definitions
of habitats, or rather lack of it, is one of the chief blind spots in Zoology ». Conserver
une définition imprécise pour un concept aussi fondamental ne peut qu’engendrer des dis-

cussions et conclusions ambigués et des problémes au sein des pratiques de conservation



1.2 Espéces et habitats : des définitions complexes

(Dennis et al., 2014; Mitchell, 2005). Dés 1991, Peters (1991) soutient qu’il faut rendre
opérationnel les concepts en écologie et cela en passant par de meilleures définitions, en
particulier celle de ’habitat. Murphy et Noon (1991) montrent par exemple que les termes
« habitat » et « critique » n’ont jamais été définis précisément et indépendamment, ce
qui a engendré des difficultés dans la détermination de ce qu’était un « habitat critique
» pour la réalisation de listes d’espéces protégées (voir aussi Camaclang et al., 2014).
Finalement, il est encore aujourd’hui impossible de donner une définition consensuelle de
I’habitat méme si plusieurs idées maitresses se sont structurées lors du développement de

I’écologie. L’habitat peut ainsi se définir par :

— une association avec les individus et/ou des communautés d’espéces
— un espace géographique, plus ou moins étendu,

— des conditions de vie caractérisées et spécifiques,

un changement possible au cours du temps.

Ces quatre larges idées ont fait émerger une grande quantité de représentations et de
définitions de 'habitat. Nous regrouperons celles-ci dans trois approches principales per-
mettant une caractérisation de I’habitat : I’habitat espéce-centré, I’habitat communauté-
centré et I’habitat anthropocentré (ces deux derniers pouvant étre qualifies d’habitats

catégoriels).

— Habitat espéce-centré

L’approche « espéce-centrée » s’appuie sur la théorie de la niche pour représenter les
habitats des espéces. Le concept de « niche » est apparu pour la premiére fois dans les
travaux de Grinnell (1917b) comme la place occupée par une espéce dans son assemblage
(via des interactions biotiques mais aussi des variables abiotiques). Il a ensuite été réutilisé
par Elton (1927) dans un sens proche et compatible avec I’approche de Grinnell (Poche-
ville, 2015; Chase et Leibold, 2003) mais redéfini sous le concept de niche fonctionnelle
(Whittaker et al., 1973). Hutchinson (1957) a grandement popularisé et conceptualisé la
niche écologique en s’appuyant largement sur 'approche développée par Grinnell. La niche
écologique est ainsi définie sous la forme d’un hypervolume défini par les n variables en-
vironnementales affectant une espéce. Cette niche fondamentale représente 'entiéreté des
possibilités de présence d’une espéce définie par les variables environnementales. Cepen-
dant, du fait des interactions entre espéces (par exemple la compétition), I'espéce peut
étre exclue de certaines parties de la niche fondamentale. La niche résultante est alors

appelé la niche réalisée (Figure 1.3).
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FIGURE 1.3 — Représentation de la niche écologique fondamentale (traits pointillés) et
réalisée (traits pleins) le long de deux axes environnementaux hypothétiques. Adapté de
Poisot et al. (2011).

L’utilisation de cette approche « espéce-centrée » s’explique facilement. D’une part
parce que la théorie de la niche écologique a été particuliérement développée pour mieux
expliquer les régles d’assemblage et de coexistence des communautés a la suite de son
développement par Hutchinson (1957). Ceci correspond a « I’age d’or » de la théorie de
la niche écologique et contribue a sa trés large diffusion (Pocheville, 2015). D’autre part,
laccés a des données d’habitats catégoriels n’est pas toujours possible ou peu pertinent
dans les études scientifiques selon les questions posées. Ainsi, I’habitat est assez largement
décrit comme un ensemble de variables, soit relevées sur le terrain en méme temps que les
relevés des espéces par I'observateur, soit rassemblées a partir de mesures a large échelle.
L’habitat peut ainsi étre variablement décrit au niveau local comme une matrice complexe
de variables environnementales. Cette matrice est pertinente principalement dans I’étude
pour laquelle elle est utilisée et s’apparente plus globalement a une formalisation simple

de la niche écologique des espéces (en lien avec la définition de Hutchinson (1957) de la
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niche écologique).

— Habitat communauté-centré

En milieu terrestre, ’approche « communauté » trouve ses racines dans les principes de
la phytosociologie. La phytosociologie vise & caractériser les assemblages d’espéces homo-
génes (groupements végétaux, notamment les associations végétales) pour in fine décrire
les habitats naturels. Cette approche scientifique s’est particuliérement développée en Eu-
rope de Pouest (Chytry et al., 2011). Les premiers travaux s’intéressant aux associations
d’espéces végétales remontent au début du XXéme siécle (Braun-Blanquet, 1928; Fla-
hault et Schroter, 1910) jusqu’aux prémices de ’écologie en générale (Guinochet, 1973).
La phytosociologie connait également des développements récents comme les approches
dites symphytosociologiques (ou phytosociologie paysagére) qui permettent de décrire le
paysage végétal sur une base phytosociologique mais a ’échelle du paysage (Chalumeau
et Bioret, 2013).

La gestion des espaces naturels en Europe s’appuie principalement sur les référentiels
d’habitats basés sur les résultats d’études phytosociologiques (Blasi et al., 2005; Bre-
denkamp et al., 1998; Chytry et al., 2011; Rekdal et Bryn, 2010). La catégorisation des
habitats sur une base phytosociologique a I’échelle européenne a commencé avec le référen-
tiel CORINE biotope (Coordination of Information on the Environment ; Devillers et al.,
1991) pour aujourd’hui s’harmoniser au sein du programme EUNIS (European Union
Nature Information System ; Davies et al., 2004; Moss, 2005). Les habitats ainsi décrits
sont aujourd’hui devenus 'un des piliers des politiques européennes de conservation de la
nature (Bunce et al., 2013) en particulier par leur caractére potentiellement intégrateur
(voir partie 1.4 sur la « surrogacy »). Ce caractére intégrateur pourrait permettre d’uti-
liser les habitats de maniére pertinente pour surmonter ’obstacle que représente 1’étude

des espéces seules.

Ainsi, Evans (2006) indique que la majorité des types d’habitats de la Directive «
Habitats » européenne sont définis a partir de communautés végétales et il reconnait
d’ailleurs que ces types d’habitats sont plus correctement définissables comme des bio-
topes ou des complexes de biotopes. En effet, 'approche phytosociologique (et donc
communauté-centrée) de la description des habitats est critiquée par certains auteurs
a cause du raccourci qu’elle engendre entre « habitat » et « association végétale » ou «

type de végétation » (e.g. Hall et al., 1997).

— Habitat anthropocentré
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L’approche « anthropocentrée » définit les habitats par I'usage des sols, souvent a
I’échelle du paysage. Cependant, dans cette définition, on ne parle pas explicitement d’ha-
bitats mais de mode d’occupation du sol ou de mode d’utilisation du sol (« landcover » et
« landuse » ). La distinction sémantique est ainsi plus marquée. A partir de cartographie de
modes d’occupation du sol (MOS ; Zonneveld, 1989), les acteurs de la conservation (scien-
tifiques, gestionnaires, etc.) cherchent a regrouper des zones homogénes (par exemple :
foréts, prairies, milieux agricoles, paysage ouvert, etc.). Ces classes de mode d’occupation
ou d’usage du sol sont le principal moyen utilisé pour caractériser les unités qui composent
les paysages 2. L’utilisation de ce type de données comme substitut & des données d’habi-
tats se justifie aujourd’hui avec le besoin de données d’habitat a large échelle (nationale,
continentale ou mondiale), qui ne sont tout simplement pas disponibles dans les deux

autres approches.

Différents outils existent pour cartographier les modes d’occupation du sol (Ichter
et al., 2014). Certaines cartographies sont ainsi basées sur des analyses de photo-interprétation
a partir d’orthophotographies aériennes. Des études de terrain sont menées conjointement
pour valider les photo-interprétations du mode d’occupation du sol. Un autre type d’outil
passe par lanalyse de données d’images satellitaires (télédétection) et permet de s’inté-
resser a des échelles encore plus larges (Blaschke, 2010; Horning, 2010; Kerr et Ostrovsky,
2003; Recio et al., 2013; Pettorelli et al., 2014). A partir de données satellitaires, les
analyses permettent de regrouper des zones homogénes selon différentes variables (e.g.
la réponse spectrale de la végétation). Cela permet aujourd’hui de caractériser des zones
homogénes qui sont regroupées et reliées a des définitions d’habitats, produisant ainsi une
nouvelle typologie associée a 'outil et & une cartographie. La combinaison des approches
permet d’obtenir des cartographies de MOS ayant un bon compromis entre précision des
données et étendue spatiale. Par exemple, a 1’échelle européenne, une base de données du
MOS existe dans le cadre du programme Corine de ’Agence Européenne de 'Environne-
ment. Il s’agit de la base de données géographique Corine Land Cover (CLC, Figure 1.4).

Les outils de télédétection sont particuliérement mis en avant aujourd’hui pour I'ob-
tention de données d’habitat & large échelle (Pereira et al., 2013; Tuanmu et Jetz, 2014),
par exemple dans les projets MODIS Global Land Cover (Friedl et al., 2002), GlobCover
(Arino et al., 2008) et DISCover (Loveland et Belward, 1997). Cependant, I'exploitation
des données de télédétection reste difficile pour les acteurs de la conservation, surtout
d’un point de vue technique, principalement du fait d’'un manque de dialogue avec la

communauté scientifique de la télédétection, quand bien méme ces données pourraient

2. La définition de paysage est elle méme un sujet de débat. Elle est variable en fonction des taxons et
des études. Généralement, le paysage va étre défini en fonction de 1’échelle spatiale et selon les organismes
considérés. C’est un niveau d’organisation intermédiaire entre ’échelle locale (i.e. environnement direct)
et P’échelle régionale (i.e. macro-échelle; Dunning et al., 1992; Turner, 1989). Voir ci-dessous 1.3.1.
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FIGURE 1.4 — Exemple de la cartographie Corine Land Cover (CLC) pour la France.
Cette cartographie des modes d’occupations et d’utilisation des sols se décline a I’échelle
européenne.

améliorer les suivis de la biodiversité et les cartographies d’habitats (Corbane et al., 2014;
Vanden Borre et al., 2011).

En résumé

Le débat autour de l'importance de la définition du concept (ou des concepts) d’habitat
reste étonnamment restreint en écologie. Autant le débat sur le concept d’espéce ne semble
pas pertinent dans le cadre de cette thése, autant il a semblé difficile de faire I'impasse
sur une réflexion autour du concept d’habitat. Cette introduction présente la multiplicité
des définitions et caractérisations de I’habitat et comment chaque communauté d’acteurs
de la conservation s’approprie chacune de ces définitions. Ainsi, la variété des objectifs
et des contextes de travail qui caractérise la conservation de la biodiversité interagit de
facon complexe avec les méthodes de caractérisation de I’habitat et ses définitions. Le
deuxiéme chapitre de cette thése propose donc une lecture et analyse historique du concept
d’habitat et apporte des éclairages supplémentaires sur certains points évoqués dans cette
introduction. Il permet également de s’intéresser a quelques concepts clés dérivés de celui
d’habitat et de voir comment ambiguité autour du concept d’habitat s’applique a ses

concepts connexes.

10



INTRODUCTION

1.3 Les mesures écologiques des relations entre espéces
et habitats

1.3.1 Habitats et paysages

Ecologie des paysages Les définitions des relations entre espéces et habitats se référent
souvent a une représentation particuliére de I’habitat. Selon comment on va définir I’habi-
tat, les relations observées avec les espéces seront différentes. Ceci complexifie grandement
les généralisations et peut entrainer des problémes importants dans les conclusions des
études. Il existe une grande variété de représentations des habitats (voir ci-dessus 1.2.2).
Dans le cadre de cette thése, lorsque nous avons abordé les aspects écologiques des re-
lations entre espéces et habitats, nous nous sommes appuyés en particulier sur I'un des
domaines de 'écologie qui a le plus conceptualisé les relations entre espéces et habitats
dans I'espace : 1’écologie des paysages >.

L’écologie des paysages s’est rapidement imposée comme le cadre théorique principal
d’analyse des relations spatiales entre les espéces et leurs habitats. Comme mentionné
au début de l'introduction, le développement de I’écologie des paysages s’est appuyé la
théorie de la biogéographie insulaire (MacArthur et Wilson, 1967) et la théorie des mé-
tapopulations (Hanski, 1998), qui ont fortement influencé 1’écologie des paysages. Elles
ont également conduit a concevoir le paysage sous une forme binaire composé de ’habitat
d’une espéce, positif pour celle-ci et d’une matrice, a tendance négative (ou neutre). Cette
classification s’opére le plus souvent a prior: et représente une simplification extréme du
paysage. Elle permet d’appliquer facilement les modéles issus des théories évoquées ci-
dessus (e.g. réponse des espéces a la fragmentation de leur habitat).

Cependant, le développement de I'écologie du paysage a montré que les espéces pou-
vaient avoir des relations plus complexes avec les paysages. Au-dela de la simple dicho-
tomie entre un habitat et une matrice, les paysages peuvent aussi étre considérés comme
un ensemble de patchs de différentes natures que ’on peut classifier en fonction de leur
homogénéité. Ces unités paysagéres et en particulier leur configuration et composition
dans les paysages sont aujourd’hui la principale approche utilisée pour étudier les liens
entre les espéces et les paysages. L’un des facteurs le plus important est 'hétérogénéité de
ces paysages (Fahrig et al., 2011). En effet, le paysage n’étant plus considéré en fonction
de Iespéce (i.e. habitat/matrice), une espéce peut étre reliée particuliérement & un type

de patch ou a plusieurs types de patch en fonction des ressources nécessaires a 'espéce

3. Ou écologie du paysage. Les deux appellations sont possibles en frangais sans qu’un consensus existe.
Sauf erreur d’habitude, je préférerai dans le manuscrit la dénomination « écologie des paysages » plutot
que « écologie du paysage » car cette derniére induit qu’il n’y a qu’un paysage unique, ce qui, & la vue
de la diversité des paysages existants, n’est pas fondé.
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présentes dans chacun des types de patch.

Le role de ’hétérogénéité sur la biodiversité est complexe et va tout autant dépendre
du groupe taxonomique considéré que de la maniére dont les paysages sont caractérisés
(Benton et al., 2003; Stein et Kreft, 2014; Fahrig et al., 2015). 11 est difficile de sta-
tuer sur un effet consensus positif ou négatif de I'hétérogénéité sur la biodiversité car
les mécanismes sous-jacents sont difficiles a détecter. Plusieurs approches théoriques ont
été néanmoins proposées dans la littérature. Un effet positif de I’hétérogénéité des pay-
sages sur la biodiversité peut par exemple s’expliquer par le fait que des espéces peuvent
avoir besoins de différents types d’unités du paysage simultanément (pour l'accés a des
ressources particuliéres) ou successivement (par exemple, les insectes hémimétaboles ne
vivent pas dans les mémes conditions environnementales entre la phase larvaire et la phase
imago). Dans ces cas 14, on parle de 'hypothése de « landscape complementation » (Fi-
gure 1.5). Cependant, il faut noter que cet effet de complémentation peut s’observer a
deux échelles d’organisation biologique différentes : 'espéce et la communauté. Au niveau
de l'espéce, une population pourra montrer une abondance plus importante lorsqu’une
combinaison de ressources particuliéres est présente. Au niveau de la communauté, du
fait de la diversité des unités paysagéres, un plus grand nombre d’espéces pourra s’ob-
server (cf. Figure 1.5) . La complémentation s’observe a ces deux échelles d’organisation
biologique mais pas forcément aux mémes échelles spatiales.

Pour s’affranchir de la complexité de mesurer les paysages a I'aide de métriques qui
rendent compte de ’hétérogénéité et de la problématique de la caractérisation les unités
paysagéres, Fischer et Lindenmayer (2006) ont proposé un modéle théorique ou il ne
s’agit plus de décrire les paysages comme un ensemble d’entités mais plutot comme un
continuum ou un gradient environnemental. Ce modéle semble plus a méme d’identifier
les processus écologiques régissant les relations entre les espéces et les paysages qu’un
modéle basé sur une représentation catégorisée de 'espace. En effet, il permet de relacher
certaines hypothése inhérentes & une approche catégorisée du paysage, comme celle sur la
définition des patchs tout en permettant d’analyser plus directement les relations entre les

processus écologiques et les patrons de distribution des espéces (Fischer et Lindenmayer,
2006).

Echelle spatiale Cependant, que les relations entre espéces et habitats soient explicitées
dans des paysages catégoriels ou continus, elles n’échappent pas a 'une des problématiques
majeures de 1’écologie du paysage : I’échelle spatiale. Les écologues ont mis longtemps
avant de s’approprier la notion d’échelle dans toute sa complexité. Wiens (1989) mentionne
dans son article séminal « Spatial Scaling in Ecology » , le caractére anthropocentrique des

échelles alors couramment utilisées, c’est-a-dire une approche relativement intuitive des
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Species found only in landscapes
with both cover types

Species found only in cover type 2

Species found in either cover type 1
or cover type 2

Species found only in cover type 1

Animal biodiversity in landscape

Only Only Both cover
cover type 1 cover type 2 types are
is present is present present

FIGURE 1.5 — L’hypothése de « landscape complementation » au niveau de la commu-
nauté. Dans cet exemple, si un paysage est composé d’une combinaison des unités pay-
sagéres 1 et 2, on s’attend a observer plus de biodiversité (i.e. plus d’espéces) car on
observera dans ce paysage les espéces spécialistes des deux unités mais aussi les espéces
qui tirent partie de la combinaison de ces deux types d’unité paysagere ainsi que les
espéces présentes dans I'une ou 'autre des unités paysagéres. Tiré de Fahrig et al. (2011).

échelles d’analyse, compréhensibles et perceptibles par 'homme. Il précise aussi I’existence
d’une certaine redondance des échelles utilisées d’une étude a 'autre, soit par habitude,
soit par souci de comparaison. Mais aussi et surtout, il avance ’absence, a cette époque,

de moyen technique permettant de multiplier les échelles considérées.

Aujourd’hui, la notion d’échelle spatiale est devenue récurrente dans les études en éco-
logie et la bonne articulation de cette notion avec les phénomeénes et processus écologiques
étudiés est un enjeu scientifique majeur. Les problématiques autour de I’échelle spatiale
vont avoir des impacts a divers niveau. (Généralement, la notion d’échelle spatiale se dé-
finit par trois composantes : le grain, I’étendue et la résolution. Le grain correspond a
I'unité d’observation. Celle-ci peut étre de forme standard, comme un pixel, ou de forme
variable, telle une entité administrative (commune), un objet physique (cours d’eau, ma-
rais, forét,...) mais aussi un groupe d’entités (communauté de communes). Plus le grain
est petit, plus I'information est détaillée et plus le grain est grand, plus 'information est
grossiére. [’étendue correspond & la surface retenue pour 'analyse, parfois aussi appelée
emprise spatiale. La résolution correspond au rapport du grain sur 1’étendue. Modifier
la résolution spatiale des données en jouant sur le grain ou I’étendue est une opération

qui fait 'objet de nombreuses recherches actuellement. La difficulté est bien évidemment
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de réaliser ces opérations sans détériorer ou trahir 'information initiale. De nombreuses
publications préférent d’ailleurs proposer des outils et indicateurs permettant de choisir
I'échelle d’analyse la plus pertinente pour une donnée spatialisée (Lechner et al., 2012;
Borcard et al., 1992) plutot que de développer des méthodes pour modifier correctement
I’échelle spatiale des données, bien que les avancées dans ces deux champs s’influencent
considérablement 'une et autre (Wu, 2004). C’est en jouant sur la taille du grain et I’éten-
due spatiale que les études actuelles cherchent a mieux comprendre les relations existantes
entre ’échelle d’analyse et I'observation des phénomeénes écologiques. D’un point de vue
purement théorique, il s’agit de réduire ou agrandir la taille du grain et celle de I’étendue,
soit dans le but d’observer le comportement d’'un méme phénoméne a plusieurs échelles
d’analyse, soit dans le but de trouver la meilleure échelle d’analyse pour un phénomeéne
étudié.

De nombreuses études traitent ainsi du comportement des mesures du paysage (i.e.
composition, configuration, etc.) & travers les échelles spatiales et ses trois composantes
(Cain et al., 1997; Schindler et al., 2013; Lechner et Rhodes, 2016). Par exemple, Buyan-
tuyev et Wu (2006) ont montré que selon la résolution thématique des données, il peut
y avoir de grandes différences dans les valeurs des métriques de composition ou de confi-
guration du paysage. Ceci corroborant les résultats aussi observés pour le grain. Cepen-
dant, au-dela du comportement des mesures du paysage a travers les échelles spatiales, il
convient aussi d’étudier quelle est 1’échelle spatiale des relations entre les espéces et les
paysages *. Cette question est cependant moins étudiée méme si les travaux traitant de ces
problématiques se sont développés rapidement. C’est sur cet aspect précis que portera le
troisiéme chapitre de cette thése. Cette échelle spatiale est considérée comme 1’échelle de
perception du paysage par les espéces (Miguet et al., 2016). Elle est généralement mesurée
comme |’échelle spatiale pour laquelle la relation statistique entre les mesures du paysage
et la variable écologique considérée de 1'espéce (e.g. Pabondance ou la présence-absence)
est la plus forte. Nous avons particuliérement étudié comment cette mesure se comporte

en fonction de la description du paysage utilisée et des espéces considérées.

1.3.2 Spécialisation des espéces

Si la premiére cause du déclin de la biodiversité est bien la dégradation et la des-
truction des habitats, ce facteur n’affecte pas toutes les espéces de la méme fagon. Par
exemple, les espéces dites spécialistes sont plus sensibles a la perte de leurs habitats

(par la fragmentation par exemple) que des espéces dites généralistes. De récents travaux

4. Dans la littérature scientifique, les dénominations sont nombreuses pour désigner I’échelle spatiale
a laquelle une espéce percoit le paysage : « scale of effect », « intrinsic scale », « characteristic scale » ou
encore « scale of response ». On essayera dans ce manuscrit d’utiliser de maniére constante la traduction
d’échelle caractéristique
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théoriques, corroborés par les études empiriques, ont montré que I’altération des habitats
des espéces spécialistes étaient la principale cause de I’homogénéisation des communau-
tés d’espéces au profit des espéces généralistes (Teyssédre et Robert, 2014). Cette notion
de spécialisation et de généralisme découle de la notion de niche écologique (cf. partie
1.2.2). L’idée est que les espéces spécialistes, ayant de fortes exigences écologiques, vont
pouvoir utiliser une partie plus réduite d’un gradient environnemental (Figure 1.6) alors
que les espéces dites généralistes ont des exigences écologiques moindres leur permettant
de croitre et de se reproduire en utilisant une large gamme du gradient environnemental
considéré (Futuyma et Moreno, 1988; Devictor et al., 2010).

FIGURE 1.6 — Spécialisation des espéces le long d'un gradient de ressource. L’espéce
spécialiste (en rouge) a niche plus étroite que l'espéce généraliste (en bleu). Cependant,
elle est plus efficace pour utiliser la ressource dans sa niche réduite. Ici la performance de
I'espéce est mesurée avec 'abondance mais il peut s’agir d’autres mesures (e.g. fitness).

Pour mesurer la spécialisation des espéces et donc I'amplitude de leur niche, le plus
courant est de décrire la distribution des espéces dans différents types d’unités paysagéres
(i.e. des habitats catégoriels). C’est par exemple le cas de l'indice de spécialisation des
espéces (SSI, Julliard et al., 2006). Une espéce est considérée comme spécialiste quand
elle est abondante dans un nombre réduit d’habitats tandis que les espéces généralistes
peuvent se retrouver dans des habitats variés & des abondances équivalentes. Ici, les types

d’habitats sont déterminés a priori (au sens des modes d’occupation du sol) et sont sou-
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vent fonction des habitats des espéces spécialistes mais I’habitat des espéces généralistes
représente alors la somme des types d’habitats des espéces spécialistes, qui leurs sont

favorables (Figure 1.7).

FIGURE 1.7 — Les habitats des espéces généralistes englobent différents types d’habitats
d’espéces spécialistes. Dans cet exemple ’habitat écologique (niche) est défini vis-a-vis
de grandes catégories d’habitats de type occupation du sol, liant ainsi deux niveaux du
concept d’habitat.

Lorsque I'on décrit les habitats sous cette représentation catégorielle, la spécialisation
des espéces & un type d’habitat peut s’expliquer par la nécessité de trouver une ressource
particuliére dans ’habitat visé. Cependant, comme on I’a vu précédemment, on peut ima-
giner qu’une espéce puisse avoir besoin de deux types d’habitats pour survivre car elle
a besoin de deux types de ressources (hypothése de « landscape complementation »). Si
leffet de 'hétérogénéité des paysages sur la biodiversité semble donc théoriquement avoir
effet global positif, une fragmentation trop importante du paysage en patchs de petite
taille peut pour certains groupes taxonomiques étre délétére. Dans des patchs de taille
trop réduite, les populations en faibles effectifs seraient sujet a des effets stochastiques
important menant plus facilement a leur extinction. Allouche et al. (2012) propose ainsi

de définir une sorte d’optimum de biodiversité pour des valeurs intermédiaires le long d’un
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gradient d’hétérogénéité. Les relations entre populations et hétérogénéité peuvent s’expli-
quer par différents processus écologiques (Henckel, 2015). Les principales hypothéses sont
résumés dans la figure 1.8. Théoriquement, ces processus écologique en relation avec un
gradient d’hétérogénéité devrait amener a ce que 'on retrouve tant des espéces spécia-
listes des extremums de ce gradient, mais aussi des espéces qui vont persister dans les
milieux hétérogénes et méme en étre spécialiste, principalement via ’hypothése de com-
plémentation. Cette hypothése a déja été observé plusieurs fois dans la littérature mais
principalement pour des études a I’échelle du paysage. A I’échelle macro-écologique, la re-
lation de complémentation a été observé pour le niveau d’organisation des communautés
d’espéce mais n’a été que peu exploré pour les espéces prisent indépendamment (Clavero
et Brotons, 2010). Dans le quatriéme chapitre, nous utilisons un gradient du paysage pour
étudier cette hypothése de complémentation a I’échelle macro-écologique en lien avec la

spécialisation des espéces (Figure 1.8).

1.4 Les relations espéces-habitats dans les sciences de

la conservation

Au-dela des questions théoriques et écologiques abordées dans les parties précédentes
qui entourent les relations entre les espéces et leurs habitats, la question cruciale pour
la conservation qui se pose aujourd’hui est donc de savoir si le niveau d’organisation du
vivant « habitat » peut-étre utilisé comme un outil performant pour la conservation. D’un
point de vue appliqué, I’habitat se pose comme un proxy a conserver pour permettre la
conservation de la biodiversité (en particulier, des espéces). C’est une vision englobante
ou parapluie de ’habitat qui est généralement mise en avant dans ce contexte et traduite
sous le terme de « surrogate » ® dans la littérature scientifique.

Ce concept de « surrogacy » reste trés divers (Caro, 2010; Lawler et White, 2008;
Noon et al., 2008; Hunter Jr. et al., 2016) incluant par exemple les concepts d’espéces clés
de vortite dans les réseaux trophiques (Sergio et al., 2008), celui des espéces parapluies,
dont la protection permet d’englober des habitats a forte biodiversité ou encore les espéces
ingénieurs en lien avec les fonctions écologiques de ’habitat. Cependant, cette approche
de la définition de la « surrogacy » n’est pas la seule. Récemment, Hunter Jr. et al. (2016)
ont clarifié le concept de « surrogate » en proposant une définition dichotomique. D’une

part, le « surrogate » pourrait étre défini comme un simple indicateur, ¢’est-a-dire un type

5. « Surrogate » ou « surrogacy » est difficilement traduisible. Il pourrait se traduire directement par
substitution ou substitut mais ce terme semble peu utilisé dans la littérature scientifique et technique
francaise. Ainsi, méme si nous ne sommes pas pour 'utilisation des anglicismes & outrance, nous préfé-
rerons garder dans ce manuscrit la terminologie anglo-saxonne, i.e. « surrogate » ou « surrogacy » issue
de la littérature scientifique.
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(a) (b) ()

(d)

FIGURE 1.8 — Hypothéses de réponse de différentes espéces a un gradient environnemen-
tal : (a) espéce avec une forte affinité pour Pextrenum gauche du gradient et ses réponses
selon les processus suivant : A : Effet de la fragmentation aprés une perte d’habitat continu
le long du gradient environnemental, B : Perte d’habitat continu le long du gradient envi-
ronnemental, C : Hypothése de supplémentation, i.e. ’espéce peut substituer son habitat
primaire dans d’autres portions du gradient environnemental jusqu’a ce qu’il devienne
trop rare entrainant un effondrement de la population, D : Compensation possible de
I’habitat préféré au détriment de I’abondance de 1'espéce du fait de la qualité moindre
de I'habitat de compensation, (b) espéce avec une affinité intermédiaire ou sans affinité
particuliére avec le gradient et ses réponses selon les processus : E : Hypothése de com-
plémentation, i.e. I’espéce a besoin d’une complémentarité des ressources offerte par le
gradient environnementale et F : Compensation totale sur tout le long du gradient envi-
ronnemental. [.’espéce va piocher indépendamment ses ressources tout le long du gradient.
C’est en particulier le cas pour les espéces généralistes, (¢) espéce avec une forte affinité
pour I'extrenum droit du gradient. Les processus impliqués sont les mémes que pour (a).
(d) Implication théorique de ces mécanismes sur la relation entre la spécialisation des
espéces et leurs préférences le long du gradient environnemental. Les couleurs des courbes
correspondent aux couleurs des points attendus théoriquement dans cette relation. Adapté
de Henckel (2015).

de « surrogate » qui permet d’obtenir des informations sur un autre aspect d’un systéme
écologique (e.g. mesurer la densité d’une population d’une espéce car cette densité nous
informe sur I'état d’un écosystéme particulier). D’autre part, le « surrogate » est aussi

vu comme un outil de gestion des milieux naturels. C’est cette deuxiéme définition de «
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management surrogate » que nous utilisons lorsque 1’on parle d’espéces clés de voutes ou

de 'habitat comme outil de gestion de la biodiversité.

L’impact de ces mesures de « surrogacy » reste cependant mal étudié de maniére
empirique dans la littérature (Cushman et al., 2010). La récente étude de Norvell et al.
(2014) sur les mesures de gestion en lien avec la « surrogacy » d’une espéce, ne montre
aucun effet des mesures de gestions sur neuf autres espéces non directement ciblées. Les
auteurs concluent que I'absence d’effet des mesures de gestion pour I'espéce cible de la «
surrogacy » pourrait vouloir dire qu’elles ne sont pas compatibles avec toutes les espéces

de la zone affectée.

L’utilisation de niveau d’organisation biologique supérieur a une approche uniquement
espéce-centrée est largement reconnue depuis de nombreuses années (Noss, 1996). C’est
dans ce contexte que la liste rouge IUCN des écosystémes a par exemple vu le jour (Keith
et al., 2013). Ces approches permettent de ne pas seulement se restreindre a une approche
espéce-centrée, d’ailleurs souvent décriée pour ne cibler que les espéces remarquables, mais
prennent également en compte les processus de maintien de la biodiversité (connectivité,
interactions, etc.) qui, au-dela d’une biodiversité remarquable, sont soutenues par une
biodiversité dite « ordinaire », & méme de pérenniser les services écosystémiques, impor-
tants pour 1"homme (Kremen, 2005). De plus, au-dela de la valeur instrumentale de la
biodiversité, s’affranchir de I’approche espéce-centrée de la conservation et donc du choix
des espéces et des déséquilibres que celui-ci impose (Cardoso, 2012) pourrait permettre
de conserver le vivant pour sa seule valeur intrinséque (Chan et al., 2016; Sarrazin et
Lecomte, 2016).

Ainsi I’habitat est considéré comme un niveau d’organisation intéressant car situé entre
des approches espéces-centrées et des approches a I’échelle plus globale, écosystémiques.
Pourtant, les études traitant de ’habitat comme « surrogate » sont encore assez rares et
donnent des résultats parfois contradictoires selon les groupes taxonomiques étudiés (Bar-
ton et al., 2014; Fleishman et Murphy, 2009; Gollan et al., 2009; Mysak et Horsak, 2014;
Lindenmayer et al., 2014) et ce résultat s’observe également plus généralement dans les
études s’intéressant aux relations de congruence entre les espéces (voir la récente synthése
bibliographique de Westgate et al. (2014), avec un fort effet du grain de I’étude (Eglington
et al., 2012). I’étude de Barton et al. (2014) présente bien le probléme. En s’intéressant
aux attributs de la végétation définis comme des « surrogates » d’habitats (i.e. diver-
sité spécifique, pourcentage de couverture, stratification), ils démontrent que le potentiel
pouvoir de « surrogacy » semble fonctionner pour les oiseaux mais reste peu concluant
pour les mammiféres et les reptiles. Dans leur évaluation d’une approche habitat et espéce
de la « surrogacy », Lindenmayer et al. (2014) concluent que leur approche de 'habitat

basée sur la disponibilité en ressources semble plus adéquate et 10 fois moins cotiteuse en
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temps (et donc en financement) qu’une approche espéce-centrée. Cependant, ils restent
trés prudents sur la généralité de leurs résultats autant d’'un point de vue taxonomique,
que spatial et temporel. Sur ce dernier point, ils observent par exemple que la force de
la relation de « surrogacy » entre les habitats et certaines espéces n’est pas stable au
cours des 30 ans de leur étude. Dans leur revue systématique, Rodrigues et Brooks (2007)
concluent que les sites importants pour la conservation d’un taxon sont mieux prédits
par un autre groupe taxonomique (dont la végétation) que par des variables abiotiques
de ’habitat. D’autres, a 'inverse, trouvent qu’'une stratégie fondée sur la recherche des
conditions abiotiques les plus complémentaires permet de représenter plus efficacement
la biodiversité d'un ensemble de taxons et de milieux (Juutinen et al., 2008). A noter
que dans cette étude, les auteurs utilisent la végétation comme indicateur des différences
de conditions environnementales, via les différences de composition spécifique. Mais se-
lon I’étude de Gollan et al. (2009), l'utilisation de variables environnementales comme «
surrogate » de I’abondance et de la diversité des invertébrés ne semble pas pertinente, les
relations étant faibles et peu constantes entre les différents groupes taxonomiques étudiés.
Pour finir, dans une récente étude, prenant en compte notamment les types de végétation
issus de relevés phytosociologiques (Chytry, 2008), Di Minin et Moilanen (2014) montrent

que la sélection d’aires protégées est nettement améliorée pour les invertébrés et la flore.

Méme si les preuves scientifiques a I’égard d’un aspect « surrogate » de I’habitat sont
confuses, 'habitat reste un niveau d’organisation de la biodiversité séduisant pour dé-
velopper des politiques de conservation. C’est dans cette optique qu'une partie de la «
Directive Habitats » européenne s’est développée. En effet, méme si cette politique de
conservation reste axée sur une sauvegarde de la biodiversité remarquable en ciblant des
zones car certaines espéces considérées comme remarquables y sont présentes (volet «
Espéces » de la directive ciblant les espéces dites d’intéréts communautaires ou « Species
of Community Interest (SCI) »), elle intégre aussi une approche centrée sur les habitats
(« Habitat of Community Interest (HCI) »). Cette approche habitat est originale dans
le champ des politiques de conservation, surtout & un niveau géographique (i.e. Europe)
aussi grand. Cependant, méme si des évaluations de la politique existent au niveau de
son volet « Espéces », démontrant une relative réussite de la politique en matiére de
conservation de ces espéces cibles, il n’existe pas actuellement d’évaluation sur le volet «
Habitats ». L’aspect de « surrogate » de I’habitat mis en avant dans cette politique pour-
rait pourtant permettre une conservation de la biodiversité plus globale que les approches
espéce-centrées. Cependant, comme nous 1'avons vu précédemment (et voir partie 1) le
concept d’habitat reléve d’une complexité particuliére qui nécessite de faire des choix sur
sa définition, en particulier dans le cas de son application a des politiques de conservation.

Ainsi, en ayant analysé dans le second chapitre le concept d’habitat, nous essayerons dans
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un quatriéme chapitre d’évaluer son application dans une politique de conservation de la

biodiversité.

1.5 Utilisation des données de sciences citoyennes

Pour répondre aux questions soulevées dans cette thése, nous nous appuierons princi-
palement sur des données de sciences citoyennes ou sciences participatives. Cette partie
de l'introduction vise a introduire les deux jeux de données qui ont été en particulier
mobilisés dans le cadre de ce travail. L’utilisation de données de sciences participatives
est aujourd’hui largement mise en avant dans les études en écologie et en conservation
(Thornhill et al., 2016). En effet, ces programmes permettent d’avoir accés a des données
a large échelle, de maniére standardisée et qui sont donc optimales pour répondre a des

questions relatives aux grands patrons qui structurent la biodiversité.

1.5.1 Suivi photographique des insectes pollinisateurs (Spipoll)

La deuxiéme partie s’appuie sur les données du Suivi Photographique des Insectes
POLLinisateurs (Spipoll). Le Spipoll est un programme de sciences citoyennes intégré
a Vigie-Nature®. Il a pour but d’obtenir des données quantitatives sur les arthopodes
pollinisateurs et /ou floricoles en France (i.e. principalement des insectes, d’ou le nom du
programme). Il s’appuie sur un protocole relativement simple et est donc ouvert a tous.
Sur une espéce de fleur définie et en au moins 20 minutes, le participant doit observer et
photographier un maximum d’espéces différentes (Figure 1.9).

(a)
@, » ®
m B < 44

(b)

Pl JE CHOISIS UNE P JE PHOTOGRAPHIE dC% CHEZ MO

) ESPECE VEGETALE L TOUS LES INSECTES SE W JE TRIE ET RECADRE

EN FLEUR POSANT SUR SES FLEURS MES PHOTOS

2
255 /2
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¥ LES INSECTES WP MES PHOTOS J SONT COMMENTEES

~ AVEC LA CLE SUR LE SITE ET VALIDEES

FIGURE 1.9 — (a) Schéma présentant les étapes de participation au Suivi photographique
des insectes pollinisateurs (Spipoll) (b) Participant du Spipoll sur le terrain.

6. Vigie-Nature est dispositif coordonné au niveau national, en particulier par le Muséum National
d’Histoire Naturelle, et déployé au niveau régional pour permettre le suivi de ’état de santé de la nature
dite « ordinaire » & travers des groupes indicateurs (oiseaux, papillons, chauve-souris, plantes et amphi-
biens) et s’appuyant sur les réseaux naturalistes volontaires ou de simples citoyens préts a s’engager.
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L’objectif pour le participant est d’obtenir une photo par espéce, de qualité suffisante
pour différencier une espéce des autres espéces photographiées. L’ensemble de ces photos
constitue une « collection ». Cependant, le participant ne s’arréte pas a collecter simple-
ment les données car il doit ensuite déposer ses photos sur le site internet (website Spipoll)
ou il identifie aussi précisément que possible chaque espéce a l'aide d’une clé d’identifi-
cation en ligne. La détermination se fait aussi précisément que possible, c¢’est-a-dire que
I'observateur, s’il en a les moyens techniques (e.g. une photographie de bonne qualité
présentant bien les critéres distinctifs) peut aller jusqu’a déterminer I'individu au niveau
taxonomique de l'espéce. En effet, la clé concue dans le cadre de ce programme permet

des identifications sur photos d’une centaine d’espéces (Figure 1.10).

Vo xper’

FIGURE 1.10 — Exemple de la clé d’identification du Spipoll. Il s’agit d'une clé a entrées
multiples qui permet d’améliorer la pertinence des identifications par les observateurs
eux-meémes.

C’est sur ces données espéces que nous avons basé les analyses. De plus, le Spipoll est
un programme qui s’est construit en collaboration avec I’Office pour les Insectes et leur
Environnement (Opie) qui joue toujours aujourd’hui un role central dans la réussite de
ce programme. Aussi, I’'Opie assure un role de validation des identifications d’insectes de
la base de données du Spipoll assurant donc une bonne homogénéité et qualité a celle-ci.
Depuis son lancement en 2010, le Spipoll connait un succés important auprés du public
avec des utilisateurs fidéles. En moyenne, plus de 3000 collections de 10 photographies
sont mises en ligne chaque année par les observateurs et offrent une vision originale et
quantifiée des pollinisateurs au niveau national. Il est évident que ce travail ne serait
pas possible sans la participation de ces observateurs-citoyens et il est primordial de les

remercier pour leur implication !
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SUIVI TEMPOREL DES OISEAUX COMMUNS

1.5.2 Suivi Temporel des Oiseaux Communs (STOC)

La troisiéme partie s’appuie sur les données du Suivi Temporel des Oiseaux Communs
(STOC). Ce programme a démarré en 1989 sous I'impulsion du Centre de Recherches sur
la Biologie des Populations d’Oiseaux (CRBPO) au sein du MNHN. Contrairement au
Spipoll, ce programme n’est pas dirigé vers le grand public mais il s’adresse plus parti-
culiérement au réseau ornithologiste bénévole francais. En effet, ce programme requiert
des compétences naturalistes importantes (e.g. identifier les oiseaux par leurs chants). Le
STOC combine deux protocoles : un par point d’écoute et un par capture (dans le but de
baguer les oiseaux).

Dans ce travail, nous ne nous sommes appuyés que sur le programme STOC-EPS
(point d’écoute). Depuis 2001, le protocole consiste plus exactement & la réalisation en
une matinée de 10 points d’écoute localisés dans un carré de 2x2 km. Chaque carré est tiré
au sort dans un rayon de 10 km autour d’un lieu proposé par un observateur. Sur chaque
point, 'observateur note pendant 5 min tous les oiseaux identifiés que ce soit par contacts
sonores ou visuels. Ce relevé est réalisé deux fois par an en période de reproduction. Cette
méthodologie est simple et peu contraignante et a remporté ’adhésion d’un grand nombre
d’observateurs (Figure 1.11).

Ici aussi, ce travail n’aurait pas pu étre réalisé sans 'implication forte des volontaires
naturalistes qui chaque année vont suivre leur carré STOC. Qu’ils en soient également

remerciés!

1.6 Résumé et buts de la thése

Les relations entre espéces et habitats sont au coeur de I’écologie et des sciences de la
conservation, tant au niveau des aspects théoriques, que ceux plus appliqués. La dégrada-
tion et la destruction des habitats sont considérés comme la premiére cause du déclin de
la biodiversité, quand bien méme ce facteur semble négligé. Le manque de données sur les
changements dans le mode d’occupation et d’utilisation des sols ainsi que la complexité
du concept d’habitat sont deux raisons qui entravent la nécessaire prise en compte du

facteur habitat dans I’étude du déclin de la biodiversité.
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Participation au programme STOC-EPS
1200

1000

800

600

400

Nombre de carrés STOC suivis

200

* Toutes les données 2014 ne sont pas encore parvenues a la coordination nationale

O T T T T T T
2001 2003 2005 2007 2009 2011 2013

FIGURE 1.11 — Nombre de carrés STOC-EPS suivis au cours du temps. Un observateur
pouvant suivre plusieurs carrés la méme année, le nombre de participants au programme
STOC-EPS est généralement inférieur au nombre de carrés suivis (580 observateurs).
Source : site internet Vigie-Nature.

Aprés ce premier chapitre introductif, il a semblé important dans le cadre du second
chapitre de prendre du recul sur I'objet écologique « habitat » en revenant sur I’historique
et le développement du concept puis en s’attachant a décrire ses déclinaisons actuelles pour
finalement, non pas proposer une n-iéme définition du concept mais plutét pour s’inté-

resser & ses limites et & son usage en écologie et dans les sciences de la conservation.

Ensuite, la problématique de I’échelle spatiale est notamment mise en avant, en parti-
culier dans les définitions de ’habitat qui relévent d’une conception centrée sur I’écologie
des paysages. Dans un troisiéme chapitre, une analyse plus centrée sur les problématiques
écologiques qui régissent les relations en espéces et habitats est menée. L’opportunité
d’utiliser des bases de données issues des sciences citoyennes a été mise a profit. Ainsi,
le Suivi Photographique des Insectes Pollinisateurs (Spipoll) a été utilisé pour évaluer
systématiquement les échelles spatiales de réponse des espéces en fonction du paysage
(i.e. de ses mesures et définitions). La question étant de savoir si les échelles spatiales des
relations attendues entre espéces et cette représentation des habitats pouvaient se vérifier

sur un jeu de données a large échelle.
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Mesurer et caractériser le lien qui relie les espéces a leurs habitats est une tache com-
plexe. L’une de ces mesures est celle de la spécialisation. Pour mesurer la spécialisation,
il faut faire des choix sur la définition des habitats entre par exemple, une représentation
catégorielle des habitats ou une approche continue des paysage a travers des gradients en-
vironnementaux. C’est cette derniére approche qui a retenu notre attention. Ainsi, a tra-
vers la mobilisation du jeu de données du Suivi Temporel des Oiseaux Communs (STOC)
et des analyses espéce-centrées, nous avons exploré la relation entre la spécialisation des
espéces a '’habitat et leurs préférences le long d’un gradient environnemental entre les
milieux ouverts (e.g. prairies) et les milieux fermés (e.g. foréts). La réponse théorique des
espéces viale processus de complémentation le long du gradient a été 1'un des focus de
cette étude pour essayer de comprendre si une réelle complémentarité de ’habitat étaient

observables a travers un gradient continu du paysage.

Finalement, le concept d’habitat, devenu si générique, s’est installé comme un concept
phare des politiques de conservations, en partie du fait de son potentiel intégrateur (i.e.
comme « surrogate » ), synonyme de réduction des problématiques liées & une conservation
uniquement espéce-centrée. Dans le quatriéme chapitre, une évaluation du volet « Habi-
tats » de la Directive Habitats de I’Union Européenne a été entreprise. Cette directive
s’appuie sur une définition que I'on caractérisera d’opérationnelle du concept d’habitat
et ’évaluation permet donc de tester si cette approche est fonctionnelle pour répondre
aux attentes de la politique et identifier les lacunes de connaissances qui peuvent entraver
son fonctionnement. Une fois identifiées, ces lacunes peuvent étre analysées au regard des

connaissances plus générales que 1'on a sur le concept d’habitat.

De maniére générale, 'objectif de cette thése est de réfléchir a I'impact de 'objet de
recherche (i.e. 'habitat et ses diverses représentations) sur la compréhension des relations
entre espéces et habitats et ceci & deux principaux niveaux de la conservation : scientifique
et politique. Dans une certaine démarche introspective du monde de la conservation,
ce travail prend le temps, malgré I'urgence, de poser des questions sur les méthodes et
les concepts de la conservation dans le but de les améliorer. Les résultats théoriques et
empiriques fournissent ainsi des pistes d’améliorations ou de réflexions sur les approches
abordées. Finalement, la perspective est que ce travail apporte une pierre a I’élaboration
des futurs outils indispensables & la réussite des objectifs de conservation (e.g. la liste
rouge IUCN des écosystémes) pour qu’ils puissent étre mis en place de maniére efficace

et pertinente pour tous les acteurs de la conservation.
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Abstract

Since the beginning of ecology as a science, numerous definitions of the habitat concept
were proposed by different authors. Definitions range from a resource-based concept of
the habitat, to ecological niche or vegetation association. The need for a clear definition
was stressed by several authors, mainly because habitats are now central in conservation
planning. In Europe for example, habitats are key conservation units and are enshrined in
environmental legislations since the adoption of the Habitats directive in 1992. Quoting
Elton (1966), this concept was and still is “one of the chief blind spots of ecology”. Through
a review of the history of the concept, we analyze the polysemic nature of this term, its
evolution and the consequences of the polysemy for the important issue of habitat quality
in biodiversity conservation. First, we advocate that “habitat” should be used carefully
and parsimoniously in the scientific and legislative literature in order to avoid confusions.
Through various examples of terminology, we show how the term “habitat” can lead to
misinterpretations that impede the purpose of conservation. Second, we focus on habitat
quality assessment and argue that “habitat” should remain a species-centered term, descri-
bing the location and environmental conditions favoring the growth and reproduction of a
given species, thereby being intrinsically favorable to this species. New perspectives should
come through the modeling of species-habitat relationships, combining species distribu-
tion modeling and demographic databases. We highlight the importance of this approach
to resolve the schism between scientists and conservation stakeholders on habitat quality

assessment.
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Introduction

The concept of habitat emerged with the beginnings of ecology as a science. To illus-
trate how this concept is deeply entrenched in the history of ecology, picture two natura-
lists walking into the wild, one of them being an expert of a taxonomic group and the other
a beginner. If the beginner sees a species they do not know, one of their first questions to
the specialist would be : “In which habitats can this species be found ? Only in this one ?”
And while saying this, they would point at their surrounding area. This is how “habitat”
was defined in the oldest times of ecology and naturalist sciences. This is often still the
case for naturalists in the field and this is not an issue per se. In this sense, habitat is
perceived more as an atmosphere than as a state; it can be considered a “mood of nature”
described by a human being. This mood of nature cannot be defined scientifically because
it is primarily subjective, a projection of people emotions that are not easily converted
into a scientific concept. The long history and the profound entrenchment of the concept
of habitat in ecology is one particular proof of the difficulty to find a consensual definition
for a subjective concept.

One may ask why it would be important to question concepts in ecology. Actually,
many ecologists overlook or take for granted the importance of concepts for their prac-
tices. Recently, Reiners et al. (2016) stressed that knowing our scientific discipline is
essential because it allows “evaluating and understanding our collective priorities given li-
mited resources ; shaping sociopolitical strategies for making a more effective science, and
designing a more applicable science for satisfying societal and environmental wants and
needs”. They defined a scientific concept as a mental representation of an entity, process
or relationship with distinctive application to ecology that allows prediction, control or
explanation (Reiners et al., 2016). This definition thus perfectly matches with the view
of habitat as a concept.

If concepts are considered important, why should we particularly focus on the concept
of habitat ? First, the results of Reiners et al. (2016) on a large survey of ecologists showed
that the concept of habitat is the third most useful concept. In a paradoxical way, it is one
of the rare concepts that was never classified as “unfamiliar” by the survey respondents
although this concept is largely acknowledged as imprecise or ambiguous (Telleria, 2016).

Second, beyond the clarification of the philosophical basis of ecology, the concept of
habitat also has great implications for wildlife management and conservation. Although
ecology literally means “the science of habitat” and can be defined as the study of relation-
ships between organisms and their environments, the concept of habitat remains poorly
defined (Telleria, 2016). On the one hand, habitat studies vary considerably in concepts
and methodologies, which may hamper the understanding of species-habitat relationships,

especially when comparisons are attempted among studies (Krausman et Morrison, 2016).
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This creates difficulties to link theoretical work with applied approaches in the design of
management plans (Cook et al., 2010). On the other hand, habitat destruction and de-
gradation is considered the main driver of biodiversity loss (Barnosky et al., 2012).

The concept of habitat has thus important implications for conservation of biodiversity,
with relevance not only for researchers but also for managers, stakeholders and politicians.
Habitat has become a concept with a huge importance in the scientific literature but
also in the grey literature and conservation policies, due to its potential as a powerful
surrogate for conservation purposes (Bunce et al., 2013). It is now a key conservation unit
enshrined in environmental legislations. For example, the European Habitats Directive,
which is considered the main network of protected areas in the world, has an important
focus on habitats (Lockwood, 2006). The difficulty to link theoretical work with applied
approaches in habitat-related studies and the ambition to effectively apply habitat-focused
conservation approaches seem therefore conflicting.

The aim of this work is to evaluate how the concept of habitat, due to its ambiguity,
may have impeded conservation advances by confusing the different communities of people
involved in its development. First, we provide a historical evaluation of the concept of
habitat through a literature review of past and current seminal papers on the subject.
Second, we work through some examples to show how the ambiguity of this concept
in ecology, with no proper definition, can be misleading for the understanding of some
habitat-related terms and even impede conservation purposes. Finally, we provide new
perspectives for the concept with a particular focus on “habitat quality”, which should be

better understood and assessed to reach conservation goals.

A historical look back on the concept of habitat

The concept of habitat was discussed numerous times by different authors throughout
the 20th century. In European scientific ecology, the importance of phytosociology to
describe landscape and vegetation associations has fed most of the controversy on the
definition of habitat. For example, in one of the first papers dealing with the definition of
the concept of habitat, Yapp (1922) presented the concept of habitat as “one of the oldest
and most fundamental concepts” in plant ecology. Yet, he acknowledged that this concept
was less rigorously examined than others and that the ecological literature contained a
lot of definitions without any consensus or critical assessment. The aim of his work was
an “attempt” to examine critically and analytically the concept of habitat. He conceded
that if he succeeded only in focusing attention on the subject, it would be a good first
step. His rapid review of the concept showed that “the concept of habitat has been largely
subjective” and he cited among others Clements (1916), who referred to the application

of the term habitat as “completely a matter of individual opinion”. Nevertheless, Yapp
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(1922) retained four main statements from his literature analysis that could help to frame
the concept : (i) the area idea of habitat, (ii) change and development in the habitat, (iii)

uniformity of life-conditions in habitat, and (iv) the habitat of individuals.

The area idea of habitat The first idea relied on the fact that a habitat occupies
an area that is geographically defined (i.e. a locality). This idea seemed to be largely
accepted among the main authors of the beginning of the 20th century (e.g. Clements,
1905; Nichols, 1917). Finally, this idea of habitat as a place or a location where an organism
lives is considered to be the simplest one, i.e. the basic idea of the definition of habitat
(Haskell, 1940; Kearney, 2006; Mitchell, 2005; Odum, 1971). Davis (1960) exploring formal
distinctions between concepts of habitat and environment also concluded that the former
emphasized the location in addition to conditions (see Mason et Langenheim, 1957).
He also incorporated the notion of resources, which seemed central to him but often
neglected or omitted, into the concept of habitat. He defined resources as “various forms of
energy and matter that are potentially or actively useful to the organisms”. This definition
was broad but Davis pointed out that the main aspect of resources is that they must
be available for the organism above its minimum requirements. However, this minimum
requirement also seems difficult to define. This work of Davis (1960) is a turning point in
the history of the habitat concept. It’s the first time that resources are highlighted in the
definition of habitat and that this definition is accompanied by a particular typology.

Change and development in the habitat The second idea referred to the idea of
plant succession that emerged clearly at this time and is a convenient means to include
time and space into the concept of habitat. This idea is similar to the symphytosociolo-
gical view of landscape developed later in the history of botany (Ansseau et Grandtner,
1990). However, few authors have combined time and space in their theoretical work on
habitat. Davis (1960) discriminated habitats according to the mechanisms of temporal
change : abiotic factors (tidal habitats for example), biotic factors (such as succession of
biotic communities) or no temporal change. Hence, he came up with a definition dividing
the concept of habitat into what he called “inconstant” vs. “constant” (or monotonous)

habitats. He was the first to accompany his definition with a specific typology.

Uniformity of life-conditions in habitat The third idea dealt with the physical
counterpart of an association of species (e.g. the plant association of phytosociology).
The definition of this physical counterpart can be strict among several authors (“uniform
habitat-conditions”) or more related with a diversity of conditions under which commu-

nities may exist (“ecological amplitude” or “range of conditions”).
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Habitat of individuals or communities 7 Finally, whereas these three previous ideas
developed by Yapp (1922) are related to the “habitat” of a community, linked with plant
associations, the fourth one raised the question of a habitat defined from a species-centered
point of view. Yapp (1922) therefore confronted two conceptions of ecology, synecology
and autecology, through the prism of the definition of habitat. Yet at this time, there
was evidence for an “investigation of the habitat of a single plant rather than that of
the whole plant association” even for synecologists ; however, according to them, this had
been investigated under another semantic scheme (see for example the “Standort” term

proposed by Gams (1918) to define the habitat of a plant association).

This dichotomy between a species-centered and a community-centered definition of
habitat is central in the development of the concept of habitat (Mitchell, 2005; Telleria,
2016). Following the seminal paper of Hutchinson (1957) on the ecological niche, Udvardy
(1959) wrote about definitions in ecology, particularly the concepts of habitat, biotope
and ecological niche that according to him were basic but inadequately defined. A major
issue was that biotope and niche were often used as two synonyms of habitat. From his
references, he described the biotope as the habitat of biotic communities, and emphasized
that biotope is not used consistently in different countries, being sometimes used as a
species-centered term. The term “Standort” defined by Gams (1918) is here a clear sy-
nonym of biotope and belongs to the realm of synecology as already concluded by Yapp
(1922).

Udvardy (1959) reaffirmed this definition and proposed that misuses of biotope (as
a species-centered term) should be eliminated. Davis (1960) also discarded the use of
vegetation types and plant communities to describe the habitat of animals because the
biotope definition is too vague and belongs to the realm of synecology. In the same idea,
Elton (1966) wrote that ecologists in general acknowledged that botanists have done part
of the job by describing habitats via plant associations. He refuted this statement because

plant associations cannot describe all animal habitats (e.g. parasites).

Regarding the ecological niche, Udvardy (1959) started from Grinnell (1917b)’s defini-
tion. He demonstrated its compatibility with the definition of Elton (1927), as also more
recently acknowledged (Chase et Leibold, 2003; Pocheville, 2015) : the ecological niche is
thus a functional entity merging the definitions of these two authors and is the product of
a synecological thinking. In other words, although habitat and ecological niche are related,
the former came from autecological thinking, such that habitat should be species-centered.
In contrast, the concept of ecological niche was born under community-level thinking :
although it can also be viewed as species-centered, it was built to understand co-existence
patterns in ecological communities (see the Volterra-Gause principle and details in Hut-

chinson, 1957). So these two related concepts do not tackle the same levels of biological
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organization and thus have different aims.

Whittaker et al. (1973) mainly focused on the niche concept, compared with the
concept of habitat, to really highlight for the first time the consequences of a confusion
of concepts (Pocheville, 2015). In summary, Whittaker et al. (1973) offered to resolve the
confusion around “niche”, and related terms such as habitat, using a parallel with levels
of biological organization. The authors related both the niche and habitat terms to the
population level. For example, they define a “habitat hyperspace” describing the complete
set of physical and chemical variables in the environment that form spatial gradients (at
the scale of the landscape but also in an “area”). From a species point of view, the part of
this hyperspace that is occupied by the species (i.e. by all populations of the species) is
defined as the habitat hypervolume and finally, a particular species population response to
variables in this hypervolume describe the habitat. They also, as Udvardy (1959), define
a biotope as the environment of a particular community in the landscape.

The same framework was used to define a niche : the “niche hyperspace” represented
axes of all variables by which species in a community are adaptively related. This definition
clearly focused on the functional definition of niche. Whittaker et al. (1973) ended their
recommendations by clarifying level-dependent uses of terms : in ecology, “niche” should
describe the role of species within the community and “habitat” their distributional res-
ponse to inter-community environmental factors. There was symmetry in definitions of
Whittaker et al. (1973) for niche and habitat, since they were truncated in a hyperspace,
a hypervolume and finally to the word itself at the population level, showing a willingness
to simplify these concepts. However, the definitions remained highly theoretical and there

was a lack of examples that in fine left these concepts non-operational.

Linking habitat with population dynamics Southwood, in his 1977 presidential
address to the British Ecological Society (Southwood, 1977), chose to talk about habitat
and asked whether it was a template for ecological strategies. The article did not refer
directly to the definition of habitat but it addressed new questions about the concept.
Southwood’s paper examined time and space issues in the habitat concept, particularly
with regards to the favorableness of habitat and its relations with population demography.
The level of favorableness is directly related to the reproductive rate of an organism.
It can vary depending on time (period of reproduction for example) and space (site of
reproduction). The idea of linking habitat with demographic parameters is one of the
major current trends in ecology (Telleria, 2016), particularly through the question of
habitat selection by individuals (Matthiopoulos et al., 2015).

Synthesis The concept of habitat was thus defined repeatedly by several authors who

all pointed to the same issues. Nevertheless, the call for focusing attention on this subject
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by most of the authors was not answered by the community of ecologists. It can be useful
to wonder why. The easiest explanation is that the subject is neither interesting nor crucial
for the purpose and advance of ecology and ecologists may have viewed a semantic analysis
as a waste of time. We can cite Southwood who explained this idea in his seminal paper
(Southwood, 1977) : “As always with classification of nature [classification of habitats
are clearly part of it even if Southwood did not refer to habitats here], it is easy to find
exceptions ; the real challenge, the constructive work, is not to find the exception, but to
use this to improve, modify or even change the general pattern.” However, as Murphy et
Noon (1991) emphasized, the main issue is that, over the long term, this strategy can lead
to misuse and a lack of operationnality of concepts. Moreover, all arguments and issues
raised by the authors that tried to define concept of habitat seem relevant and important
for the development of ecology.

Finally, over its long history, the concept of habitat was always defined using either a
species-centered definition or a community-centered definition, depending on the author
and context (Telleria, 2016). The current schism between the habitat as appreciated by
stakeholders and politics and the habitat that is manipulated by scientists induces a
polarization of the concept between an “ecological habitat” and an “operational habitat”
respectively. Operational habitat is the current interpretation of the former synecological
view of habitat (i.e. habitat of a community) whereas the ecological habitat is more related
to the development of the ecological niche and thus to the former autecological view of
habitat (see above on Yapp, 1922).

A mismatch of a same concept, due to multiple uses in different contexts, is also
observed for other key concepts of conservation. Recently, Hunter Jr. et al. (2016) argued
that the concept of ecological surrogacy should be split into two different approaches :
indicator surrogate and management surrogate. This dichotomy is mainly due to different
goals of users who do not share a same foundational understanding of ecological surrogacy.
Different goals may also drive the observed dichotomy in the concept of habitat. However,
this dichotomy impedes shared efforts to reach conservation goals. Despite a century of
ambiguity and conceptualization, the concept of habitat is still consistently used vaguely
in the literature, with no reference to a particular definition. The concept of habitat should
remain a subject of stimulating debates, in line with the many related concepts generated

by its age and importance in ecology.

Habitat related terms : impacts of ambiguity for conservation

Beyond the semantic analysis of a word, its ambiguity can lead to misleading concepts.
Misleading concepts imply wasting time and funding that are crucial in the conservation

of biodiversity today (Krausman et Morrison, 2016; Murphy et Noon, 1991). Here, we take

35



2.1 Article : The concept of habitat

four examples of phrases related to the concept of habitat that have impeded and still af-
fect conservation actions : “critical habitat”, “habitat fragmentation”, “habitat suitability”

and “habitat quality”.

One of the most important policies for conservation in the USA is considered to be the
Endangered Species Act of 1973 (ESA). However, studies that evaluate this policy have
shown that its applications rely on an ambiguous scientific basis (Murphy et Weiland,
2016; Wilhere, 2016). Murphy et Noon (1991) were the first to address the impact of
vague and ambiguous terminology in ecology on policy and decision-making process. To
illustrate their point, they used an example from the ESA where the designation of “critical
habitat” was not defined, partly because the words “critical” and “habitat” did not have
clear definition themselves. They did not contribute directly to the debate about the
concept of habitat but they identified the definitions best suited with respect to the ESA
(i.e. with an autecological restriction). They concluded that a context-dependent definition
of habitat is required for the effective application of conservation science. More generally,
they argued that the lack of precision and clarity in legal-scientific terminology causes
short-term problems in decision-making but the real harm is done over the long term. For
example, Camaclang et al. (2014) reviewed the last ten years practices in the identification
of critical habitat for threatened species. They highlighted a mismatch between (1) the
intent of critical habitat identification, which should rely on information on population
viability and (2) its practice, where this information was used to identify critical habitat
for only 1% of the species they reviewed. This mismatch may be partly due to conceptual
ambiguity of the term. However, using context dependent definition for a concept as
proposed by Murphy et Noon (1991) can lead to the multiplicity of operational objects
(e.g. typologies) and finally add to the confusion of terms.

A term used in such a variety of ways as to become meaningless is called a “pan-
chreston”. This definition was applied to the concept of “habitat fragmentation” (Bunnell,
1999). In an attempt to tackle this panchreston, Lindenmayer et Fischer (2007) pointed to
the ambiguous nature of the concept of habitat as one of the main issues for the definition
of habitat fragmentation. They considered that the failure to specify a focus on a parti-
cular definition of habitat has created significant problems. For instance, if patches of the
so-called “habitat” are loosely defined, it may prevent the observation of expected patterns
such as the decrease of species abundance or species richness!. Hence, they stressed the
importance to stay with a species-centered definition of habitat after Hall et al. (1997)
and to discard the use of vegetation cover approaches to define habitat. This distinction is

crucial because for example some species can survive in modified landscapes even if there

1. Even if at intermediate levels, fragmentation can lead to increased species richness up to a point,
see Duelli (1997); Fahrig et al. (2011).
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is a loss of native vegetation cover. These species are able to shift their requirements on
resources located outside of their original occurrence area. In this case, restricting the
“habitat” to native vegetation cover may thus lead to improper conclusions in case of a
fragmentation analysis.

Finally, in species distribution and abundance modelling, there is also growing confu-
sion about terminology, especially with concepts such as “habitat suitability” and “habitat
quality”. For Hall et al. (1997), the term “habitat suitability” should not be used because
habitat is by definition suitable for a species (see above). Hence, an “unsuitable habitat”
does not exist because it is the quality of the habitat that changes, not its suitability per
se. However, “habitat suitability” is still largely used in the species distribution modelling
literature mainly because habitat itself is poorly defined. For example, Hirzel et Le Lay
(2008) wrote about an “obvious relationship between niche theory and habitat suitability
models”. As they proposed an “operational” definition for the ecological niche that was
the exact definition of habitat proposed by Hall et al. (1997), they did not explain why
they used “habitat suitability” to refer to species distribution modeling approaches.

These three examples of habitat-related terms consistently remain ambiguous. For
each of them, one reason for this ambiguity was the poor definition of “habitat”. The aim
of this article is not to provide a definitive definition of the habitat concept, which was
attempted numerous times without success. Instead of trying to tackle the whole concept
of habitat, it may be easier to start by redefining related terms using the most recent
scientific advances. It is the perspective chosen here, starting with the “habitat quality”

concept.

Habitat quality, which perspectives for a key conservation concept ?

Habitat quality is still a concept that is plagued by the complex semantic of habitat.
For example, recent work on a “Habitat Quality Index” at the European level (Vallecillo
et al., 2016) relied on a synecological definition of habitat maintaining the ambiguity of
the concept when this index is aimed at becoming a key operational tool for European
conservation policies.

As proposed by Southwood (1977), the easiest way to link habitat quality (the fact that
habitat is intrinsically good for a species) with measurable parameters in a population of
a species is to base measures on demography and population dynamics. However, choosing
which measures of a population are relevant and useful to determine the quality of habitat
is not easy (Horne, 1983).

Matthiopoulos et al. (2015) presented a conceptual framework with more realistic
connections between a population’s use of space and its subsequent dynamics (and hence

a contribution to the ongoing efforts to estimate a species’ critical habitat and fundamental
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niche).

The recent study of Bean et al. (2014) is focused on the relationship between “habitat
quality” and “habitat suitability” in the sense of species distribution modeling. As men-
tioned above, the use of “habitat suitability” was questioned by Hall et al. (1997), so that
I prefer to use “environmental suitability” to describe the likelihood to observe a species
in a site on the basis of environmental variables. Linking environmental suitability to
demographic parameters is of key importance to improve our definition of habitat quality.

Habitat quality can only be defined on the basis of demographic parameters of indivi-
duals or populations. As presented by Bean et al. (2014), two majors problems hide the
potential interest of environmental suitability to determine habitat quality : good datasets
and scale issues. Monnet et al. (2014) attempted also to link demographic parameters to
environmental suitability obtained from species distribution modeling but the study is
based on an outstanding dataset that allows filling this gap. Nevertheless, more and more
studies are trying to uncover processes that link environmental suitability with demogra-
phic parameters (e.g. Pellissier et al., 2013; Torres et al., 2012; Unglaub et al., 2015).
This approach is of particular interest for the continuous model of landscape developed
by Fischer et Lindenmayer (2006).

These studies are the first that really make an urgent and important move, which is key
for conservation scientists to use species distribution modelling as proxy for habitat qua-
lity : link them with population dynamics (Guisan et al., 2013; Wisz et al., 2013). Habitat
quality is still of major importance in conservation actions and conservation scientists
should focus on a quality that is based on demographic parameters even if it demands a
more powerful dataset than a quality assessed solely with species occurrence, abundance
or density data. Environmental suitability can be a helpful tool for stakeholders to make
choices, for example in sampling areas for inventories that are potentially suitable accor-
ding to a species distribution modelling framework, but not known as a occurrence sites. If
environmental suitability can go beyond and be more easily linked with demographic pa-
rameters, it will be a very powerful tool for conservation. To achieve this aim, population

biologists and conservation scientists have to work together.

Final words

More broadly, the future of conservation science is challenging, torn between the as-
certainment of biodiversity loss that urges conservation actors to actions and a certain
blindness on the understanding of some of its scientific bases. The risk is that conservation
becomes a giant with feet of clay, a science with a huge strike force but weak scientific
bases, potentially leading to counter-productive effects such as a loss of credibility towards

the main involved force in conservation : people.
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Abstract

The effects of landscape on species or communities depend greatly on spatial scale.
Many studies have sought to assess the ‘characteristic scale of effect’, the most appro-
priate spatial scale to study the relationship between landscape and ecological variables.
Because the true scale of interaction between species and landscape is never known, the re-
liability of estimation methods has to be evaluated indirectly, for example by comparing
theoretical predictions related to expected characteristic scale patterns among species,
landscape metrics or thematic resolutions with empirical observations, which is rarely
done. Here, we applied the widely-used focal site multiscale study design to identify the
characteristic scale of effect of landscape structures on species presence, using an original,
nationwide dataset of flower-visitor arthropods in France. This method infers the spatial
scale (buffer size) at which the relationship between probability of species presence and
landscape structure is the strongest. Characteristic scales of effect thus identified were
compared across 42 arthropod species, four landscape typologies of land cover and a large
set of landscape metrics, to analyze their consistencies. The method identified characte-
ristic scales of effect for a large proportion of species and landscape metrics. Significant
differences in characteristic scale were detected among species, landscape metrics and the-
matic resolutions used. However, overall the characteristic scale of landscape effects was
highly unstable, both within and among species and landscape metrics. This result was
true regardless of the thematic resolution of the typology. Our results suggest that the
outcome of the focal site multiscale study framework cannot be easily interpreted and
that the method validates little of the expected theoretical patterns. This questions the
relevance of the method to identify the spatial scale of species-landscape relationships as
well as our ability to use correlative approaches to evaluate the spatial scale of perception

and interaction of species with the landscape.
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Introduction

A large part of ecological research aims at understanding the determinants of spe-
cies distribution. The succession of environmental filters and particularly those related to
landscape (i.e. how a species can move through the landscape to reach suitable habitat
patches) are believed to be a major proximal mechanism (Kraft et al., 2015). Because no
experimental manipulation is possible at large scale, environmental filters are often explo-
red through correlative approaches on the basis of observational data. Hence numerous
studies focus on the neighboring landscape to demonstrate its importance as a predictor
of species presence and abundance at a particular site (Mazerolle et Villard, 1999). In
these studies, it has been repeatedly found that the relationship between an ecological
variable (e.g. species abundance or abundance) and landscape metrics, i.e. quantitative
descriptors of landscape composition (e.g. proportion, richness or diversity) and configu-
ration (e.g. patch shape, edge length or isolation ; Gustafson, 1998), depends greatly on
the spatial scale at which these metrics are measured (Wiens, 1989; Turner et al., 1989;
Miguet et al., 2016).

Multiscale analyses have developed rapidly over the last decades to address such spatial
scale issues in ecology, including the effect of grain, extent or resolution on landscape
metrics (Wiens, 1989; Wu, 2004; Lechner et Rhodes, 2016). With respect to spatial extent,
the focal site multiscale study design (Brennan et al., 2002) is a widespread method to
identify the so-called characteristic scale of effect of landscape metrics on an ecological
variable (Jackson et Fahrig, 2012). Landscape metrics are measured within a buffer around
observation sites and spatial scale is defined as the radius of such buffer. The aim of this
method is to infer the spatial scale at which the relationship between an ecological variable
of a focal site and a landscape metric (e.g. percentage of forest area) is the strongest. This
‘characteristic’ scale is often interpreted as the scale at which a given species perceives and
interacts with the landscape (Miguet et al., 2016). The identity of the landscape metric
correlating with species distribution is thought to be informative on which landscape
features are the most important drivers. However, landscape and species distribution can
be so complex that any correlation between a given pair of landscape metric and species
distribution can always receive an ad hoc explanation, while our ability to make a prior:
prediction is low. There is thus a strong need for a posteriori validation of correlative
methods such as the focal site multiscale study design.

Because the “true” characteristic scale of interaction between species and landscape
is never known, the reliability of the focal site multiscale study design method has to be
assessed indirectly. For example,Jackson et Fahrig (2015) analyzed, in a literature review,
the distribution of characteristic scales of effect obtained using the focal site multiscale

study design method and showed that the largest and smallest scales evaluated in studies
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are more often the best predictors of the inferred characteristic scale than expected by
chance. They concluded that many ecologists therefore seem to not conduct their study
at the optimal characteristic scale. Alternatively, Miguet et al. (2016) outlined several
methodological issues that can, in principle, influence estimates of the scale of effect, such

as resolution of landscape data or correlation of landscape metrics among spatial scales.

The choice of a landscape thematic resolution is one such major methodological issue
with the focal site multiscale study design, which may affect the strength of the obser-
ved correlation between landscape metrics and ecological variables, but this source of
variability is rarely assessed (Bailey et al., 2006; Lechner et Rhodes, 2016). Although
landscape units should be defined on the basis of their potential usage by the species or
ecological community under study, data availability is often the main driver of choice for
landscape ecologists. Land use maps are among the most used because remote sensing
and machine learning methods make them widely available (Verburg et al., 2011). In ad-
dition, a common practice in ecology is to redefine the thematic resolution of land use
to improve its ecological meaning with respect to the study species or community (e.g.
merging all forest types into a single type named “forest”). When working at a large scale,
most scientists match the thematic resolution with the spatial resolution, decreasing the
available thematic resolution to assess correlation between landscape metrics and their
ecological system. In this way, they also reduce the number of landscape units facilitating
subsequent statistical analyses. Consequently, a same raw thematic resolution can be used
to describe a same landscape but with different landscape units depending for example
on the spatial resolution (e.g. minimum patch size). Miguet et al. (2016) predict that
a coarse thematic resolution should lead to relatively less accurate landscape metrics at
small vs. large scales, leading to an overestimation of the characteristic scale, but there is

no proper empirical assessment of this potential bias so far.

A complementary approach to assess the consistency of estimates of the characteristic
scale is to infer the characteristic scale over a large number of species or landscape metrics
and to compare the patterns observed with theoretical expectations. Miguet et al. (2016)
compiled such predictions put forward in studies using the focal site multiscale study
design. They concluded that species traits and landscape metrics were among the most
important ecological factors likely to control the scale of effect. Regarding species traits,
several predictions can be made on purely theoretical grounds. In particular, Miguet et al.
(2016) expect broader scales of effects with larger species mobility. The latter can be as-
sessed using body size or dispersal distance. Despite an important corpus of studies about
ecological traits relationships with scale of effect, there is still weak empirical support
for these predictions and contradictory results across studies (Jackson et Fahrig, 2015),

especially for species-centered approaches.
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In contrast to species traits, there is little theory regarding the influence of landscape
metrics on the scale of effect, such that most predictions are purely empirical. A number of
empirical studies showed that the characteristic scale of effect may depend on which land-
scape metrics is used and cannot be readily transferred to other metrics or other thematic
resolutions. For example, Schindler et al. (2013), comparing 52 metrics and their rela-
tion with species richness of different taxonomic groups, found that no landscape variable
was consistently significant across all spatial scales. A question that deserves attention
is whether some patterns can be found despite the strong variability in characteristic
scale across metrics. Landscape metrics can be classified as composition vs. configuration
variables, but also as structural (without explicit reference to ecological processes) vs.
functional (e.g. connectivity) metrics (McGarigal et al., 2012). If species interact with the
landscape at a given (characteristic) scale, it seems reasonable to expect that this scale
is more consistent among metrics with a type (e.g. composition) than between types (e.g.
composition and configuration). For instance, Duren et al. (2011) showed that northern
bobwhite (Colinus virginianus) presence was affected by composition metrics within a
1km radius, whereas configuration metrics affected the species at larger scale. However,
to our knowledge, there is no proper meta-analysis of the literature that compiled the

consistency of spatial scale of species-landscape relationships among landscape metrics

types.

Here, we estimate and analyze the consistency of characteristic spatial scales of the
relationship between landscape metrics and the probability of presence of numerous spe-
cies of flower-dwelling arthropods, in an attempt to assess the validity of the focal site
multiscale study design to inform on true characteristic scales. We specifically address the
following questions : (1) does characteristic scale depend on species identity and landscape
variable in a way consistent with predictions by Miguet et al. (2016) 7 (2) Does the choice
of a thematic resolution influence the inferred characteristic scale 7 We focused on polli-
nators because they differ greatly in their ecological traits, particularly dispersal ability,
such that we may expect a broad range of characteristic scales of effect, yet with similari-
ties for ecologically close species as observations are due to similar ecological interactions
with their environment (e.g. species are observed on flowers because they usually feed on
flowers). Also, characteristic scales of effect of landscape metrics are poorly studied for
this group, although landscape context is known to be an important driver of insect distri-
bution (Steffan-Dewenter et al., 2002; Patricio-Roberto et Campos, 2014; Senapathi et al.,
2015). For example, Rossi et van Halder (2010) focused the relationship between butterfly
species richness and a variety of metrics reflecting both landscape configuration and com-
position. In this community approach, they found that the correlation between landscape

metrics and species richness varied greatly with buffer size, which was attributed to the
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diversity of processes shaping species-landscape relationships.

We used the focal site multiscale study design to assess the characteristic scale of
landscape effect on predicting species presence/absence, across multiple species, landscape
thematic resolutions and metrics. We then compared the patterns in inferred characteris-
tic scale with the following predictions : (i) the characteristic scale varies systematically
across species, such that species identity explains an appreciable part of the observed
variation in characteristic scale. In addition, this variability is shaped by ecological cha-
racteristics of species. In particular, species from the same taxonomic group are expected
to share common biological traits and should have systematic similar pattern of spatial
scale response across different metrics of the landscape; (ii) the characteristic scale also
varies consistently across landscape metrics. In particular, we expect to find systematic
differences in characteristic scale for composition vs. configuration metrics; (iii) a coarse
thematic resolution yields a systematic overestimation of the characteristic scale of effect
(Miguet et al., 2016).

Methods

Sampling protocol and data All biological records come from the French citizen
science program Spipoll, a nationwide survey of flower-visitors using a standardized ob-
servation protocol. This database is unique in providing assemblages of a wide range
of species sampled with the same standardized protocol over thousands of geo-localized
sampling points, thereby offering an ideal dataset for our purpose. The protocol consists
in compiling a photographic collection of flower-visiting invertebrates interacting with a
plant species at a given place and for a given duration (see Deguines et al. (2012) for
details). The dataset covers five years (2010-2014) and represents a total of 12,272 picture
collections, i.e. 12,272 sites distributed across France (appendix 1). Observation duration
is variable among samples, due to the existence of two protocols : observers take pictures
of all flower-visitors feeding or landing on the flowers either during 20-minutes (8,603 sites)
or over a longer but recorded duration (3,669 sites). Many taxa observed in Spipoll cannot
be identified to species level on the basis of pictures and are described as morphospecies.
Hence, we selected a subset of 42 taxa (appendix 2) that were both identified to species
level and frequent enough (at least 100 observations). They include Lepidoptera (14), Hy-
menoptera (9), Diptera (9), Coleoptera (7), Hemiptera (2) and Araneidae (1). The first
four taxonomic orders are representative of the diversity of pollinators in Europe (Orford
et al., 2015; Rader et al., 2016). Presence-absence data for these 42 species over 12,272
sites were used in subsequent analyses. All species identifications were validated by expert

entomologists.
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Landscape analysis The CORINE Land Cover dataset (Bossard et al., 2006) was
used as a representation of landscape. Four different thematic resolutions were used, from
the highly detailed 3¢ level of CLC (44 classes) to a simple description of landscape with
three classes only (urban, agricultural and natural patches), as often used in the ecological
literature to facilitate interpretation of processes under study (Suarez-Seoane et Baudry,

2002). See appendix 3 for more details on these thematic resolutions.

Circular buffers were created around each site with a broad range of 13 radii : 150,
250, 500, 750, 1000 m and every 500 m between 1,000 and 5,000 m. The smallest radius
(150 m) was chosen to be relevant to define a landscape considering the spatial resolution
of CLC (i.e. 25 m for a pixel, the minimum identifiable unit of measurement). The largest
radius (5000 m) was based on known movement ability of some species in our dataset (e.g.
foraging range of honey bees can reach these distance, Hagler et al., 2011). Each buffer
was intersected with the four different thematic resolutions of CLC at each site, thereby
generating a total of ca. 60,000 landscapes. Each of these landscapes was analyzed using
Fragstats v4 (McGarigal et al., 2012), which calculates a large set of landscape statistics.
Metrics were calculated either at class level (each thematic resolution defining its own
classes, metrics were therefore different for each thematic resolution) or for landscape as a
whole using the eight cells neighborhood rule for patch delineation. At the landscape level,
configuration (e.g. patch density, diversity or shape) and functional (e.g. connectivity and
isolation) metrics were calculated. The same metrics were also used to describe each class
(e.g. number of patch of forest class) in addition to composition metrics (i.e. percentage
of cover of each class in the buffer area). All metrics were chosen on the basis of their
demonstrated or purported effect on flower-visitors reported in the literature (Carré et al.,
2009; Kennedy et al., 2013; Moreira et al., 2015). For example, percentage of agricultural
area around observation sites is known to affect negatively pollinators abundance at local
scale (Benjamin et al., 2014). Only metrics with low correlation among them (< 0.6)
were retained for subsequent analyses resulting in 17 different metrics for the coarsest
thematic resolution used (Table 3.1, appendix 3 for other thematic resolutions). All these
metrics are fully described in McGarigal et al. (2012). All other landscape analyses were
performed using R (v3.1.2, R Development Core Team, 2014) and the PostGIS extension
of PostgreSQL object-relational database system.

Statistical analysis For each species, generalized linear models (GLM) with a binomial
error and a logit-link function were used to analyze the relationship between presence-
absence of species and landscape explanatory variables. First, a model was built using the
following independent variables : (1) latitude to account for a possible northing effect on

species distribution, (2) total precipitation and (3) minimum temperature on the day of
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TABLE 3.1 — Metrics used to describe the landscape around each Spipoll study site for the
finest thematic resolution (n = 17). Acronyms, complete names and codes correspond to the
terminology of McGarigal et al. (2012). The complete description of each metric is available in

McGarigal et al. (2012). Types of metrics are derived from these descriptions.

Acronym Complete name Code Metric
type
Landscape Class
ENN CV Fuclidean nearest-neighbor distance P1 Functional
(coefficient of variation)
ENN _ CV.nat ENN _CV of natural land cover class P1 Functional
ENN CV.urban ENN_ CV of urban land cover class P1 Functional
ED Edge density L4 Configuration
ED.nat Edge density of natural land cover C5 Configuration
class
ED.urban Edge density of urban land cover C5 Configuration
class
CONNECT Connectance index L30 Functional
CONNECT.nat  Connectance index of natural land C31  Functional
cover class
CONNECT.urban Connectance index of urban land co- C31 Functional
ver class
SHAPE_CV Shape index (coefficient of variation) P2 Configuration
AREA_CV Patch area (in hectares, coefficient of P1 Configuration
variation)
SHDI Shannon’s diversity index L4 Configuration
PRD Patch richness density L2 Configuration
PLAND.nat Proportion (%) of natural land cover C2 Composition
class
PLAND.urban  Proportion (%) of urban land cover C2 Composition
class
NP.nat Number of natural patches C8 Composition
NP.urban Number of urban patches C8 Composition

data collection as proxy for weather condition which may affect flower visitors’ activity,
(4) observation date (day of the year), (5) quadratic observation date to account for flower
visitors phenology, and (6) duration of data collection to take account of sampling effort.
Climate data were obtained from the ECA&D project (www.ecad.eu, Haylock et al., 2008)
where daily minimum temperature and precipitation data are available throughout the
sampling period at a resolution of 0.25 degree on a regular grid.

Then, a landscape metric was added to the model and the Akaike Information Crite-
rion (AIC) was calculated, and this was repeated for each landscape thematic resolution
(i.e. four different resolutions), each landscape metric (17 metrics, or more depending on

the thematic resolution considered) and each buffer size (13 radii from 150 to 5000 m).
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For a given metric and thematic resolution, the 13 model AICs (one for each buffer size)
were compared. To assess whether the relationship between presence/absence and a given
landscape variable depended on spatial scale, we examined the relationship between AIC
values and buffer size (Figure 3.1). If all AIC values were similar (AAIC < 5, Figure 3.1a),
models were considered similar regardless of the buffer size used to calculate the land-
scape index. In this case, we concluded that this species did not have a characteristic scale
of effect for this landscape metric. If AIC values differed by more than 5, the observed
characteristic scale of response to landscape was inferred from the model with the mini-
mum value of AIC (Figure 3.1b). When the minimum AIC value was observed at 150 m,
the species was concluded to be influenced by landscape at a local scale (< 150 m). In
contrast, when the observed characteristic scale was 5,000 m, the true characteristic scale
of effect is less easily defined, because it could be much broader than 5,000 m (Jackson et
Fahrig, 2015). To deal with this issue, results were analyzed with and without observed

characteristic scales of 5,000 m.

Explanatory power of models at the observed characteristic scale of effect were eva-
luated using McFadden’s pseudo-R? : 1 — (Residual Deviance/Null Deviance) ; (Faraway,
2005). To test the reliability of observed patterns, we selected among the models with a
characteristic scale of effects, the 50% models with highest pseudo-R? for the landscape
metric. Results obtained with this subset of models were compared to results from the
entire dataset. We also compared the characteristic scales of effect with those obtained
when species were randomly distributed across sites, while maintaining their number of
occurrences constant. Finally, we verified the absence of spatial autocorrelation on the

residuals of these models using Moran’s [ index and correlograms.

We finally analyzed the dataset consisting of all characteristic scales observed across
all 42 species and all 17 landscape metrics (or more depending on the thematic resolution
considered), for each of the four thematic resolutions of land cover. To assess the consis-
tency of species-landscape relationships, an analysis of variance (ANOVA) was performed
on characteristic scale, with species and landscape metrics as factorial explanatory va-
riables. Post-hoc Tukey Honest Significant Differences (HSD) test was used to explore the
true difference between species and between landscape metrics. ANOVA and post-hoc Tu-
key HSD tests were used to assess systematic differences of observed characteristic scales
among the four most represented taxonomic groups (i.e. Lepidoptera, Hymenoptera, Dip-
tera and Coleoptera) and a miscellaneous group combining the two last taxonomic groups
with few species each (Hemiptera and Araneidae). Under the assumption of niche conser-
vation stating that species within a taxonomic group are more likely to share similar
ecological traits (Webb et al., 2002), we expected significant differences in characteristic

scale among taxonomic groups. The same analysis was performed to test differences in
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FIGURE 3.1 — Example plots of AIC values of GLM models at 13 spatial scales for two
species : Paracorymbia fulva (a-c¢) and Xylocopa violacea (b-d) and two landscape metrics :
edge density (ED, a-b) and Shannon diversity (SHDI, c-d). In (b) and (c), the species-
landscape relationship is considered to be structured spatially : characteristic scales (black
arrows) are defined at the minimum AIC value, i.e. 2,000 m and 5,000 m respectively. In
(a) and (d), AIC values are not considered statistically different across models (AAIC <
5) : there are no characteristic scale of effect. Error bars correspond to +2.5 AIC.

characteristic scale among types of metrics (i.e. functional, composition or configuration).
The main results are presented only for the lowest thematic resolution with three land
cover classes : urban, natural and agricultural land cover and the corresponding 17 land-
scape metrics. Complete results on finer thematic resolutions CLC than the previous are
qualitatively similar and are generally not shown (but see appendix 4 and 5). To assess the
effect of thematic resolutions on characteristic landscape scale, we performed an ANOVA

on characteristic scale, pooling all 42 species and the 7 metrics that were defined across
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all thematic resolutions (Table 3.1). We also illustrated how landscape thematic resolu-
tion influenced the characteristic scale of effect by examining the distribution of absolute

values of the difference in characteristic scales between pairs of thematic resolution.

Results

Across all species and landscape metrics, 714 models were fitted on all spatial scales
studied. Three quarters showed a characteristic scale of effect (e.g. 3.1b and c), i.e. there
was enough variation in AIC values to identify the minimum across scales. McFadden’s
pseudo-R? of full models at the observed characteristic scale ranged from 1.36 % for Apis
mellifera and the connectance index (CONNECT) to 31.04% for Colletes hederae and the
connectance index of natural landscape class (CONNECT.nat). In comparison, only 17%
of models using a random distribution of species showed a characteristic scale of effect and
pseudo-R? of those models ranged between 0.01 and 1.46%. Also, results obtained from
the 50% subset of species with models exhibiting the highest pseudo-R? were consistent
with the entire dataset (see appendix 4). Therefore, subsequent results are presented for
the entire dataset.

Across species, the number of landscape metrics with an observed characteristic scales
ranged from 4 (26 %) for Vanessa atalanta to 17 (100 %) for Sphaerophoria scripta (Fi-
gure 3.2 and see appendix 5 for raw data). Significant differences in characteristic scale
were detected among species (ANOVA| p.value < 0.001). For example, Anthophora plu-
mipes and Pyrrhocoris campestris appeared to respond mainly to local scales (median =
250 m) while Aglais i0o mainly responded to large scales (median = 5,000 m), but this was
the only significant difference between species as identified by a post-hoc Tukey HSD test.
Overall, the observed characteristic scale was highly variable within species, most of which
exhibited a large range of variation of the characteristic scale across landscape metrics
from local (< 150 m) to the maximum scale evaluated in our framework (i.e. 5,000 m,
Figure 3.2). Even Vanessa atalanta, with only four observed characteristic scales, respon-
ded from local to large scales; the same was true for Sphaerophoria scripta with observed
characteristic scales for all metrics. Consistent with this large within-species variation, no
effect of taxonomic group on observed characteristic scale was found (ANOVA| p.value >
0.1).

Similarly, across landscape metrics (Figure 3.3 and appendix 5 for raw data), the num-
ber of species with an observed characteristic scale ranged from 20 (48 %) for CONNECT
to 39 (93 %) for the number of patches of natural landscape class (NP.nat). The observed
characteristic scale also varied significantly across landscape metrics (ANOVA, p.value <
0.01). The number of patches of urban landscape class (NP.urban) metric affected species

mainly at local scale (median — 750 m) while the coefficient of variation of the Euclidean
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FIGURE 3.2 — Box plot of the range of observed characteristic scales across landscape
metrics (maximum n = 17) for each species. The thick black vertical lines represent
the median characteristic scale; boxes represent the interquartile range; the whiskers
represent values that are 1.5 times the interquartile range from boxes. Black dots represent
outlier characteristic scales for some landscape metrics.

nearest-neighbor distance metric of urban landscape class (ENN_CV.urban) affected spe-
cies at larger scale (median = 3,500 m). However, here again this example was the only
significant difference between metrics (post-hoc Tukey HSD test). Most landscape metrics
exhibited a large range of variation of the characteristic scale across species with observed
characteristic scales for each metric that ranged from 150 m to 5,000 m (Figure 3.3).
However, significant differences in characteristic scale were found between the three me-
trics types (ANOVA, p.value < 0.001, see appendix 6 for detailed statistics). A post-hoc

Tukey HSD test revealed that the average characteristic scale was significantly lower for
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FIGURE 3.3 — Box plot of the range of observed characteristic scale across species (maxi-
mum n = 42) for each landscape metrics. The thick black vertical lines represent the me-
dian characteristic scale; boxes represent the interquartile range ; the whiskers represent
values that are 1.5 times the interquartile range from boxes. Black dots represent outlier
characteristic scales for some landscape metrics. See Table 3.1 for definitions of metric
codes.

composition metrics (mean = 1852 m, SD = 1761 m) vs. configuration (mean = 2430 m,
SD = 1828 m) or functional metrics (mean = 2584 m, SD = 1568 m).

Some inferred characteristic scales laid at one of the boundaries of the range of buffer
sizes, with 6% of observed characteristic scales at 150 m and 12% at 5,000 m (to be
compared to an average of 6 + 2% across all buffer sizes). Despite the higher frequency
of observed characteristic scales at the upper boundary, removing the observed scales of
5,000 m did not influence the main patterns of results. In particular there was still a

significant effect of species and landscape variables on the observed characteristic scale
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(ANOVA test, p.value < 0.001). Post-hoc Tukey HSD tests did show significant differences
between more pairs of species (n = 3) and landscape metrics (n = 7) than when the 5,000
m characteristic scale was included. However, the large variation in characteristic scale

both within species and within metrics was still present.
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FIGURE 3.4 — Box plot of absolute difference values of the observed characteristic scales
of effect between the different thematic resolutions (44 classes, 12 classes, 6 classes and
3 classes). Observed characteristic scale of effect are obtained from the combination of
species (n = 42) and landscape level metrics (n = 7).

Finally, for the seven landscape level metrics defined in all thematic resolutions of CLC,
observed characteristic scale varied significantly across thematic resolutions (ANOVA,
p.value < 0.05), but in a non-consistent manner, such that there was no monotonous
relationship between characteristic scale and the grain thematic resolution (means =
2419; 2119, 2324 ; 2161 m and SD = 1758 ; 1750 ; 1854 ; 1930 m respectively for thematic

95



3.1 Article : Inconstant spatial scale in species-landscape relationships

resolution of 3, 6, 12 and 44 classes). As a result, a post-hoc Tukey HSD test did not reveal
any pairwise significant difference. Besides, there was little variation in characteristic
scale across thematic resolutions, with 32 to 53% (depending on the compared thematic
resolutions) of differences in characteristic scale 150 m, i.e. the smallest scale analyzed in

our study (Figure 3.4).

Discussion

Using the standard focal site multiscale study framework to identify the spatial scale
of species-landscape relationships, we show on a non-simulated dataset that patterns
of characteristic scales of landscape effect do not follow any of the expected consistent
patterns theoretically predicted, such as similar characteristic scales in closely ecological
related species. Instead, the characteristic scale of landscape effect was highly variable,
both within and among species and landscape metrics. This result is true regardless of the
thematic resolution. We argue that two main hypotheses may explain such inconsistency :
(i) the focal site multiscale study framework fails to characterize the spatial scale of
species-landscape relationships or (ii) species-landscape relationships are too complex and
context-dependent to be amenable to generalizations. Either way, our results suggest that
the interpretation of results obtained with the focal site multiscale study framework is
highly problematic. Below we discuss all the expected patterns rejected by our results and
the possible sources of such variability in characteristic scales, starting with the species
level and its consequences for landscape ecology studies. Then, we focus on the impact
of landscape metrics and thematic resolution on the observed characteristic spatial scale.
Predictions about what determines the spatial extent of landscape effect on species are
numerous but there is little evidence to support them (Miguet et al., 2016). For example,
Jackson et Fahrig (2015) expected that characteristic scale of effect should vary among
taxonomic groups. Our observation of a significant, but small, species effect on observed
characteristic scale partly supports this prediction : some species appeared to respond to
landscape metrics at a finer scale than others and the number of landscape metrics with a
characteristic scale varied greatly across species. These differences among species could be
explained in part by species ecology and traits influencing their relationship to landscape
metrics. Some lines of theoretical evidence suggest that the scale of effect is principally
a function of species traits such as mobility (Jackson et Fahrig, 2012). Holland et al.
(2005) found that the scale of beetle species response to landscape was positively related
with body size. In a community approach, Schindler et al. (2013) showed that the species
richness of different taxonomic groups responded at different scales across a large pool
of landscape metrics. They concluded that the main reasons for the poor performance of

landscape metrics as indicators for small terrestrial birds across all spatial scales can be
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their high mobility. Here, we used taxonomic order as a proxy for ecological similarity,
with the assumption of niche conservatism which states that closely related species tend
to be ecologically similar in many respects (Wiens et al., 2010; Peterson, 2011). Our
analyses revealed no significant difference between taxonomic orders, suggesting either
that species ecology is a poor indicator of characteristic scale of response to landscape
metrics or that our assumption of niche conservatism is unwarranted. The latter can
unfortunately not be verified for insect pollinators, for which information on dispersal
abilities or other traits involved in species-landscape relationship are scarce. Regardless,
species with similar, large body size such as Vespa sp., Xylocopa violaceae and Bombus
pascuorum all belonging to Hymenoptera responded on average at large, medium and fine
scales, respectively. Similarly, Lepidoptera species, the most represented taxonomic order
analyzed in our study, all share common ecological traits but are clearly spread from fine
to large scales in their responses to landscape. Besides, we cannot lean on other empirical
studies testing the relation between traits and spatial scales of effect on arthropods, which
are rare as shown by the brief review of Jackson et Fahrig (2015) uncovering a single study

that was not focused on birds or mammals.

The large variation in characteristic scales of effect across landscape metrics within
a species may be due to several caveats of our approach. First, regional context can
be an important factor driving spatial scale of species-landscape relationships (Miguet
et al., 2016). Our data encompass many different regional contexts thanks to the citizen
science program used, which provides a unique opportunity to analyze species-landscape
relationship at a national level. Species traits and landscape context can vary among
regions, contributing to the observed variation in our characteristic scale of response
(Miguet et al., 2016). It is also possible that our study framework does not encircle the
relevant scale, as shown by Jackson et Fahrig (2015) in other studies. However, the range
of spatial scales was chosen to cover arthropod relationships with landscape on the basis of
the limited existing ecological knowledge, especially for small species (Steffan-Dewenter
et al., 2002). The smallest and largest scale evaluated here represent a low proportion
of all observed spatial scales and are thus unlikely to bias strongly the identification of
characteristic scales of effect as highlighted by Jackson et Fahrig (2015). Finally, one can
argue that, due to our data sampling, the distribution modelling fails to infer the true
distribution of species and only examines species detectability, with a possible influence
on estimation of characteristic scales. Here, we expect a monotonous relationship between
the probability of species detection and species abundance, the latter being variable across
different landscapes. However this issue is only problematic when species are absent from
a large part of the considered distribution due to different biogeographical constraints

for instance. In our case, all 42 taxa are common across France and widely distributed
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across landscapes. Therefore, this bias can be considered negligible and not related to
the assessment of the characteristic scale of specie-landscape relationships. Regardless of
the underlying mechanisms, the general inconsistency in the scale of species response to
landscape has important implications because it can also lead to conduct research at the
wrong spatial scale. This is particularly true with community-based analyses, which often
use a single characteristic scale of effect to investigate communities composed of multiple
different species (Rossi et van Halder, 2010; Schindler et al., 2013), although each is likely

to respond at a different spatial scale.

Beyond the large variation in characteristic scale of effect across species, significant dif-
ferences are also observed among landscape metrics and types of landscape metrics, which
can have major consequences for the choice of relevant metrics. Previous studies exploring
spatial scale association between landscape metrics and species mainly described the land-
scape with a single metric (e.g. habitat amount). We perform our analysis using numerous
landscape metrics, grouped into three main types (composition, configuration and func-
tional metrics) because the complexity of species relations with landscape can generally
not be encapsulated in a single metric. Targeting different landscape metrics underlies
different questions related to different species traits, with potentially different scales of
response, such that the spatial scale at which a species perceive landscape composition or
spatial configuration can be different (Duren et al., 2011). For example, species of butter-
flies with high sensitivity to urbanization exhibit a fine-scale of response to proportion of
urban land cover (Bergerot et al., 2010) while having high dispersal abilities and therefore
responding at larger scales for functional metrics such as connectivity than for compo-
sition metrics related to urban cover. Our observation of significant lower characteristic
scales for composition metrics than for configuration or functional metrics partly supports
this hypothesis. However, the effect remains small due to the large variability observed
in spatial scale among landscape metrics. Therefore, the expected pattern that should
display a reasonable consistency in spatial scale among types of landscape metrics cannot
be verified. These results highlight that even if you are looking to similar based landscape
metrics, they could respond to highly variable spatial scale. Also, our results show that
different metrics should not be used together in a modelling approach with a single speci-
fic spatial scale. This is consistent with previous results, for example by Ordénez-Gomez
et al. (2015), who used four different metrics in relation to diet and behavior of spider
monkeys. They concluded that the scale of effect cannot be generalized to all ecological
variables and to all predictors. Similarly, Schindler et al. (2013) also found that that no
landscape variable was constantly significant across all landscape scales. Finally, Rossi et
van Halder (2010) used multiple landscape metrics and showed that the level of metrics

correlation with butterfly diversity varied greatly across spatial scales.

o8



POLLINISATEURS ET ECHELLE SPATIALE

Finally, the inferred characteristic scale of effect was slightly affected on average by the
different landscape thematic resolutions used with higher spatial scales on average for the
coarse thematic resolution, but no systematic change in spatial scale at finer resolutions.
In addition, the effect of thematic resolution is small implying that a coarse thematic
resolution does not necessarily lead to a systematic overestimation of the characteristic
scale of effect, rejecting the prediction of Miguet et al. (2016). Increasing the thematic
resolution modifies landscape metrics (e.g. increasing Shannon diversity), which should
improve the description of species-landscape relationships for species with specific habitat
requirements that can be masked with a coarse thematic resolution. For example, Holland
et al. (2005) noted that if the definition of landscape units (“habitat”) in a thematic reso-
lution is not sufficiently meaningful for the species under consideration, the relationship
between the species and the landscape metric can be weak. However, our results suggest
that using a complex thematic resolution of a land cover dataset is not a way to over-
come this situation. This is consistent with the study of Bailey et al. (2006), who found
that an intermediate thematic resolution appeared the most promising for biodiversity
monitoring and that using detailed thematic resolutions did not improve the correlation
between biodiversity data and landscape metrics. Therefore, instead of trying to decrease
or increase a thematic resolution, it would be better to look into different sources of data
(e.g. raw remote sensing dataset and their associated texture measures, (St-Louis et al.,
2014) to test the impact of landscape description in scale-dependent species-landscape re-
lationships more in depth. In our study, even if CLC is one of the best trade-offs between
data availability and resolution in Europe, this land cover dataset shows some limitations

in representing accurately the mosaic of species habitat units.

Species-landscape relationships are complex. This statement is not new and can be
viewed as an advantage, in the sense that any scale-dependent species-landscape relation-
ship can receive an ad-hoc explanation. However, such complexity and variability should
also be considered a major difficulty that impedes our understanding of the importance
of spatial scale. When analyzing the spatial scale of species-landscape relationships, we
often have no other way but to trust the results produced by whichever method was used
to identify the relevant spatial scale. Our results suggest using caution when interpre-
ting the results of the focal site multiscale study framework, which may be misleading in
evaluating the scale of such relationships. To overcome this situation, one advice would
be to assess independently the spatial scale of effect of all landscape metrics used in the
modelling of a particular ecological variable (e.g. species abundance or presence-absence).
It also seems important to partition communities into species to ensure that the scales
of species response to landscape are consistent across species of the community and the-

refore that the scale of landscape effect at the whole community level is not driven by
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one or few species. However, the large variability in characteristic scales observed in the
present study questions our aptitude to evaluate the spatial scale of species-landscape re-
lationships and especially, the relevance of the focal site multiscale method. Each species
appears to have its own spatial scale of perception of the description of landscape that
we use as scientists (i.e. through metrics and thematic resolutions) and it seems that we
do not have an accurate way to assess it yet. Undoubtedly, identifying the characteristic
spatial scale of effect remains a central issue in landscape ecology and we need to challenge

the way we think about species-landscape relationships.
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Appendix 1

Spatial distribution of the 12,272 sites (in grey) where pictures of flower-dwellers in-
sects and other arthropods were collected for the Spipoll citizen science program between
2010 and 2014.
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Appendix 2

List of species (n = 42) used in the study.

Order Family Species name Number of observation
Hymenoptera Apidae Apis mellifera 4635
Hymenoptera Apidae Bombus pascuorum 2130
Diptera Syrphidae Sphaerophoria scripta 2007
Diptera Syrphidae Episyrphus balteatus 1545
Diptera Syrphidae Syritta pipiens 933
Coleoptera Coccinellidae  Coccinella septempunctata 809
Coleoptera Cetoniidae Ozxythyrea funesta 764
Hymenoptera Apidae Xylocopa violacea 623
Diptera Syrphidae Myathropa florea 560
Diptera Calliphoridae  Stomorhina lunata 559
Coleoptera Cetonirdae Cetonia aurata 523
Hymenoptera Megachilidae — Anthidium sp.* 409
Lepidoptera Sphingidae Macroglossum stellatarum 406
Lepidoptera Hesperiidae Ochlodes sylvanus 371
Hemiptera Pentatomidae  Graphosoma lineatum 366
Lepidoptera Nymphalidae — Aglais 10 345
Diptera Muscidae Musca autumnalis 333
Coleoptera Cerambycidae  Paracorymbia fulva 291
Lepidoptera Nymphalidae — Vanessa atalanta 288
Lepidoptera Lycaenidae Lycaena phlaeas 262
Coleoptera Cleridae Trichodes alvearius 252
Hemaptera Pyrrhocoridae  Pyrrhocoris campestris 229
Diptera Syrphidae Rhingia campestris 227
Coleoptera Cerambycidae  Ruptela maculata 216
Lepidoptera Nymphalidae  Melarnargia galatha 204
Diptera Syrphidae Volucella zonaria 194
Lepidoptera Papilionidae Iphiclides podalirius 192
Lepidoptera Nymphalidae  Pararge aegeria 191
Lepidoptera Pieridae Gonepteryr rhamni 188
Lepidoptera Nymphalidae  Polygonia c-album 172
Lepidoptera Nymphalidae — Argynnis paphia 169
Coleoptera Cetonitdae Valgus hemipterus 166
Lepidoptera Nymphalidae  Vanessa cardui 160
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Order Family Species name Number of observation
Lepidoptera Nymphalidae — Aglais urticae 156
Lepidoptera Nymphalidae  Lasiommata megera 152
Hymenoptera Colletidae Colletes hederae 151
Hymenoptera Apidae Bombus terrestris 150
Hymenoptera Vespidae Vespa crabro 145
Diptera Syrphidae Riponnensia splendens 126
Araneae Pisauridae Pisaura mirabilis 125
Hymenoptera Apidae Anthophora plumipes 120
Hymenoptera Vespidae Vespa velutina 111

For Anthidium sp., species are assumed to have similar ecological requirements.
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Appendix 3

Description of other typologies and their corresponding landscape metrics used in the

study. See next page.
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TABLE 3.3 — Details of other typologies (i.e. thematic resolutions) of Corine Land Cover (CLC) used in the study and their
relationships (hierarchical classification). For the typology with 3 classes, water bodies are not taken into account in the calculation
of landscape metrics. “CLC Code” referred to the level 3 of the official code denomination of CLC.

CLC Code Typology 44 classes Typology 12 classes Typology 6 classes Typology 3 classes

111 Continuous urban fabric Urban areas Urban areas Urban areas
112 Discontinuous urban fabric Suburban areas Urban areas Urban areas
121 Industrial or commercial units Urban areas Urban areas Urban areas
122 Road and rail networks and as- Urban areas Urban areas Urban areas
sociated land
123 Port areas Urban areas Urban areas Urban areas
124 Airports Urban areas Urban areas Urban areas
131 Mineral extraction sites Urban areas Urban areas Urban areas
132 Dump sites Urban areas Urban areas Urban areas
133 Construction sites Urban areas Urban areas Urban areas
141 Green urban areas Green Urban areas Urban areas Urban areas
142 Sport and leisure facilities Urban areas Urban areas Urban areas
211 Non-irrigated arable land Arable land Arable land Agricultural areas
212 Permanently irrigated land Arable land Arable land Agricultural areas
213 Rice fields Arable land Arable land Agricultural areas
221 Vineyards Permanent crops Other agricultural areas Agricultural areas
222 Fruit trees and berry plantations Permanent crops Other agricultural areas Agricultural areas
223 Olive groves Permanent, crops Other agricultural areas Agricultural areas
231 Pastures Pastures Other agricultural areas Agricultural areas
241 Annual crops associated with Heterogeneous agricultural Other agricultural areas Agricultural areas
permanent crops areas
242 Complex cultivation patterns Heterogeneous  agricultural Other agricultural areas Agricultural areas
areas

Continued on next page



CLC Code

Typology 44 classes

Typology 12 classes

Typology 6 classes

Typology 3 classes

243

244

311

312

313

321

322

323

324

331

332

333

334

335

411

412
421

Land principally occupied by

agriculture, with
areas of natural vegetation
Agro-forestry areas
Broad-leaved forest
Coniferous forest

Mixed forest

Natural grasslands

Moors and heathland
Sclerophyllous vegetation
Transitional woodland-shrub
Beaches, dunes, sands

Bare rocks

Sparsely vegetated areas
Burnt areas

Glaciers and perpetual snow
Inland marshes

Peat bogs

Salt marshes

significant

Heterogeneous  agricultural

areas
Heterogeneous  agricultural
areas

Forest,

Forest,

Forest,

Scrub and/or herbaceous ve-
getation associations

Scrub and/or herbaceous ve-
getation associations

Scrub and/or herbaceous ve-
getation associations

Scrub and/or herbaceous ve-
getation associations

Open spaces with little or no
vegetation

Open spaces with little or no
vegetation

Open spaces with little or no
vegetation

Open spaces with little or no
vegetation

Open spaces with little or no
vegetation

Wetlands

Wetlands

Wetlands

Other agricultural areas

Other agricultural areas

Forest

Forest

Forest

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Other natural areas

Agricultural areas

Agricultural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas
Natural areas

Natural areas

Natural areas

Continued on next page



CLC Code Typology 44 classes Typology 12 classes Typology 6 classes Typology 3 classes
422 Salines Wetlands Other natural areas Natural areas
423 Intertidal flats Wetlands Other natural areas Natural areas
511 Water courses Water bodies Water bodies -
512 Water bodies Water bodies Water bodies -
521 Coastal lagoons Water bodies Water bodies -
522 Estuaries Water bodies Water bodies -

923

Sea and ocean

Water bodies

Water bodies




TABLE 3.4 — List of landscape metrics (n = 27) used in analysis for the typology of 44 classes. Acronyms, complete names and codes
correspond to the terminology of McGarigal et al. (2012). The complete description of each metric is available in McGarigal et al.
(2012).

Acronym Complete name Code Metric type
Landscape Class
ENN_CV Euclidean nearest-neighbor distance (coefficient of variation) P1 Functional
ENN CV.discontinuous.urban.fabric ENN _CV of discontinuous urban fabric land cover class P1 Functional
ENN CV.broad-leaved.forest ENN CV of broad-leaved forest land cover class P1 Functional
ENN CV.natural.grasslands ENN CV of natural grasslands land cover class P1 Functional
ENN CV.transitional.woodland-shrub ENN CV of transitional woodland-shrub land cover class P1 Functional
ED Edge density L4 Configuration
ED.discontinuous.urban.fabric Edge density of discontinuous urban fabric land cover class Ch Configuration
ED.broad-leaved.forest Edge density of broad-leaved forest land cover class Ch Configuration
ED.natural.grasslands Edge density of natural grasslands land cover class Ch Configuration
ED.transitional.woodland-shrub Edge density of transitional woodland-shrub land cover class Ch Configuration
CONNECT Connectance index L30  Functional
CONNECT .discontinuous.urban.fabric Connectance index of discontinuous urban fabric land cover class C31  Functional
CONNECT .broad-leaved.forest Connectance index of broad-leaved forest land cover class C31  Functional
CONNECT .natural.grasslands Connectance index of natural grasslands land cover class C31  Functional
CONNECT .transitional.woodland-shrub  Connectance index of transitional woodland-shrub land cover class ~ C31  Functional
SHAPE_CV Shape index (coefficient of variation) P2 Configuration
AREA CV Area (in hectares, coefficient of variation) P1 Configuration
SHDI Shannon’s diversity index 14 Configuration
PRD Patch richness density L2 Configuration
PLAND.discontinuous.urban.fabric Proportion (%) of discontinuous urban fabric land cover class C2 Composition
PLAND.broad-leaved.forest Proportion (%) of broad-leaved forest land cover class C2 Composition
PLAND.natural.grasslands Proportion (%) of natural grasslands land cover class C2 Composition
PLAND.transitional.woodland-shrub Proportion (%) of transitional woodland-shrub land cover class C2  Composition
NP.discontinuous.urban.fabric Number of discontinuous urban fabric land cover class C8 Composition
NP.broad-leaved.forest Number of broad-leaved forest land cover class C8 Composition



NP.natural.grasslands Number of natural grasslands land cover class C8 Composition

NP.transitional.woodland-shrub Number of transitional woodland-shrub land cover class C8 Composition




TABLE 3.5 — List of landscape metrics (n = 27) used in analysis for the typology of 12 classes. Acronyms, complete names and codes
correspond to the terminology of McGarigal et al. (2012). The complete description of each metric is available in McGarigal et al.

(2012).

Acronym Complete name Code Metric type
Landscape Class
ENN CV Euclidean nearest-neighbor distance P1 Functional
(coefficient of variation)
ENN CV.urban ENN CV of urban areas land cover P1 Functional
class
ENN _ CV forest ENN _CV of forest land cover class P1 Functional
ENN CV.scrub.herbaceous.veg.associations ENN_CV of scrub and/or herbaceous P1 Functional
vegetation associations land cover class
ENN _CV.heterogeneous.agricultural.areas ENN_ CV of heterogeneous agricultu- P1 Functional
ral areas land cover class
ED Edge density L4 Configuration
ED.urban Edge density of urban areas land cover C5 Configuration
class
ED .forest Edge density of forest land cover class C5 Configuration
ED.scrub.herbaceous.veg.associations Edge density of scrub and/or herba- C5 Configuration
ceous vegetation associations land cover
class
ED .heterogeneous.agricultural.areas Edge density of heterogeneous agricul- C5 Configuration
tural areas land cover class
CONNECT Connectance index L30  Functional
CONNECT.urban Connectance index of urban areas land ~ C31  Functional
cover class
CONNECT .forest Connectance index of forest land cover = C31  Functional

class



CONNECT .scrub.herbaceous.veg.associations

CONNECT .heterogeneous.agricultural.areas

SHAPE _CV
AREA CV
SHDI
PRD

PLAND .urban

PLAND . .forest

PLAND.scrub.herbaceous.veg.associations

PLAND .heterogeneous.agricultural.areas

NP.urban
NP .forest
NP.scrub.herbaceous.veg.associations

NP.heterogeneous.agricultural.areas

Connectance index of scrub and/or her-
baceous vegetation associations land
cover class

Connectance index of heterogeneous
agricultural areas land cover class
Shape index (coefficient of variation)
Area (in hectares, coefficient of varia-
tion)

Shannon’s diversity index

Patch richness density

Proportion (%) of urban areas land co-
ver class

Proportion (%) of forest land cover
class

Proportion (%) of scrub and/or herba-
ceous vegetation associations land cover
class

Proportion (%) of heterogeneous agri-
cultural areas land cover class

Number of urban areas land cover class
Number of forest land cover class
Number of scrub and/or herbaceous ve-
getation associations land cover class
Number of heterogeneous agricultural

areas land cover class

C31

C31

P2
P1

L4
L2
C2

C2

C2

C2
C8
C8
C8

C8

Functional

Functional

Configuration

Configuration
Configuration
Configuration
Composition

Composition

Composition

Composition
Composition
Composition

Composition

Composition




TABLE 3.6 — List of landscape metrics (n = 22) used in analysis for the typology of 6 classes. Acronyms, complete names and codes
correspond to the terminology of McGarigal et al. (2012). The complete description of each metric is available in McGarigal et al.

(2012).

Acronym Complete name Code Metric type
Landscape Class
ENN_CV Euclidean nearest-neighbor distance (coefficient of variation) P1 Functional
ENN CV.urban ENN _ CV of urban areas land cover class P1 Functional
ENN _ CV forest ENN _CV of forest land cover class P1 Functional
ENN CV.othernat ENN CV of other natural areas land cover class P1 Functional
ED Edge density L4 Configuration
ED.urban Edge density of urban areas land cover class Ch Configuration
ED .forest Edge density of forest land cover class Ch Configuration
ED.othernat Edge density of other natural areas land cover class Ch Configuration
CONNECT Connectance index L30  Functional
CONNECT.urban Connectance index of urban areas land cover class C31  Functional
CONNECT .forest Connectance index of forest land cover class C31  Functional
CONNECT.othernat Connectance index of other natural areas land cover class C31  Functional
SHAPE CV Shape index (coefficient of variation) P2  Configuration
AREA_CV Area (in hectares, coefficient of variation) P1 Configuration
SHDI Shannon’s diversity index L4 Configuration
PRD Patch richness density L2 Configuration
PLAND.urban Proportion (%) of urban areas land cover class C2  Composition
PLAND .forest Proportion (%) of forest land cover class C2  Composition
PLAND.othernat Proportion (%) of other natural areas land cover class C2 Composition
NP.urban Number of urban areas land cover class Cs8 Composition
NP.forest Number of forest land cover class C8 Composition
NP.othernat Number of other natural areas land cover class C8 Composition
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Appendix 4

Results and figures (i.e. box plot) summarizing raw results for the other thematic
resolutions that are not showed directly in the manuscript (i.e. typology of 44, 12 and 6

classes, see Appendix 3 for more details about these thematic resolutions).
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FIGURE 3.5 — Box plot of the range of observed characteristic scales across landscape
metrics (calculated on the typology with 44 classes, maximum n = 27) for each species.
The thick black vertical lines represent the median characteristic scale; boxes represent
the interquartile range ; the whiskers represent values that are 1.5 times the interquartile
range from boxes. Black dots represent outlier characteristic scales for some landscape
metrics. Significant differences in characteristic scale were detected between species and
between taxonomic orders (ANOVA, p.value < 0.001).
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Landscape variables

ED.transitional.woodland-shrub -
PRD -

PLAND.transitional.woodland-shrub -
NP.broad-leaved.forest -

ENN CV.natural.grasslands -
NP.transitional.woodland-shrub -
ENN_CV.discontinuous.urban.fabric -
ENN CV.broad-leaved.forest-
CONNECT.natural.grasslands -
ONNECT -
PLAND.natural.grasslands -
PLAND.discontinuous.urban.fabric -
ENN_CV.transitional.woodland-shrub -
ENN_CV-

ED.natural.grasslands -
ED.broad-Ieaved.forgsDt-

SHAPE CV-
ED.discontinuous.urban.fabric -
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NP.natural.grasslands -
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FIGURE 3.6 — Box plot of the range of observed characteristic scale across species (maxi-
mum n = 42) for each landscape metrics (calculated on the typology with 44 classes).
The thick black vertical lines represent the median characteristic scale; boxes represent
the interquartile range ; the whiskers represent values that are 1.5 times the interquartile
range from boxes. Black dots represent outlier characteristic scales for some landscape me-
trics. Metrics are described in Appendix 3. Significant differences in characteristic scale
were detected between landscape metrics (ANOVA, p.value < 0.001) but not between
landscape metrics type (i.e. composition, configuration and functional, ANOVA, p.value
> 0.05).
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FIGURE 3.7 — Box plot of the range of observed characteristic scales across landscape
metrics (calculated on the typology with 12 classes, maximum n = 27) for each species.
The thick black vertical lines represent the median characteristic scale; boxes represent
the interquartile range ; the whiskers represent values that are 1.5 times the interquartile
range from boxes. Black dots represent outlier characteristic scales for some landscape
metrics. Significant differences in characteristic scale were detected between species and
between taxonomic orders (ANOVA, p.value < 0.001).
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FIGURE 3.8 — Box plot of the range of observed characteristic scale across species (maxi-
mum n = 42) for each landscape metrics (calculated on the typology with 12 classes). The
thick black vertical lines represent the median characteristic scale ; boxes represent the in-
terquartile range ; the whiskers represent values that are 1.5 times the interquartile range
from boxes. Black dots represent outlier characteristic scales for some landscape metrics.
Metrics are described in Appendix 3. Significant differences in characteristic scale were
detected among landscape metrics (ANOVA, p.value < 0.001) but not between landscape
metrics type (ANOVA, p.value > 0.05)
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FIGURE 3.9 — Box plot of the range of observed characteristic scales across landscape
metrics (calculated on the typology with 6 classes, maximum n = 22) for each species.
The thick black vertical lines represent the median characteristic scale ; boxes represent the
interquartile range ; the whiskers represent values that are 1.5 times the interquartile range
from boxes. Black dots represent outlier characteristic scales for some landscape metrics.
Significant differences in characteristic scale were detected between species (ANOVA,
p.value < 0.001) and also between taxonomic orders (ANOVA, p.value < 0.05).
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FIGURE 3.10 — Box plot of the range of observed characteristic scale across species (maxi-
mum n = 42) for each landscape metrics (calculated on the typology with 6 classes).
The thick black vertical lines represent the median characteristic scale; boxes represent
the interquartile range ; the whiskers represent values that are 1.5 times the interquar-
tile range from boxes. Black dots represent outlier characteristic scales for some landscape
metrics. Metrics are described in Appendix 3. Significant differences in characteristic scale
were detected between landscape metrics (ANOVA, p.value < 0.001) and also between
landscape metrics type (ANOVA, p.value < 0.01).
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Appendix 5

This appendix is not presented in this manuscript, as it is oversized. However, an URL
for dowloading this the appendix is provided :

— Appendix 5 (direct downloading url)

This appendix contains in different tables the raw results of the observed characteristic
scale between species and landscape metrics for each typology used in the study (Tables
1-4) and values of Mcfadden pseudo-R? for each model (Tables 5-8).

Description of each tables :
Table 1 : Raw results of observed characteristic scale between species and landscape
metrics for the typology of 44 classes.
Table 2 : Raw results of observed characteristic scale between species and landscape
metrics for the typology of 12 classes.
Table 3 : Raw results of observed characteristic scale between species and landscape
metrics for the typology of 6 classes.
Table 4 : Raw results of observed characteristic scale between species and landscape
metrics for the typology of 3 classes.
Table 5 : Mcfadden pseudo-R? for models of the observed characteristic scale between
species and landscape metrics for the typology of 44 classes.
Table 6 : Mcfadden pseudo-R? for models of the observed characteristic scale between
species and landscape metrics for the typology of 12 classes.
Table 7 : Mcfadden pseudo-R? for models of the observed characteristic scale between
species and landscape metrics for the typology of 6 classes.
Table 8 : Mcfadden pseudo-R? for models of the observed characteristic scale between

species and landscape metrics for the typology of 3 classes.
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3.1 Article : Inconstant spatial scale in species-landscape relationships

Appendix 6

Detailed statistics of ANOVAs for main results presented in the manuscript.

(i) Characteristic scales species + landscape metrics

Response : Charactristic scales

Sum Sq Df F value Pr(>F)

Species 256526163 41  2.3576  1.004e-05
Landscape metrics 101641976 16  2.3937  0.001856
Residuals 1265883663 477

(ii) Characteristic scales taxonomic orders + types of landscape metrics (i.e. compo-

sition, configuration and functional)

Response : Charactristic scales

Sum Sq Df F value Pr(>F)

Taxonomic orders 25536471 4 2.1598 0.0723434
Types of landscape metrics 45931474 2 7.7693  0.0004726
Residuals 1560738748 528

(iii) Characteristic scales thematic resolutions (i.e. 3, 6, 12 or 44 classes) + landscape

metrics

Response : Charactristic scales

Sum Sq Df F value Pr(>F)

Thematic resolutions 30130038 3 3.1202  0.0253686
Landscape metrics 176760074 24 2.2881 0.0004361
Residuals 2816444865 875
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Abstract

Heterogeneous landscapes have been present for a long time on Earth and have shaped
the evolution of species specialization. In particular, landscape heterogeneity may favor
species requiring a number of complementary resources from different landscape units, a
phenomenon referred to as “landscape complementation”. Such “complementing” species
combine a high level of specialization with a niche position in a heterogeneous part of a
landscape gradient. They are likely to become more frequent with the effects of human
activities increasing landscape heterogeneity, but their occurrence is little studied. This
study aimed to analyze the relationship between bird specialization and niche preference
along a continuous environmental gradient, in order to detect landscape complementation
and improve our understanding of the rules controlling species assemblages at large spatial
scale. We used a nationwide breeding bird dataset and remote sensing vegetation cover
as a proxy for a continuous environmental gradient from forests to open natural or semi-
natural landscape units, to calculate species specialization indices and species preferences
along the gradient. Most species did show preferences for intermediate (heterogeneous)
parts of the landscape gradient. However, we did not detect any specialization on he-
terogeneous parts of the gradient : all species with high specialization indices preferred
homogeneous landscapes, either forests or open and agricultural areas. This work sheds
a new light on specialization of species along environmental gradient at large scale and
brings further support to the hypothesis of a human-driven homogenization of natural

communities.

Keywords : landscape gradient ; specialization ; landscape complementation ; land-

scape heterogeneity ; continuous habitat ; citizen science
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Introduction

Heterogeneous landscapes have been present for a long time on Earth. Landscape he-
terogeneity has shaped the evolution of species specialization (Débarre et Gandon, 2010;
Holt et Gomulkiewicz, 2004; Ravigné et al., 2009), defined as the (restricted) ecological
niche breadth of a species (Futuyma et Moreno, 1988; Devictor et al., 2010). Generalist
species, which have broader niches than specialist species, are considered to be more adap-
ted than specialist species to persist in heterogeneous landscapes (Teyssédre et Robert,
2014; Devictor et al., 2010).

In addition to the classical specialist/generalist dichotomy, several species may also
have evolved to specialize on heterogeneous environmental conditions when heterogeneity
does not involve too many different resources (Fahrig et al., 2011). This type of speciali-
zation is illustrated for example by the “landscape complementation hypothesis” (Brotons
et al., 2005), which states that a species may require a number of complementary resources
located in different landscape units. Therefore the combined presence of these landscape
units is mandatory for the species to persist (Dunning et al., 1992). Such “complementing”
species, because they are specialized on particular resources, should outcompete generalist
species with broader niches (Biichi et Vuilleumier, 2014). As a result, generalist species
should display lower abundances in heterogeneous landscapes and “complementing” spe-
cies can be considered specialists of heterogeneous landscapes. This specialization may be
due to complex life cycles, with different niche requirements for different life stages such
as hemimetabolous insects or amphibians (Pope et al., 2000), but can also result from an
adaptation to rapid current anthropogenic landscape changes (Barnagaud et al., 2011).

Anthropogenic landscape alteration is the main factor of biodiversity loss, particu-
larly via the destruction and fragmentation of natural habitats (Newbold et al., 2015).
As a consequence, species are more and more likely to encounter heterogeneous land-
scapes. This increased landscape heterogeneity is associated with profound changes in
the structure of ecological communities (Fahrig et al., 2011). A large corpus of studies
particularly demonstrates that biodiversity is facing widespread functional homogeniza-
tion with more abundant generalist species and a general loss of specialist species (Clavel
et al., 2011; Kerbiriou et al., 2009). Although landscape heterogeneity tends to modify
species communities, its recent expansion may also offer new opportunities for species.
Species previously adapted to heterogeneous conditions such as “complementing” species
may benefit from increased landscape heterogeneity and expand their range or abundances
(Fahrig et al., 2011). Alternatively, they may evolve de novo from generalist species or
species specialized on homogeneous landscapes. However, the presence and distribution of
“complementing” species in heterogeneous landscapes has received little attention so far
(but see e.g. (Dulaurent et al., 2011; Mueller et al., 2009; Ouin et al., 2004).
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Species can be classified continuously as more or less generalist (i.e. niche width) on
the basis of the coefficient of variation of species densities among categorical landscape
units (Julliard et al., 2006). Additional information is needed to characterize their prefe-
rences along an environmental gradient (i.e. niche position), which requires a continuous
representation of landscapes (Clavero et Brotons, 2010). For example, niche position can
be assessed by examining the relationship between species abundances and the environ-
mental gradient, as the part of the gradient where abundance is maximal. Finally, the
relationship between specialization level and niche position provides information on spe-
cialization types : (i) species with high values of specialization and niche position on either
side of the gradient are considered specialists of homogeneous landscapes (ii) species with
high values of specialization and niche position at intermediate part of the landscape
gradient are considered “complementing” species ; and (iii) species with low values of spe-
cialization are considered generalists regardless of their niche position. To our knowledge,
this relationship between preference of species and their effective levels of specialization
is rarely assessed at large scale in the literature.

The aim of the study is to analyze the relationship between bird specialization and
their niche preference along a continuous heterogeneous environmental gradient. On a na-
tionwide breeding bird dataset and using remote sensing vegetation cover as a proxy for
continuous environmental gradient, we calculate species specialization index and species
preferences along the gradient (i.e. their niche positions). We test the following expecta-
tions : (i) species with a monotonous relationship between abundance and environmental
gradient should exhibit high levels of specialization ; (ii) according to the landscape com-
plementation hypothesis, some species displaying an intermediate niche position in the
environmental gradient may exhibit high levels of specialization ; (iii) the resulting rela-
tionship between specialization level and niche position should thus be flat, with generalist

and specialist species spread along the environmental gradient.

Methods

Bird data We used data from the French Breeding Bird Survey (BBS), a standardized
monitoring scheme in which skilled volunteer ornithologists identify breeding birds by
song or visual contact (Julliard et Jiguet, 2002). Twice a year in spring, each observer
prospects 10 evenly distributed points within a 2x2 km plot, randomly selected within 10-
km of the observer location. Each visit lasts 5 minutes, during which all individuals seen or
heard within a distance of 100 m are identified to species level and recorded. Point counts
are located 300 m apart and sampled in the same order. Out of the full database from
2001 to 2014, the ca. 10,000 point counts (hereafter “sites”) with four consecutive years of

sampling were retained. We focused on relatively common species only, observed in 200
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sites or more across France, i.e. with enough data for meaningful statistical analyses. Also,
species restricted to wetlands or species that spend most of their active time airborne (e.g.
raptor, swifts) were removed, because the BBS protocol is not designed for such species
and because we were interested in investigating local scale species-landscape relationships.
This selection resulted in a set of 82 species (appendix A). For each species, abundance
was measured as the average, over the four years, of the sum of counts over the two annual

visits.

Landscape variables To obtain a continuous description of the landscape around each
site, with a gradient from forests to open natural or semi-natural landscape units, a two-
step approach was chosen. First, 200 m circular buffers were intersected with the Terra
MODIS Vegetation Continuous Fields (VCF) dataset (DiMiceli et al., 2011). Remote
sensing tools such as VCF provide large scale, continuous and standardized datasets of
environmental variables (Pettorelli et al., 2014). They are particularly efficient to evaluate
spatial gradients of vegetation cover and how they correlate with species abundances. The
VCF dataset provides continuous proportional estimates (percent cover) for three land
cover types : woody vegetation, herbaceous and woodland-shrub vegetation, and bare
ground. The distance of 200 m represents twice the maximum bird sampling distance.
Although bird distributions are driven by relatively large scale response to landscape
features (St-Louis et al., 2009), local abundance, hence niche position, is likely to depend
more on resource use at local scales (Mueller et al., 2009).

In Europe, where landscapes are predominantly shaped by human activities, the he-
terogeneous environmental gradient ranges from open semi-natural landscapes to mature
forests (Vera, 2000). The environmental gradient was therefore chosen to contrast woody
vegetation, measured as percent tree cover (PTC) vs. treeless vegetation (low PTC values).
The latter was obtained by merging the two remaining land cover types : “herbaceous and
woodland-shrub vegetation” and “bare ground”. All VCF pixels intersecting with a buffer
were used (up to four) and averaged when there was more than one value. To check that
the spatial resolution of the VCF dataset (250m) did not bias the PTC measurement,
we compared the latter to PTC values obtained with two other remote sensing datasets
that have similar land cover types but finer spatial resolution : High Resolution Layer
(20m; Langanke, 2013) and LandSat (30m; Sexton et al., 2013). All PTC values were
highly correlated (r > 0.85, see appendix B). The VCF dataset was preferred because it
is updated annually, such that bird and vegetation data could be matched temporally :

the PTC value for each site was the average over the four years of bird census.

Second, we discarded all sites in which the VCF pixel values were unlikely to reflect

vegetation cover. This includes (i) sites located near water (in which case no VCF value
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was available) and (ii) urban sites, where the “bare ground” class is most likely built and
hence never vegetated, as opposed to agricultural areas where bare ground is generally
temporary. The CORINE Land Cover (CLC) dataset (Bossard et al., 2006) was used to
discard sites with dominant urban land cover. All sites with 25% or more urban land cover
within the 200 m circular buffer were discarded, resulting in a final dataset of 9,869 sites.
Therefore, a low forest cover in our dataset is indicative of a landscape composed of a
mosaic of open land cover types (e.g. agricultural or semi-natural areas such as permanent

grasslands).

Species specialization measurement For each of 82 species, we used the species
specialization index (SSI) as a measure of specialization to categorical landscape units
following Julliard et al. (2006). SSI is calculated as the coefficient of variation of species
density across categories of landscape units. Ten balanced landscape classes were created
on the basis of PTC values, all containing the same number of sites (n = 987 except
for the last category with 986 sites). The range of PTC values varied between 2.55%
([5.54%-8.09%)]) for the narrowest category to 17.36% [58.39%-75.75%] for the broadest
one (appendix C). The SSI values calculated on the basis of these categories of PTC are
highly correlated with the more classical SSI (Julliard et al., 2006) calculated on the basis
of ground-truth landscape units reported by observers in the field (spearman r = 0.74, p

< 0.001, see appendix C).

Statistical analysis First, we analyzed the non-linear relationship between the abun-
dance of each species and the PTC gradient to find their optimum values. Generalized
linear models (GLM) with a Poisson error distribution and a log link function were used
for each species, with species abundance (S) as the dependent variable and a linear and
quadratic term for PTC as explanatory numerical variables. It is largely acknowledged
that species abundance is influenced by climate (Howard et al., 2015), so we also included
climatic region (CLIM _REGQG) as a categorical explanatory variable, using the breakdown
of France into eight climatic regions from Joly et al. (2010). The fixed effect structure of

our model for each site 7 was thus :

To estimate the optimum value of PTC maximizing the abundance of a species, we
proceeded as follows (see Figure 4.1 for some examples) : (i) if estimates for the linear
and the quadratic term of PTC were non-significant, species abundance was considered
unrelated to PTC and thus no optimum value of PTC was calculated for this species. (ii)

If only the estimate for the linear term of PTC was significant, species abundance was
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considered linearly related with PTC. The optimum PTC was therefore either the mini-
mum (negative relationship) or the maximum (positive relationship) PTC value observed
in the dataset for the species under consideration. (iii) Regardless of the significance of
the linear term, if the estimate of the quadratic term of PTC was significant and ne-
gative, the optimum value was the vertex point of the curve, obtained as —(/2a using
estimates of eqn (1). As the vertex point sometimes lay outside the range of PTC values,
the optimum PTC value was set at the minimum (respectively maximum) observed PTC
value where the species is present, when the vertex was below (respectively above) these
values. Finally, if the estimate for the quadratic term was significant and positive, the
vertex point was a local minimum. In these cases, the relationship between abundance
and PTC values was in general plateauing, i.e. with either an increase or a decrease in
abundance followed by a stabilization (or vice-versa, see Figure 4.1c-d). This implies that
the significant quadratic term is constrained by the model fitted, and does not represent
a true local minimum. Instead, the between abundance and PTC values was highly asym-
metrical, with one end of the gradient exhibiting much larger (and maximal) abundance
than the other one (Figure 4.1c-d); this end of the gradient was chosen as the optimum
PTC values for these species.

We then explored the relationship across species between optimum PTC values and
SST values, using a linear regression with SSI as the dependent variable and optimum PTC
values, as well as squared optimum PTC values as explanatory continuous variables. Also,
to compare the response of specialist vs. generalist species along the habitat gradient, the
distribution of optimum PTC values of the 50 % most specialist species was compared
to the distribution of the 50 % the most generalist using a Kolmogorov-Smirnov test.
Finally, indices of specialization were calculated at the community level (hereafter CSI) as
the mean of SSI of species that occurred in each community. Similarly, Mean Community
Optimum (MCO) was calculated as the mean of optimum PTC values of species that
occurred in each community. Relationship between CSI and MCO was explored using
linear regression with CSI as the dependent variable, and MCO and squared MCO as

explanatory continuous variables.

Results

Among the 82 species, SSI ranged from 0.132 for the most generalist species (Strepto-
pelia turtur) to 1.920 for the most specialist species (Phylloscopus sibilatriz, see appendix
A for all SSI values). Optimum PTC values ranged from 0.36 for Carduelis chloris to
96.96 for Turdus philomelos (appendix A). Most species abundances exhibited a signifi-
cant negative quadratic relationship with the PTC gradient (67 of 82, i.e. 82%), such that

optimum PTC values were generally calculated using the vertex point formula. Among
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FIGURE 4.1 — Example of four relationships between predicted values of species abundance
and the Percent Tree Cover (PTC) gradient used to estimate the niche position of each
species (black arrows, see methods for more details). (a) Significant negative quadratic
relationship for Anthus trivialis : optimum PTC value (i.e. niche position) is calculated as
the vertex point of the quadratic curve (i.e. —3/2a, eqn 1). (b) Significant (positive) linear
relationship for Streptopelia turtur : optimum PTC is estimated as the maximum PTC
value in the dataset for this species. (c-d) Significant positive quadratic relationship for
Carduelis cannabina (c) and Oenanthe oenanthe (d) : optimum PTC values are estimated
as the minimum PTC value observed in the dataset for these species.

these estimates, six were set to the minimum or maximum PTC values observed in the
dataset for species under consideration because the vertex of the relationship was outside
of the 0-100 range. Thirteen species (16%) exhibited a positive quadratic relationship with
the PTC gradient. For these species, the optimum PTC values were those at which the
predicted abundance was maximal. The two remaining species (2%) displayed a strictly
linear relationship (one negative and the other positive). For these two species, the opti-

mum PTC values were the minimum and maximum PTC values observed in the dataset,
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respectively. All species were assigned an optimum PTC, i.e. no species abundances sho-
wed a strictly constant relationship with PTC.

Optimum PTC values and SSI values for each species displayed a significant convex
second-order polynomial relationship (Figure 4.2a). The distributions of optimum PTC
values for the 50% species most specialized vs. the 50% less specialized species were
not similar (Two-sample Kolmogorov-Smirnov test, D = 0.34, p < 0.05). Species with
high SSI tended to have maximum abundance in homogeneous parts of the gradient,
whereas generalist species were spread along the gradient. At the community level, the CSI
and MCO also exhibited a highly significant convex second-order polynomial relationship
(Figure 4.2b).
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FIGURE 4.2 — Relationship between specialization indices and optimum values of Percent
Tree Cover at the species (a) and community (b) levels. The blue lines depict the se-
cond order polynomial regression; the corresponding adjusted R-squared are shown (a)
Relationship between Species Specialization Index (SSI) values and optimum values of
Percent Tree Cover (PTC) for 82 common breeding bird species in France. The ribbon
corresponds to 95% confidence intervals. Horizontal error bars represent 95% confidence
intervals approximated from a Bayesian framework on optimum values of PTC calculated
from — /2« (see methods and appendix D). (b) Relationship between Community Specia-
lization Index (CSI) values and Mean Community Optimum (MCO) for bird communities
in 9869 sites in IFrance.

91



4.1 Article : Specialization on heterogeneous landscape

Discussion

The unseen complementation hypothesis The complementation hypothesis states
that a species may need complementary resources from different landscape units to thrive.
Here we analyzed simultaneously bird species preferences (i.e. niche position) and their
levels of specialization along a continuous environmental gradient. Our methodology was
aimed at detecting complementation, linking species preference (i.e. niche position) and
species specialization. We did not detect any species specialized on heterogeneous portions
of the environmental gradient. Even if some species showed significant preferences for
intermediate values of tree cover percentage, they were not specialized on these portions
of the environmental gradient. On the other hand, species that preferred forested or open
and agricultural landscape units generally showed high specialization indices.

These results therefore do not support the complementation hypothesis, but instead
are consistent with most theoretical predictions on the evolution of specialization, which
state that specialists should be favored in stable (Devictor et al., 2008; Futuyma et Mo-
reno, 1988) or stressful (Cacho et Strauss, 2014; Carboni et al., 2016) environments. We
showed that specialists tend to prefer either extreme of the analyzed environmental gra-
dient, at least one of which (forests) is highly stable. The other end of the gradient is
defined by open land cover types, most of which is agricultural areas in France. Agricul-
tural areas are considered as more disturbed than forested areas and frequent disturbance
can be considered stressful for some bird species (Bonthoux et al., 2013; Clavero et Bro-
tons, 2010).

Carboni et al. (2016) observed congruent results (i.e. no detection of a complemen-
tation pattern) in plants communities of a coastal dune ecosystem. They concluded that
specialist species tend to dominate in the most extreme environmental conditions, but
are subordinate in mild conditions of the gradient. The detection of complementation is
variable across studies, which may be related to the spatial resolution used to describe
resources. Complementation was also not detected in another study in birds ((Clavero et
Brotons, 2010), examining several landscape gradients built using principal component
analysis) or in other taxonomic groups (spiders : (Entling et al., 2007) ; plants : (Thuiller
et al., 2004c)). Other studies, all focused on a single species, did detect landscape comple-
mentation : e.g. Dulaurent et al. (2011) on the pine processionary moth ( Thaumetopoea
pityocampa) ; Mueller et al. (2009) on the common raven (Corvus coraz) and Ouin et al.
(2004) on a butterfly species (Maniola jurtina). The apparent contradictory observation of
complementation across studies may be due to different resolutions of resource description.
Here we worked on numerous bird species over a large spatial extent using an environ-
mental gradient as a surrogate for resource heterogeneity, which represents a single niche

dimension. However, there is growing evidence that accounting for the multidimensionality
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of niche is of primary importance to better understand patterns of homogenization or spe-
cies distribution (Barnagaud et al., 2012; Carboni et al., 2016; Clavero et Brotons, 2010).
Landscape complementation may be invisible with our environmental gradient but could
be hidden in other niche dimensions we did not explore. Additionally, using a finer-grained
description of resources, adapted to different species may help reveal the landscape com-
plementation hypothesis. This was not possible here because of the widespread trade-offs
between precision and extent of data (Braunisch et Suchant, 2010; Thuiller et al., 2004b).
One solution may be to use so-called “landscape-centred approaches”, which provide more
functional descriptions of landscapes. Such approaches may better capture different di-
mensions of the niche and allow the simultaneous study of species with different ecological

requirements (Mimet et al., 2014).

Finally, our approach relied on the realized niche only (i.e. the niche resulting from a
combination of abiotic and biotic factors) and thus captures ecological processes beyond
species-landscape relationships, such as interspecific competition. As a result, species with
inferred niche position at intermediate values of the environmental gradient could be ge-
neralist species that are excluded by competition with specialist species in homogeneous
landscapes, rather than species potentially exhibiting a specialization to heterogeneous
landscapes (i.e. “complementing” species). This may explain why our methodology did
not detect any species with a flat relationship between abundance and the environmental
gradient. Measures related to more intrinsic species attributes (i.e. informing on the fun-
damental niche) may thus be more adapted to capture the complementation hypothesis
than those using the realized niche. However, as pointed by Carboni et al. (2016), estima-
ting specialization of species in the absence of competitors is probably less relevant from

a conservation point of view than an approach based on the realized niche.

Measurement of specialization A measure of species specialization based on a simple
environmental gradient (percent tree cover), derived from widely distributed remote sen-
sing tools with a coarse spatial resolution, was very close to measures derived from “habi-
tats” categorized by observers in the field. The value of expertise in categorizing habitats
for specialization measurement can therefore be discussed, because a remote sensing ap-
proach performed as efficiently as an expert approach. The level of species specialization
has often been calculated on the basis of categorical representation of landscapes, whereas
the niche breadth, a conceptual representation of specialization, is better defined through
continuous variables, defined as niche dimensions.

Identifying the key environmental variables that determine a particular niche dimen-
sion is one of the most crucial steps in the study of specialization. One of the usual methods

to estimate niche dimensions is to apply principal component analysis on various land-
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scape metrics and infer gradients on the basis of the resulting principal components. While
this synthetic approach reduces the complexity of the system, principal components may
be difficult to interpret as ecological gradients (Hirzel et Le Lay, 2008). Here we chose to
use a direct continuous measure of the landscape gradient as a niche dimension, because
this approach is more easily interpreted, and more straightforward than an approxima-
tion of a niche dimension via multivariate statistics. Nevertheless, as pointed above, our
approach relied on a single niche dimension and it would be therefore desirable to extend
our approach using other direct measures of niche dimension, especially those based on

remote sensing datasets.

Conclusion This work sheds a new light on specialization of species along environmen-
tal gradient at large scale and brings further support to the hypothesis of a human-driven
homogenization of natural species communities. Current heterogeneous landscapes are
mainly due to anthropogenic change of natural areas and this fast modification of land-
scape does not seem to provide bird species with enough time to adapt and specialize to
these landscapes (Holt et Gomulkiewicz, 2004). Hence, heterogeneous landscapes do not
host species specialized on intermediate parts of the environmental gradient. The next
step is to move to more continuous descriptions of landscape to reveal and understand

these patterns of homogenization.
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Appendix A

TABLE 4.1 — List of species used in the study and their french names. Species Specia-
lization Index (SSI) and optimum Percent Tree Cover (PTC) values were calculated as
described in the methods. Optimum calculation method referred to the method used to
infer the optimum PTC values (see methods). SSI values are highly correlated with other
specialization measures such as the specialization index of Clavero et Brotons (2010) based
on standard deviation of relative occurrences (spearman r = 0.97, p < 0.001).

Species names French names SSI Optimum Optimum
PTC calculation
method
Aegithalos caudatus Mésange a longue queue 0.46 42.82 -b/2a
Alauda arvensis Alouette des champs 1.17 0.45 NA
Alectoris rufa Perdrix rouge 1.02 1.3 NA
Anthus pratensis Pipit farlouse 0.68 4.62 -b/2a
Anthus trivialis Pipit des arbres 0.43 39.61 -b/2a
Carduelis cannabina Linotte mélodieuse 0.79 0.45 NA
Carduelis carduelis Chardonneret élégant 0.52 0.86 min quad
Carduelis chloris Verdier d’Europe 0.51 0.36 -b/2a
Certhia brachydactyla Grimpereau des jardins 0.58 59.68 -b/2a
Certhia familiaris Grimpereau des bois 1.71 87.77 -b/2a
Cettia cetti Bouscarle de Cetti 0.58 24.63 -b/2a
Cisticola juncidis Cisticole des joncs 0.78 16.01 -b/2a
Coccothraustes coccothraustes  Grosbec casse-noyaux 1.66 73.24 NA
Columba livia Pigeon biset 1,00 1.93 min quad
Columba oenas Pigeon colombin 0.76 73.24 NA
Columba palumbus Pigeon ramier 0.15 75.75 NA
Corvus corone Corneille noire 0.3 13.37 -b/2a
Corvus frugilegus Corbeau freux 1.02 2.06 NA
Corvus monedula Choucas des tours 0.73 1.8 min quad
Coturnix coturniz Caille des blés 1.14 0.45 NA
Cuculus canorus Coucou gris 0.32 46.26 -b/2a
Dendrocopos major Pic épeiche 0.7 61.05 -b/2a
Dendrocopos medius Pic mar 1.89 72.91 NA
Dendrocopos minor Pic épeichette 0.6 51.97 -b/2a
Dryocopus martius Pic noir 1.29 70.84 -b/2a
Emberiza cirlus Bruant zizi 0.43 17.75 -b/2a
Emberiza citrinella Bruant jaune 0.4 12.13 -b/2a
Erithacus rubecula Rougegorge familier 0.64 61.2 -b/2a
Fringilla coelebs Pinson des arbres 0.35 71.72 -b/2a
Garrulus glandarius Geai des chénes 0.52 55.06 -b/2a
Hippolais polyglotta Hypolais polyglotte 0.38 18.76 -b/2a
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Species names French names SSI Optimum Optimum
PTC calculation
method
Jynz torquilla Torcol fourmilier 0.43 24.17 -b/2a
Lanius collurio Pie-grieche écorcheur 0.6 26.46 -b/2a
Locustella naevia Locustelle tachetée 0.5 41.36 -b/2a
Lullula arborea Alouette lulu 0.43 24.68 -b/2a
Luscinia megarhynchos Rossignol philoméle 0.38 18.62 -b/2a
Miliaria calandra Bruant proyer 1.3 0.45 NA
Motacilla alba Bergeronnette grise 0.38 12.18 -b/2a
Motacilla flava Bergeronnette printaniére 1.31 2.13 NA
Muscicapa striata Gobemouche gris 0.47 44.6 -b/2a
Oenanthe oenanthe Traquet motteux 0.79 0.77 NA
Oriolus oriolus Loriot d’Europe 0.38 36.93 -b/2a
Parus ater Mésange noire 1.51 68.78 -b/2a
Parus caeruleus Mésange bleue 0.36 42.37 -b/2a
Parus cristatus Mésange huppée 1.23 59.91 -b/2a
Parus major Mésange charbonniere 0.29 39.82 -b/2a
Parus montanus Mésange boréale 0.89 42.47 -b/2a
Parus palustris Mésange nonnette 1.19 76.57 -b/2a
Passer domesticus Moineau domestique 0.58 7.48 -b/2a
Passer montanus Moineau friquet 0.68 1.39 -b/2a
Perdix perdix Perdrix grise 1.58 2.13 NA
Phasianus colchicus Faisan de Colchide 0.43 14.88 -b/2a
Phoenicurus ochruros Rougequeue noir 0.38 14.12 -b/2a
Phoenicurus phoenicurus Rougequeue & front blanc 0.4 39.9 -b/2a
Phylloscopus bonelli Pouillot de Bonelli 0.89 43.66 -b/2a
Phylloscopus collybita Pouillot véloce 0.48 54.55 -b/2a
Phylloscopus sibilatriz Pouillot sifleur 1.92 73.49 max quad
Phylloscopus trochilus Pouillot fitis 0.91 73.24 max quad
Pica pica Pie bavarde 0.56 12.8 -b/2a
Picus viridis Pic vert 0.37 33.84 -b/2a
Prunella modularis Accenteur mouchet 0.33 8.57 -b/2a
Pyrrhula pyrrhula Bouvreuil pivoine 1.08 96.52 -b/2a
Regulus ignicapillus Roitelet & triple bandeau  1.06 65.73 -b/2a
Regulus regulus Roitelet huppé 1.45 76.39 -b/2a
Sazicola rubetra Tarier des prés 0.85 18.48 -b/2a
Sazicola torquata Tarier patre 0.52 17.86 -b/2a
Serinus serinus Serin cini 0.47 11.27 -b/2a
Sitta europaea Sittelle torchepot 0.98 75.89 -b/2a
Streptopelia decaocto Tourterelle turque 0.59 4.79 -b/2a
Streptopelia turtur Tourterelle des bois 0.13 73.24 max linear
Sturnus vulgaris Etourneau sansonnet 0.51 3.19 -b/2a
Sylvia atricapilla Fauvette & téte noire 0.3 42.76 -b/2a
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Species names French names SSI Optimum Optimum
PTC calculation
method
Sylvia borin Fauvette des jardins 0.3 47.07 -b/2a
Sylvia cantillans Fauvette passerinette 0.92 40.15 -b/2a
Sylvia communis Fauvette grisette 0.54 1.29 min quad
Sylvia curruca Fauvette babillarde 0.53 3.78 min linear
Sylvia melanocephala Fauvette mélanocéphale 0.57 29.72 -b/2a
Troglodytes troglodytes Troglodyte mignon 0.46 60.18 -b/2a
Turdus merula Merle noir 0.17 38.19 -b/2a
Turdus philomelos Grive musicienne 0.78 96.96 -b/2a
Turdus viscivorus Grive draine 0.63 53.95 -b/2a
Upupa epops Huppe fasciée 0.51 20.65 -b/2a
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Appendix B

Comparison of Percent Tree Cover (PTC) measurement among several remote sensing
products : MODIS VCF dataset (spatial resolution : 250m, all years since 2001) , High
Resolution Layer (20m, one year : 2012) and LandSat (30m, one year : 2005). See references
for each of these products in the main text references. Values of PTC are those averaged
in the 200m buffers arround each sites. All PTC values were highly correlated (r > 0.85).

r=0.899 p=<0.05
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FIGURE 4.3 — Relationship between Percent Tree Cover (PTC) values of MODIS VCF
dataset and PTC values of High Resolution Layer (HRL). The blue line corresponds to a
simple linear regression.
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FIGURE 4.4 — Relationship between Percent Tree Cover (PTC) values of MODIS VCF
dataset and PTC values of LandSat dataset. The blue line corresponds to a simple linear

regression.
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Appendix C

TABLE 4.2 — Description of landscape classes created on the Percent Tree Cover gradient.
These landscape classes were used to calculate Species Specialisation Indices (SST). All
classes contained the same number of sites (n = 987 except for the last category with 986
sites). Number of species presence was for all species on all sites in each landscape classes.

VCF Total range Minimum value Maximum value Number of Number
classes species pre- of sites
sence

cat_1 5.10 0.45 5.54 14158 987

cat 2 2.55 5.54 8.10 15986 987

cat 3 2.76 8.10 10.86 18141 987

cat 4 2.84 10.86 13.7 18705 987
cat_b 3.46 13.7 17.16 19711 987
cat_6 4.59 17.19 21.78 19809 987
cat_7 7.29 21.78 29.07 19616 987

cat 8 12.48 29.07 41.55 19016 987
cat_9 16.81 41.57 58.39 18432 987

cat 10 17.36 58.39 75.75 17931 986
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Sensivity of SSI values to the number of classes in the PTC gradient is low (Figure 4.5).
SSI calculated on a range of 6-12 classes are only statistically different for 6 categories vs.
all other numbers of categories (one-way ANOVA, Tukey honestly significant difference
(HSD)).
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FIGURE 4.5 — Boxplot of difference values between Species Specialisation Index (SSI)

calculated on a range of 6 to 12 classes with SSI values calculated on 10 landscape classes
for the 82 species (see Appendix A).
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Appendix D

A Bayesian approach was used to assess the precision of the turning point estimate (i.e.
the vertex) of the quadratic relationships between species abundances and the Percent
Tree Cover (PTC) gradient (see Plassmann et Khanna, 2007). Hence, this approach could
be applied only for optimum PTC values inferred from the vertex of a significant quadra-
tic relationship between species abundance and the PTC gradient (see Appendix A). For
other species, we could not calculate precision because optimum PTC was therefore either
the minimum or the maximum PTC value observed in the dataset for the species under
consideration (see Methods). Convergence of models were done using Gelman plots. All

Bayesian Poisson models showed good convergence.

TABLE 4.3 — For 61 species (i.e. the 67 species with a significant negative quadratic terms
minus six with a vertex point inferred outside of the range 0-100 of PTC), we were able
to calculate precision values of the vertex point of the quadratic relationships between
species abundances and Percent Tree Cover (PTC) gradient. Standard Deviation (SD)
and Confidence Interval (CI) were inferred from the a posteriori distribution of vertex
points (sample : 5000, thining interval : 1, number of chains : 3). CI are those used in
Figure 4.2 of the manuscript.

Species Optimum PTC SD 2.5% CI 97.5% CI
Aegithalos caudatus 42.82 0.58 41.72 43.99
Anthus pratensis 4.62 2.77 -2.29 8.74
Anthus trivialis 39.61 0.44 38.76 40.52
Carduelis chloris 0.36 1.98 -3.90 3.83
Certhia brachydactyla 59.68 1.24 57.55 62.35
Certhia familiaris 87.77 15.20 71.17 130.73
Cettia cetti 24.63 0.80 23.07 26.22
Clisticola juncidis 16.01 1.90 11.44 18.97
Corvus coraz 13.37 1.25 10.79 15.65
Cuculus canorus 46.26 1.23 44.16 49.01
Dendrocopos major 61.05 1.13 59.14 63.58
Dendrocopos minor 51.97 3.72 47.11 61.64
Dryocopus martius 70.84 7.66 62.09 90.14
Emberiza cirlus 17.75 0.72 16.20 19.03
Emberiza citrinella 12.13 0.97 10.12 13.94
Erithacus rubecula 61.20 0.74 59.64 62.58
Fringilla coelebs 71.72 1.89 68.47 75.75

Continued on next page
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Species Optimum PTC SD 2.5% CI 97.5% CI
Garrulus glandarius 55.06 1.03 53.19 57.23
Hippolais polyglotta 18.76 1.21 16.07 20.89
Jynz torquilla 24.17 3.76 14.59 28.95
Lanius collurio 26.46 0.56 25.34 27.52
Locustella naevia 41.36 2.30 37.51 46.60
Lullula arborea 24.68 0.55 23.57 25.75
Luscinia megarhynchos 18.62 0.56 17.49 19.69
Motacilla alba 12.18 1.40 9.16 14.57
Muscicapa striata 44.60 3.49 40.00 53.63
Oriolus oriolus 36.93 0.62 35.78 38.24
Parus ater 68.78 1.69 65.85 72.40
Parus caeruleus 42.37 0.30 41.80 42.98
Parus cristatus 59.91 1.46 57.13 62.83
Parus major 39.82 0.26 39.32 40.34
Parus montanus 42.47 1.49 39.86 45.71
Parus palustris 76.57 3.37 70.49 83.60
Passer domesticus 7.48 0.32 6.84 8.09
Passer montanus 1.39 2.47 -4.30 5.36
Phasianus colchicus 14.88 2.56 8.63 18.63
Phoenicurus ochruros 14.12 0.84 12.47 15.79
Phoenicurus phoenicurus 39.90 0.90 38.24 41.78
Phylloscopus bonelli 43.66 0.45 42.80 44.57
Phylloscopus collybita 54.55 0.53 53.58 55.68
Pica pica 12.80 0.46 11.85 13.65
Picus viridis 33.84 0.48 32.90 34.79
Prunella modularis 8.57 7.22 -9.45 17.19
Pyrrhula pyrrhula 96.52 40.99 75.18 165.22
Regulus ignicapillus 65.73 1.78 62.41 69.34
Regulus regulus 76.39 3.79 70.49 85.20
Sazicola rubetra 18.48 0.81 16.80 19.95
Sazicola torquata 17.86 0.54 16.70 18.84
Serinus serinus 11.27 1.05 9.12 13.27
Sitta europaea 75.89 2.04 71.74 79.67
Streptopelia decaocto 4.79 0.88 2.82 6.34
Sturnus vulgaris 3.19 1.02 1.12 5.11
Sylvia atricapilla 42.76 0.26 42.23 43.26

Continued on next page
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Species Optimum PTC SD 2.5% CI 97.5% CI
Sylvia borin 47.07 3.56 42.25 56.02
Sylvia cantillans 40.15 1.01 38.29 42.22
Sylvia melanocephala 29.72 0.85 28.12 31.43
Troglodytes troglodytes 60.18 0.96 58.95 62.27
Turdus merula 38.19 0.56 37.13 39.31
Turdus philomelos 96.96 5.83 88.24 110.56
Turdus viscivorus 53.95 1.57 51.19 57.43
Upupa epops 20.65 1.00 18.50 22.45

End of Table 4.3
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Introduction

Abstract

The European Habitat Directive encompasses a conservation policy devoted to
conserve habitats rather than single species. This ambition has strong ecological
justifications, and inspires other initiatives such as the TUCN red list of ecosys-
tems. Evaluating this policy is therefore pivotal to identity and reproduce best
practices. However, the habitat aspect of this policy has so far not been system-
atically assessed. To make up for this lacuna, we take advantage of decision-
aiding methodologies to introduce a new normative framework. According to
this framework, a conservation policy is positively evaluated if it contributes to
conservation, is science-based, operational, and legitimate. Based on an explo-
ration of the published literature and unpublished reports and databases, we
identify knowledge gaps plaguing the European habitat conservation policy.
We argue that, due to these knowledge gaps, the contribution of this policy
to the conservation of habitats is unproven, it is not science-based, not op-
erational and not legitimate. Our study draws heavily on the French imple-
mentation. Analyzing this example, we highlight knowledge gaps that carry
lessons for European conservation policies as a whole, but also for conser-
vation initiatives focused on habitats in a broader geographical and political
context. We then identify concrete means to strengthen habitats conservation
policies.

yond the acknowledged importance of assessing public
policies (Ferraro & Pattanayak 2006, SI-Table 1-D1), its

Natura 2000 (N2000) is the world’s largest network of
conservation sites (Evans 2012), covering more than 18%
of the European Union (EU) land’s area. The Birds and
Habitat Directives (BD and HD; Supporting Information
[SI], SI-Table 1-B1-B2) require that Member States cod-
ify European protections in National laws and actively
implement them within this network. The corresponding
conservation actions focus on “Species of Community In-
terest” (SCI) and “Habitats of Community Interest” (HCI)
listed in annexes of the Directives (HCI are presented in
“EUR28”: SI-Table 1-A1; SI-Table 4).

The habitat aspect of this policy embodies the largely
justified ambition to overcome species-focused ap-
proaches by targeting ecosystems (Keith et al. 2013). Be-

Conservation Letters, xxx 2016, 00(0), 1-11

evaluation therefore has a particular significance for con-
servation. However, although several studies address the
impact of N2000 on various taxa (birds: Pellissier et al.
2013; Sanderson et al. 2015; terrestrial vertebrates: Maio-
rano et al. 2015; bats: Lison et al. 2013)), its habitat aspect
has not been systematically assessed (SI-Table 1-A2).

We address this lacuna through an analysis mostly fo-
cused on France, used as an example to draw lessons for
Europe as a whole. Indeed, according to the subsidiarity
principle (SI-Table 1-B3), N2000 is orchestrated at EU-
scale, but Member States implement it as they see fit.
This diversity of implementations provides opportunities
to learn from local experiences, which is our approach
here.
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Table 1 Indeterminacy of translation between the functional ecology literature and HCI practice

The ontology of functional ecology The ontology of HCI practitioners
Nonexhaustive list of HCl and non-HCI categories (including syntaxons) to

which the habitat could belong

Reference Categories used to describe habitats

Andueza et al. 2010
Ansquer et al. 2009

de Vries et al. 2012

Gardarin et al. 2014

Garnier et al. 2004;
Cortez et al. 2007

Vile et al. 2006 ;
Garnier et al. 2007 ;
Fortunel et al. 2009

Quétier et al. 2007,
Lavorel & Gargulis
2012, Lavorel et al.
2010

Grassland rich in grasses, Grassland
rich in Forbs
Grazed grasslands

Unimproved grassland,
semi-improved and improved
grasslands

Grazed and mown permanent
grasslands

A successional sere following
vineyard abandonment in the
Mediterranean region of France

Agroecosystems

Arable rotation

Fertilized hay meadow

Unfertilized hay meadow without
Festuca paniculata

Unfertilized hay meadow with Festuca

paniculata
Grazed pasture without Festuca

paniculata

Grazed pasture with Festuca
paniculata

Never mown >2000m grasslands

Steep grazed slopes

6430 Hydrophilous tall herb fringe communities of plains and of the
montane to alpine levels

6510 Lowland hay meadows (Alopecurus pratensis, Sanguisorba
officinalis) Agrostietea stoloniferae Th. Mull. & Gors 1969

Plantaginetalia majoris Tlixen ex von Rochow 1951

Agropyretalia intermedii-repentis Oberd., Th.Mull. & Gors in Th. MUll.
& GOrs 1969

Artemisietea vulgaris Lohmeyer, Preising & Tlixen ex von Rochow
1951

Crataego monogynae-Prunetea spinosaee Tuxen 1962

6220 * Pseudo-steppe with grasses and annuals of the
Thero-Brachypodietea

6430 Hydrophilous tall herb fringe communities of plains and of the
montane to alpine levels

6510 Lowland hay meadows (Alopecurus pratensis, Sanguisorba
officinalis)

Agrostietea stoloniferae Th. MUll. & Gors 1969

Plantaginetalia majoris Tlixen ex von Rochow 1951

Agropyretalia intermedii-repentis Oberd., Th.Mull. & Gors in Th. Mill.
& GOrs 1969

Artemisietea vulgaris Lohmeyer, Preising & Tlixen ex von Rochow
1951

Crataego monogynae-Prunetea spinosae Tiixen 1962

Polygono arenastri-Poetea annuae Rivas Mart. 1975 corr. Rivas
Mart., Bascones, T.E.Didz, Fern.Gonz. & Loidi 1991

Sisymbrietea officinalis Gutte & Hilbig 1975

Stellarietea mediae Tuixen, Lohmeyer & Preising ex von Rochow 1951

CORINE Biotopes 81

Agrostietea stoloniferae Th. Mill. & Gors 1969

6430 Hydrophilous tall herb fringe communities of plains and of the
montane to alpine levels

6170 Alpine and subalpine calcareous grasslands

Festucetum paniculatae austro-occidentale centuretosum Lacoste
1970

6170 Alpine and subalpine calcareous grasslands

Festucetum paniculatae austro-occidentale centuretosum Lacoste
1970

6170 Alpine and subalpine calcareous grasslands

Plantaginetalia majoris Tlixen ex von Rochow 1951

6170 Alpine and subalpine calcareous grasslands

Plantaginetalia majoris Tlixen ex von Rochow 1951

Festucetum paniculatae austro-occidentale centuretosum Lacoste
1970

6170 Alpine and subalpine calcareous grasslands

6110 * Rupicolous calcareous or basophilic grasslands of the
Alysso-Sedion albi

6170 Alpine and subalpine calcareous grasslands

Festucetum paniculatae austro-occidentale centuretosum Lacoste
1970

Plantaginetalia majoris Tlixen ex von Rochow 1951
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Table 1 Continued

Evaluating the European habitat policy

The ontology of functional ecology

The ontology of HCI practitioners

Reference Categories used to describe habitats

Nonexhaustive list of HCl and non-HCI categories (including syntaxons) to
which the habitat could belong

Storkey et al. 2013 Cereals and Brassica cultivated plots,
Annually established seed mix

Floristically enhanced grass

Natural regeneration of the naturally

occurring arable flora

Stellarietea mediae Tlxen, Lohmeyer & Preising ex von Rochow 1951

Agrostietea stoloniferae Th. Mull. & Gérs 1969

CORINE Biotopes 81
Stellarietea mediae Tlxen, Lohmeyer & Preising ex von Rochow 1951

Sisymbrietea officinalis Gutte & Hilbig 1975
Artemisietea vulgaris Lohmeyer, Preising, & Tlixen ex von Rochow
1951

We used the references enlisted by Garnier et al. (2015; see Table 6.1) to identify a representative list of publications in functional ecology dealing with
the influence of plant traits on ecosystem processes (column 1). We reported the categories used in these articles to describe habitats (column 2) and
identified in each case a series of HCI and non-HCI categories (including syntaxons) to which each category could correspond (column 3). This table
illustrates that, on the basis of the information given in published articles, it is impossible to translate unequivocally the language used by functional

ecologists to describe habitats into the one used by HCI practitioners.

To develop our evaluation, we first introduce a
new normative framework inspired by recent advances
in decision-aiding methodologies. Although the above-
mentioned assessments exclusively focus on the impact of
N2000 on conservation targets, this framework encom-
passes several dimensions of evaluation. Then, explor-
ing the literature and unpublished reports and databases,
we identify knowledge gaps (KG) plaguing HD’s habitat
policy. Gaps between research and practice have been
studied on numerous conservation-related topics (Knight
et al. 2008; Matzek et al. 2014), but the habitat case
is poorly documented. We unveil important problems
in this area, pertaining not only to how ecological ad-
vances can translate into practice, but also to capac-
ity building and institutional design. We then use our
framework to investigate the implications of these KG
for the policy. Finally, we articulate concrete recom-
mendations, and highlight the global significance of our
study.

Policy analytics as evaluation framework

Numerous normative frameworks have been developed
to rationalize evaluations and associated decision-aiding
(De Marchi et al. 2016). Among them, “policy analytics”
states that decision-aiding should be “value-adding” (i.e.
help policies reaching their objectives), science-based, op-
erational, and legitimating (Tsoukias et al. 2013). We pro-
pose to use and adapt this framework because these cri-
teria are of particular relevance to the evaluation of HD’s
habitat policy, for the following reasons:

— HD aims to “maintain or restore natural habitats”
(SI-Table 1-B1). Assessing its contribution to habitat

Conservation Letters, xxx 2016, 00(0), 1-11

conservation is therefore crucial to evaluate it (crite-
rion C1).

— It is largely admitted that scientific evidence and
knowledge should contribute to assess and, in turn,
to improve the effectiveness of conservation ac-
tions (Knight et al. 2008; Dicks et al. 2014; Se-
nior et al. 2015). The evaluation should there-
fore investigate whether the policy is science-
based (C2).

— Because impractical policies are pointless, the evalu-
ation should assess whether the policy is operational
(C3).

— Because N2000 sites witness highly diverse human
activities (Tsiafouli et al. 2013), it is pivotal that
N2000 initiatives be considered legitimate by local
stakeholders and the general public (C4).

These criteria should not be seen as absolute require-
ments, because optimizing one criterion can have detri-
mental consequences on others. For example, a policy
exceedingly reliant on cutting-edge science could be-
come nonoperational because too demanding in tech-
nology and highly specific skills. Similarly, in some sit-
uations, non-scientific knowledge can contribute more
efficiently than science to conservation (Mazzocchi
2006).

We accordingly only assume that, for each criterion
C1-4, all other things held equal, the better the criterion
is satisfied, the more positively the policy should be eval-
uated (Figure la). We now highlight knowledge gaps re-
lating to HD’s habitat policy, and investigate their conse-
quences for C1-4.
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(a)

Ex: Bird Directive has a
positive impact on
populations of target
species (Sanderson et al.
2015)

Counterex: Various forest
conservation programs
failed to stop deforestation
in Sub-Saharan Africa
(Contestabile, 2012)

Ex: The French wetland
protection policy uses a
simplified pedological
classification enabling
experts to map wetlands
on the basis of very simple
pedological samplings
Counterex: Pelophylax
lessonae and P. ki
esculentus are impossible
to sort out in the field but
have different protection
statuses (S1-Table1-B6)

(b)

Lack of data on the
state of habitats of '
community interest

(KG1)

Gap between
teaching and
practice (KG3)

...contributes to

...1s operational

...con@&s to
conservation

A conservation policy...

...is based on

conservation cutting-edge science

Cl C2

...1s positively evaluated

C3 C4

...1s legitimate

HD’s habitat conservation policy...

® i
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Ex: Norms concerning the
concentration of
pollutants in the air (e.g.
Clean Air Act in the US)
are based on up-to-date
scientific measurements
Counterex: Data on which
lists of Bird Species of
Community Interest are
outdated (Cardoso, 2012)

Ex: To ensure legitimacy
of management on N2000
sites, the French law (S1-
Table1-B5) mandates
setting up steering
committee with
representatives of local
users

Counterex: Early attempts
at implementing N2000 in
France, which have been
abandoned because, by
bypassing local
stakeholders, it came
under heavy fire
(Alphandéry & Fortier,
2001)

Gap between
research and
practice (KG2)

Deficiencies in
the epistemic
structure (KG4)

Figure 1 (a) Our evaluation framework, based on “policy analytics,” explained and exemplified. C1-4 stand for the four criteria of evaluation of the policy
under scrutiny. The four criteria should be understood as “all other things held equal” conditions: for any of these criteria, all other things held equal, the
better the criterion is satisfied, the more positively the policy is evaluated. Notice that, in a general setting, maximizing the satisfaction of one criterion can
impair the satisfaction of one or several of the others. Elaborating whether and how the various criteria can be aggregated in such cases falls beyond the
scope of the present article. (b) Our framework applied to habitat conservation policy as part of the Habitat Directive. KG1-4 stand for the four knowledge
gaps (see section Knowledge gaps). Because of KG1, C1 is indeterminate. Because of KG2, C2 is unsatisfied. Both notions apply to EU as a whole. Because
of KG3, C3is unsatisfied in France, where phytosociology is marginal in biology curricula. The French example should set off alarm bells for EU as a whole.
KG4 testifies for a fragility of the European system as a whole, implying that C4 is not satisfied. Based on C1-4, one cannot positively evaluate HD’s habitat
conservation policy.
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Web of Science (WoS)
|

“Habitat* Directive” OR “Habitat* of Community
Interest” OR “Special Area* of Conservation”

]
n="742

(a) “Functional” analysis (b) “Invasive” analysis (c) “Conservation planning” analysis
1
func* AND two words in: (service® alien OR invasive OR “non- “conservation planning” OR “adaptive
OR ecosystem* OR trait* OR flux* indigenous” OR introduced OR management” OR “management
OR stock* OR mechanis*) exotic OR “non-native species” decision*”” OR “conservation decision*”

/ 1 OR “conservation prioritization”

OR “conservation prioritization”

1 . . .
i H 1 “conservation planning” OR “adaptive |}
] * * 1 i . . B « H I
i furtlc S(};}:iWIf: O(I){I;l . ! b al}en OR’l’nvaS{ve OR “non- i i management” OR “management i
| ccosystem ral P ! indigenous™ OR introduced OR 1 decision*” OR “conservation decision*” |
1 OR stock* OR mechanis* ! I ! ! i
l I

| Irrelevant | |Contextual | | Relevant | | Irrelevant | |C0mextual | | Relevant | | Irrelevant | |Contextual | | Relevant |
h 4 A 4 h 4 h 4 A 4 A 4 A 4

A 4 A 4

45 99 5 6 32 4 4 18 2

Figure 2 Flow chartexplaining the bibliographical analyses performed on Web of Science Core Collection (Thomson Reuters, NY) and their results. Dashed
boxes represent search on bibliographical corpus. Green dashed boxes mean that search is done on title, abstract and keywords of each publication. Red
dashed boxes mean that search is done on entire text. We first identified a corpus of articles (n) dealing with habitats conservation in the N2000 sense,
by selecting all the articles containing occurrences of “Habitat(s) Directive” or “Habitat(s) of Community Interest” or “Special Area(s) of conservation” in
their abstracts, titles or keywords in the Web of Science Core Collection (timespan: 1970-2016; extensive list of articles can be found in SI-Table 5). On
this first corpus, we then performed three parallel analyses to detect the available scientific knowledge on HCI pertaining to three prominent branches
of ecology and conservation: functional ecology (a), invasive ecology (b), and conservation planning (c). The first step of each of the three analyses
selects a branch-specific corpus by selecting articles containing occurrences of keywords of the corresponding branch in their title, abstract or keywords
(corpuses Nsunc, Ninva, Ncons, respectively). In a second step, we detect occurrences of keywords of the concerned discipline in the whole text of each
article in corpuses Nsunc, Ninva, Neons- IN @ third step, we categorize these occurrences. Occurrences of branch-specific keywords are termed “irrelevant”
when the detected words are actually homonyms of the searched words, used in another sense (e.g. searching for occurrences of “function” to detect
occurrences of keywords of functional ecology, we select an article where the term “function” is used to refer to a mathematical function). Occurrences of
branch-specific keywords are termed “contextual” when they are used to contextualize the study (e.g. in the introduction or the conclusion of the article)
or when they appear in articles that do not mention any HCI in their main text. Occurrences are termed “relevant” when they appear in the formulation of
scientific results dealing with both HCI and notions pertaining to the concerned branch. The sum of irrelevant, contextual and relevant occurrences can
be greater than the size of the corresponding corpus because some words can appear multiple times in the same publication.

Notice that, in analysis (a), among the ngnc articles, none is published in what we considered to be influential journals specialized in functional ecology
(Ecosystems, Functional Ecology, Biogeochemistry), influential journals in ecology with sections devoted to functional ecology (New Phytologist, Ecology,
Journal of Ecology, Oikos, Oekologia, Ecology Letters, Global Change Biology, Basic and Applied Ecology) or important review journals (Trends in Ecology
and Evolution, Annual Reviews of Ecology, Evolution and Systematics, Biological Reviews). As addendum to analysis (b), all invasive species names from
DAISIE, TAXREF v9 and EPPO Lists of Invasive Alien Plants (see SI-Table 3) were also searched in the general corpus (n = 742) on title, abstract and
keywords. Linnaean binomial Latin names were used for each species because complete names (with authors and date) are not always given in articles.
All synonyms were also checked using the French Taxonomic Reference Source TAXREFV9 (Sl-Table 1-C5). This supplementary analysis does not reveal
any other relevant articles than those previously detected by the principal analysis with Ninya.
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Figure 3 Schematic explanation of the analyses needed to translate typical results published in scientific journals into results usable in the field by N2000
practitioners, using results in functional ecology as a focal example. The left panel schematizes the results of a fictive scientific article, demonstrating a
linear relation between a given ecosystem parameter and a given ecosystem process, for a series of habitats represented by black crosses and described
inthe original article using one or several of the categories exemplified in Table 1, column 2. Green and red crosses in the right panel respectively represent
habitats that would be categorized as HCI and non-HClI using HD practitioners’ categories, as exemplified in Table 1, column 3.

Evaluating HD’s habitat policy
Knowledge gaps
Lack of data on HCI conservation status (KG1)

HD requires that Member States periodically perform
conservation status assessments of HCI along three eco-
logical parameters: range, coverage, and structure and
function (article 17 evaluation: A17E). In each country,
each HCI is evaluated in each biogeographical region (SI-
Table 1-D2) where it occurs. The latest A17E (SI-Table
1-A3) spans over 2007-2012.

The methods and results of A17E are gathered by the
European Topic Center on Biological Diversity (ETC-BD:
SI-Table 1-D3) in a European-wide database (SI-Table
1-C1). France produced an additional, more detailed,
database (SI-Table 1-C2). According to these databases,
in France, evaluations based on a “complete survey or a
statistically robust estimate” (in the official terminology:
SI-Table 1-A4) are marginal (6.3%). 52.5% of evalua-
tions are admitted to be based on data that are “partial”
and 38% are “based on expert opinion.” The lack of data
is especially patent for structure and function: 85% of

6 Conservation Letters, xxx 2016, 00(0), 1-11

evaluations are expert opinions (SI-Table 1-C2). This can
be compared with evaluations of population size and pop-
ulation trends of Bird SCI in France in the BD reporting
(SI-Table 1-C3), among which 44% are complete surveys
and 7% are expert opinions. At European level, complete
or statistically robust surveys are more important but in
minority (16.6%), experts opinion are less dominating
but still important (22.7%), and significantly more so
(x2-test: P < 0.001) for structure and function (43.4%).

For each biogeographical zone/country/HCI combina-
tion, A17E provides an aggregate conservation status for
all sites inside and outside N2000. A handtul of countries
(France, UK, Belgium, Germany, and Austria: SI-Table 1-
A4) also produce evaluations at site level. However, these
initiatives lack coordination (Maciejewski et al. 2016).
The site-level French database (SI-Table 1-C4) contains
information encoded in categories different from the ones
used in A17E, with admitted ambiguities of translations
between the two (SI-Table 1-A5). Besides, standardized
evaluation methods are available only for a minority of
HCI (in France: 52 HCI out of 132).

To sum-up, the data on the conservation status of HCI
are of two sorts, too heterogeneous to be aggregated:
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® A17E, which lumps together all sites at biogeo-
graphic/country level and is weakly based on complete
or statistically robust estimates.

® Evaluations at site level, which are scarce and non-
standardized.

Gap between research and practice (KG2)

Following the CORINE (SI-Table 1-A6) and Palearctic
habitat classifications (Devilliers & Devilliers-Terschuren
1993), the denomination and descriptions of HCI (de-
tailed in regional manuals such as the French “Habitat
Books”: SI-Table 1-A7) are largely based on phytosocio-
logical categories (“syntaxons”; Evans 2010).

To establish whether conservation actions based on
HCI or phytosociological categories can take advantage of
ecological advances, we explored the peer-reviewed liter-
ature in three disciplines that we take, for complementary
reasons, to be the ones that should be the most usetul for
HD practitioners:

(a) Functional ecology because European texts emphasize
the importance of preserving ecological function-
ing, and the A17E structure and function evalua-
tion patently lacks data (3.1.1). We identified 113
articles in the literature about ecological functioning
on N2000 habitats (Figure 2a). However, key terms
of functional ecology are used there mainly to de-
scribe the context; only five articles refer both to
HCI and functional ecology in their results. This illus-
trates that functional ecology and N2000 do not have
a shared ontology: functional ecologists do not use
HCI categories to elaborate and design their projects
and never articulate results in this language. To be
able to use these results, practitioners would have to
reanalyze raw data to reclassify them in HCI terms,
and redo analyses to see whether published results
persist when translated (Figure 3).

(b) Invasive ecology because other European policies tar-
get invasive species (Beninde ef al. 2015) and A17E
takes them as an important threat to habitats (SI-
Table 1-A4). Definitions of habitats in practitioner’s
manuals (SI-Table 1-A7) are however based on lists
of “index species” often including invasive species.
Depending on the invasive database used, 8-28% of
the HCI present in France have, among their “in-
dex species,” at least one species considered inva-
sive in France (SI-Table 3). Robust knowledge on
the impact of invasive species on HCI is therefore
greatly needed, especially for HCI with index inva-
sive species. However, to date, only four articles dis-
play results on the impact of invasive species on HCI
(Figure 2b).

Evaluating the European habitat policy

(c) Comservation planning because Popescu et al. (2014)
identified it as the dominant discipline in the N2000
literature. We identified only 24 articles pertaining to
this discipline on habitats (suggesting that the litera-
ture identified by Popescu et al. (2014) mainly dealt
with the species aspects of N2000), and only two re-
ferred both to HCI and conservation planning in their
results (Figure 2c).

The three corpuses, therefore, illustrate the same prob-
lem: despite their potential usefulness for HD practition-
ers, published results are not usable because they are not
expressed in the categories that practitioners use, and
translating them would be a scientific task on its own. As
a consequence, it is not surprising that, among the 3117
evaluations performed as part of A17E, only 312 (10%)
refer to articles published in journals listed in the Journal
of Citation Reports (SI-Table 2).

Gap between teaching and practice (KG3)

Associated with the fact that academics rarely use phy-
tosociological categories, phytosociology tends to dis-
appear from ecology curricula. In France, all biology
universities have marginalized phytosociology teaching
(Bouzillé 2007); only four 1-week-long continuing for-
mations are dispensed in phytosociology per year (SI-
Table 1-D4). Phytosociology teaching remains more de-
veloped for example in Italy, Spain, or Eastern countries
(e.g. SI-Table 1-D5). But the durability of this situation is
uncertain if phytosociological categories vanish from the
scientific literature.

Deficiencies in the structure of the epistemic
community (KG4)

One of the strengths of N2000 is that numerous interna-
tional experts were involved in its construction through
seminars and experts groups (Evans 2012; Popescu et al.
2014). However, the French AIl7E database reveals
problems in the structure of these panels. Although
A17E involved more than 800 contributors, writing was
largely confined to expertise institutions (81%), whereas
research and teaching institutions played a marginal
role (<5%). Among the 319 evaluations by expert
institutions, all but one were performed by “Conserva-
toires Botaniques,” institutions representing botanists
and phytosociologists. The relevance of these actors for
A17E is indisputable but others, including researchers
and managers, also have insights to contribute, and
the panel is biased against them (Figure 4). Social and
economic scientists or experts could also contribute by
improving the identification of threats impacting habitats
and policies contradicting N2000 actions. Going beyond
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Figure 4 Institutional and disciplinary balance in the composition of the panel involved in the latest A17E in France. These information are from the
French A17E database (SI-Table 1-C2). The database provides names and institutional affiliations for most of the experts involved in the evaluation. Part
(a) of the graph reproduces the data from this database. To construct part (b), we used the disciplinary affiliation presented by the various experts on
the websites of their institutions. “Conservatoires Botaniques” are the only exception, because most of the experts from these institutions do not have a
personal page presenting themin the website of the “Conservatoire Botaniques” to which they belong. Since “Conservatoires Botaniques” are institutions
devoted to botany and phytosociology, we classified experts from Conservatoires Botaniques in the disciplinary category “phytosociology.”

European guidelines, the French database, therefore,
unveils problematic biases invisible at European level.

Moreover, as far as reports indicate (SI-Table 1-A8), it
has not been verified that the various A17E evaluators
agreed in their understanding of “conservation status”.
The European guidelines (SI-Table 1-A4) do not require
any such verification. Similarly, the construction of site
scale methods (SI-Table 1-A9-A19) admits that “conser-
vation status” is unproblematic for the panel of experts
involved. Recent discussions (Epstein et al. (2016) on
species, Boitani et al. (2015) on ecosystems, Maciejewski
et al. (2016) on habitats), however, prove that the notion
of conservation status is still open to largely divergent
interpretations—despite purported clarifications in an
internal European note (SI-Table 1-A20).

How knowledge gaps undermine HD’s habitat
policy (Figure 1)

Assessing HD’s contribution to habitats conservation
requires sorting out its proper effect from confounding

factors such as historical trends or unrelated policies
(Ferraro & Pattanayak 2006). This requires data on con-
servation status in sites inside and outside the network.
But data on conservation status at site level are scarce
and A17E lumps together statuses inside and outside the
network (KG1). The contribution of N2000 to conserving
habitats is therefore unproven due to a lack of data (C1
indeterminate).

KG2 shows that N2000 practice cannot take advantage
of an important part of published scientific results. Al-
though knowledge relevant to conservation is not con-
fined to the academic world (Burgman et al. 2011), and
A17E and HD practices are based on an extensive unpub-
lished literature, they accordingly appear insulated from
a large part of cutting-edge science (C2 unsatisfied).

In terms of operationality (C3), countries like France
are additionally plagued by a lack in capacity building in
phytosociology (KG3), and one can consequently hardly
expect to find enough phytosociological competences
in the field to produce robust management practices.
In countries where phytosociology teaching remains
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important, the situation is less problematic, but due to
the links between research and teaching, its durability is
fragile.

KG also have implications for legitimacy (C4). In-
deed, the procedural organization of collective scientific
expertise, and in particular a balance between various
knowledge-holders (in terms of institutions, discipline or
background), is increasingly considered pivotal to achieve
the pluralist knowledge liable to inform policies while
bestowing legitimacy on them (Montana & Borie 2016).
KG4 is therefore detrimental to the legitimacy of HD.

To sum up, C1 is indeterminate (due to KG1) and C2
unsatisfied (due to KG2) for Europe as a whole. Con-
cerning C3, due to KG3 in France it is unsatisfied, and
in countries where phytosociology is more developed the
situation remains problematic. Concerning C4, KG4 tes-
tifies for a fragility of the European system as a whole.
Based on C1-4, one therefore cannot positively evaluate
this policy.

Improving European habitat
conservation policies

Updating scientific basis

To ensure that HD’s habitat policy becomes more science-
based, a two-steps European-wide initiative is needed:

(1) First, the identifiability of HCI without referring to
syntaxons should be assessed, and new characteri-
zations clarified in up-to-date guidelines. The point
is not to discard phytosociology, because valorizing
phytosociological knowledge about species assem-
blages and repartition (Ewald 2003; Biondi 2011)
is undoubtedly a cogent strategy for HD. A perva-
sive usage of phytosociological vocabulary, however,
insulates HD from ecological advances. For some
HCI, such as the easily identifiable “Dunes with Hip-
pophae rhamnoides” (2160), a clarification of EUR28
will suffice. For others, deeper reshufflings are nec-
essary. In France, an ongoing work coordinated by
the “Muséum National d’Histoire Naturelle” consid-
ers that 92 HCI (out of 130 analyzed) need clarifi-
cations (V. Gaudillat, personal communication), be-
cause their definitions raise unsettled questions.

(2) Second, uncertainties concerning the rarity status
of HCI should be assessed. The outdatedness of
the knowledge justifying lists of HCI is currently
tackled in a piecemeal, informal way. For example,
Heleochloion schoenoidis communities in Corsica are
part of HCI 3170*, but they are now known to be
common, and are informally excluded in cartogra-
phies of HCI (SI-Table 1-A21). A systematic review

Evaluating the European habitat policy

and resolution of similar problems are needed. The
workload will vary from one country to another.
In the UK, the national vegetation classification
(SI-Table 1-A22) involved a country-wide sampling,
providing reliable data on relative rarity. By contrast,
in France, the vegetation prodrome (SI-Table 1-A23)
does not display completeness assessments, and
only 10% of the territory is covered by vegetation
maps (SI-Table 1-A24), which makes current rarity
assessments pointless. In the Mediterranean area,
arguably the most biodiverse in France (Blondel
2010), there is no vegetation catalog available, and
small-scale studies suggest that phytosociological
knowledge is vastly lacunar. A complete biblio-
graphical synthesis in the Préalpes d’Azur (SI-Table
1-A25) hence shows that, for 16 of the 24 HCI
inventoried, no post-1980 source was available, for
three, no sources at all and only one was concerned
by a post-2000 source. Up-to-date phytosociological
knowledge appears practically nonexistent in this
region.

In this process, scientific journals will have a promi-
nent responsibility. Publishing and valorizing catalogues
of plant communities could help increase scientific qual-
ity control and ensure a wider diffusion. This would also
incite researchers to develop collaborations with local
knowledge-holders, which would strengthen the link be-
tween researchers and practitioners.

Ecology journals could also require that authors inte-
grate in their manuscripts a discussion of the translata-
bility of their results in terms of HCI. If this translation
is possible, articulating it will be helpful for practitioners.
If it is impossible, making it clear prevents misinterpreta-
tions.

Building capacity

Strengthening scientific bases is, however, only one as-
pect of the improvements needed. By adopting HD, Mem-
ber States committed to equip themselves with the capac-
ity to implement it. In France, reference institutions for
habitats are “Conservatoires Botaniques.” Their botani-
cal competence is indisputable but they have neither the
obligation nor the financial and human means to perform
teaching (SI-Table 1-B4) and have more limited access to
scientific bibliographical databases than research institu-
tions. This condemns France to competence scarcity. To
perform the two tasks above, the EU and Member States
should learn from this counterexample. They should pro-
vide financial and organizational support to retrieve the
competence to learn, critically assess and renew phytoso-
ciological knowledge.

Conservation Letters, xxx 2016, 00(0), 1-11  Copyright and Photocopying: © 2016 The Authors. Conservation Letters published by Wiley Periodicals, Inc. 9



Evaluating the European habitat policy

Reforming A17E

Our analysis also highlights A17E reforms that should be
moved to the top of the ETC-BD agenda:

(1) The structuration of epistemic communities involved
should be rationalized, e.g. through the work of a
dedicated committee involving ecologists, social sci-
entists, philosophers and practitioners;

(2) Evaluations at site level should become mandatory,
inside and outside the network;

(3) Requirements should be specified in terms of quanti-
tative data content and publication for sources used.

Our recommendations are all costly initiatives. But
numerous N2000 funding instruments (SI-Table 1-A26)
could contribute by integrating them in their guide-
lines. In particular, they represent opportunities for Life-
Nature, the main EU conservation financial instrument,
to fix its inability to address conservation priorities (Her-
moso et al. 2016).

Conclusions

The weaknesses of HD’s habitat policy that we high-
light should not overshadow the undeniable strengths
of N2000: its coherence with international environmen-
tal agreements (Beresford ef al. 2016), its contribution to
conserving species (Sanderson et al. 2015), or the breadth
of the network. Our point is not to vilify the policy, but
to identify how to improve it. In this respect, our anal-
ysis highlights knowledge gaps that have a more general
bearing than N2000. In particular, problems encountered
if categories used by practitioners and researchers dif-
fer carry lessons for conservation initiatives focused on
habitats whatever their geographical and political con-
text. The same goes for associated problems of capac-
ity building and biased epistemic communities. Accord-
ingly, our concrete recommendations can be transposed
in other contexts, such as e.g. the emergent IUCN red list
ecosystem initiative (SI-Table 1-A27).
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Supporting information (SI)

The following listed Supporting Information (SI) mentioned in the main text are not
presented in this manuscript, as they are oversized. However, an URL for dowloading

these SI is provided :
— SI-Table 2 (source or direct downloading url)

List of evaluations in A17E referring to peer-reviewed sources in scientific journals.
This list is an excerpt from the European A17E database (SI-Table 1-C1). In the original
ETC-BD A17E database, peer-reviewed sources from scientific journals are not distingui-
shed, and are rather lumped together with grey literature, websites, references to personal
communication and the like. To detect these references, we used the list of journals in
the categories “BIODIVERSITY CONSERVATION”, “BIOLOGY”, “ECOLOGY”, “ENGI-
NEERING C. ENVIRONMENTAL” “ENTOMOLOGY”, “ENVIRONMENTAL SCIENCES”,
“ENVIRONMENTAL STUDIES”, “GEOCHEMISTRY & GEOPHYSICS”, “GEOGRA-
PHY”, “GEOGRAPHY C. PHYSICAL”, “GEOLOGY”, “GEOSCIENCES C. MULTIDIS-
CIPLINARY”, “PLANT SCIENCES”, “REMOTE SENSING”, “ZOOLOGY” in the Jour-
nal of Citations Reports. We then searched in the European A17E database (SI-Table
1-C1) the occurrences of the names and abbreviated names of all these journals and ex-
tracted references on this basis. References are reproduced in the table in the format in
which they appear in the original database, except for minor homogenization allowing to
detect duplications. This analysis shows that, among the 3117 evaluations at the coun-
try/HCI/biogeographic zone level, 312 (10%) refer to sources published in one of the
selected journals. Moreover, references to these published sources are highly redundant,
since they concern only 203 articles. Among these articles, those published in 2006 or
earlier are of limited significance for the evaluation of the conservation status of habitats
in the 2007-2012 period. Among the 203 articles, 109 were published in 2007 or after.
They concern 200 evaluations (6.4%).

— SI-Table 4 (source or direct downloading url)

Complete list of HCI, with codes and official denomination ; and list of the HCI present

in France, in the different biogeographic region.
— SI-Table 5 (source or direct downloading url)
Extensive list of articles analysed in Figure 2 (n = 742)
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Supporting information 1 (SI-Table 1)

Unpublished sources cited in the article.

Code

A. Unpublished reports

Al

A2

A3

A4

A5

A6

A7

A8

A9

A10

A1l

Interpretation manual of European Union habitats. EUR 28. European Commission. 2013.
ec.europa.eu/environment /nature/legislation /habitatsdirective /docs/Int_ Manual _EU28.pdf (ac-
cessed : 2 april 2016)

Rouveyrol P., 2016 - Evaluer lefficacité de la mise en oeuvre des directives Nature en France :
synthése bibliographique et perspectives de travail - MNHN-SPN. 52 p.

The State of Nature in the FEuropean  Union. FEuropean  Union.  2015.
ec.europa.eu/environment /nature/pdf/state_of nature_en.pdf (accessed : 2 april 2016)
Assessment and reporting under Article 17 of the habitats Directive - Explanatory note
and guidelines for the period 2007-2012. Final Draft. CTE/BD. Evans, D., Arvela. M.
2011. circabc.europa.eu/sd/d/2c12cea2-f827-4bdb-bb56-3731c9fd8b40/ Art17%20-%20Guidelines-
final.pdf (accessed : 2 april 2016)

Guide méthodologique d’élaboration des Documents d’objectifs Natura 2000. Atelier Tech-
nique des Espaces Naturels. Montpellier. Souheil, H., Germain, L., Boivin, D., Douillet, R. et
al. 2011. ct82.espaces-naturels.fr/sites/default /files/documents/ct82/ct_82_gm_docob_2011.pdf
(accessed : 2 april 2016)

CORINE biotopes manual. Habitats of the European Community. Data specifications - Part 2.
EUR 12587/3 EN. European Commission, Luxembourg. Devilliers P., Devilliers-Terschuren, J.,
Ledant, J.P. et al. 1991.

Cahiers d’habitats Natura 2000. Connaissance et gestion des habitats et des espéces d’inté-
rét communautaire (7 volumes). La Documentation francaise, Paris. Bensettiti, F. (ed.) (2001-
2005). inpn.mnhn.fr/telechargement /documentation/natura2000/cahiers-habitats (accessed 2 :
april 2016)

Evaluation de I’état de conservation des habitats et des espéces d’intérét communau-
taire - Guide méthodologique - DHFF article 17, 2007-2012. Version 1 - Février 2012.
Rapport SPN 2012-27, Service du patrimoine naturel, Muséum national d’histoire natu-
relle, Paris. Bensettiti, F., Puissauve, R., Lepareur, F., Touroult, J., Maciejewski. L. 2012.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Etat de conservation des habitats humides et aquatiques d’intérét communautaire. Meé-
thode d’évaluation # 1’échelle du site Natura 2000. Guide d’application. Version 1. Ser-
vice du patrimoine naturel, Muséum national d’histoire naturelle, Paris. Viry, D. 2013.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Etat de conservation de I’habitat 1150 « Lagunes cotiéres » : Méthode d’évaluation ¢ 1’échelle
du site Natura 2000 - Guide d’application Version 1. Service du patrimoine naturel, Muséum
national d’histoire naturelle, Paris. Lepareur, F., Bertrand, S., Papuga, G., Richeux, M. 2013.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Etat de conservation des habitats agropastoraux d’intérét communautaire, Méthode d’évaluation
a ’échelle du site. Guide d’application. Version 3. Avril 2015. Rapport SPN 2015 - 43, Service
du patrimoine naturel, Muséum national d’Histoire naturelle, Paris. Maciejewski, L., Seytre, L.,
Van Es, J., Dupont, P. 2015. inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation
(accessed : 2 april 2016)
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A12

A13

Al4

Al5

Al6

Al7

A18

A19

A20

A21

A22

Etat de conservation des habitats agropastoraux d’intérét communautaire, Méthode d’évaluation
a ’échelle du site. Guide d’application. Version 2. Service du patrimoine naturel, Muséum natio-
nal d’histoire naturelle, Paris. Maciejewski, L., Seytre, L., Van Es, J., Dupont, P., Ben-Mimoun,
K. 2013. inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april
2016)

Etat de conservation des habitats agropastoraux d’intérét communautaire, Meé-
thode d’évaluation & 1’échelle du site. Rapport d’étude. Version 1. Service du pa-
trimoine naturel, Muséum national d’histoire naturelle, Paris. Maciejewski, L. 2012.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Etat de conservation des habitats d’intérét communautaire des dunes non boisées du
littoral atlantique - Méthode d’évaluation & D’échelle du site Natura 2000. Service
du patrimoine naturel, Muséum national d’histoire naturelle, Paris. Goffe, L. 2011.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Etat de conservation des habitats forestiers d’intérét communautaire a [échelle
du site - Meéthode d’évaluation et Guide d’application. Service du  patri-
moine naturel, Muséum national d’histoire naturelle, Paris. Carnino, N. 2009.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Etat de conservation des habitats tourbeux d’intérét communautaire, Méthode d’éva-
luation & Déchelle du site. Rapport d’étude. Version ler Mars 2015. Rapport SPN
2015-57 Service du patrimoine naturel, Muséum national d’histoire naturelle / Of-
fice National de 1'Eau et des Milieux Aquatiques, Paris. Epicoco, C., Viry, D. 2015.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Etat de conservation des mares temporaires méditerranéennes (UE 3170%), habitat d’inté-
rét communautaire, Méthode d’évaluation & 1’échelle du site. Rapport d’étude. Version 1.
Rapport SPN 2015-56 Service du patrimoine naturel, Muséum national d’histoire naturelle
/ Office National de I'Eau et des Milieux Aquatiques, Paris. Charles, M., Viry, D. 2015.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Evaluation de l’é¢tat de conservation des habitats naturels marins § 1’échelle
d’'un site Natura 2000 - Guide méthodologique - Version 1. Service du patri-
moine naturel, Muséum national d’histoire naturelle, Paris. Lepareur, F. 2011.
inpn.mnhn.fr/telechargement /documentation /natura2000/evaluation (accessed : 2 april 2016)
Maciejewski, L., 2016. Etat de conservation des habitats forestiers d’intérét communautaire,
Evaluation & 1’échelle du site Natura 2000, Version 2. Tomes 1 et 2. Mars 2016. Rapport
SPN 2016-75, Service du patrimoine naturel, Muséum national d’Histoire naturelle, Paris.
82 p. + 62 p. inpn.mnhn.fr/docs/N2000 EC/Eval EC habitats_forestiers version2 MNHN-
SPN_2016.zip (accessed : 20 july 2016)

Note to the Habitat Committee. Assessment, monitoring and reporting of conservation status
- Preparing the 2001-2007 report under Article 17 of the Habitats Directive (DocHab-04-03/03
rev.3).Appendix 1 - Annexes of DocHab 04-03/03-Rev.3.

Elaboration de cartographies de vegetation de sites Natura 2000 en Corse. « Embouchure du Taravo
et alentours. » DREAL Corse. Meinard, Y., Stenou, B. 2015.

National Vegetation Classification. User’s Guide. 2006. J.S.Rodwell. Joint Nature Conservation
Committee.
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A23

A24

A25

A26

A27

Prodrome des végétations de France. Bardat, J., Bioret, F., Botineau, M.,
Boullet, V., Delpech, R., Géhu, J.-M., Haury, J., Lacoste, A., Rameau, J.-
C., Royer, J.-M., Roux G., Touffet, J. 2001. www.franche-comte.developpement-
durable.gouv.fr/IMG /pdf/Prodrome vegetations France cle2d5caa.pdf (accessed : 2 april
2016)
Synthése des expériences francaises de cartographie de la végétation. Programme CarHAB. Rapport
final. Fédération des Conservatoires botaniques nationaux, Montreuil. De Barros, G., Just, A.,
Olivier, J. Millet, J. 2013.
Typologie des groupements végétaux des Alpes d’Azur (Préalpes de Grasse - Alpes-Maritimes).
Projet pour le futur Parc Naturel Régional. Conservatoire Botanique Méditerranéen. V. Noble.
2008.
Financing Natura 2000 Guidance Handbook. Part I-EU Funding Opportunities in 2014-2020. Pu-
blications Office of the European Union, Luxembourg. Kettunen, M., Torkler, P. & Rayment, M.
2014.
Bland, L.M., Keith, D.A., Miller, R.M., Murray, N.J. and Rodriguez, J.P. (eds.) (2016). Guidelines
for the application of IUCN Red List of Ecosystems Categories,and Criteria, Version 1.0. Gland,
Switzerland : TUCN. ix + 94pp.

B. Legal texts

B1

B2

B3

B4
B5
B6

European Commission. (1992). Council Directive 92/43 /EEC of 21 May 1992 on the conservation of
natural habitats and of wild fauna and flora, O.J. L206, 22.7.1992, p. 7-50. eur-lex.europa.eu/legal-
content /EN/TXT/ Turi=CELEX :31992L.0043 (assessed : 20 july 2016)
European Commission (2009). Directive 2009/147/EC of the European Parliament and of the
Council of 30 November 2009 on the conservation of wild birds, O.J. L20, 26.1.2010, p. 7-25.
eur-lex.europa.eu/legal-content /EN/TXT/ ?uri=CELEX :32009L0147 (assessed : 20 july 2016)
The principle of subsidiarity eur-lex.europa.eu/legal-content/EN/TXT/ ?uri=uriserv%3Aai0017
(accessed : 2 april 2016)
French Environmental Code, Article D416-1 www.legifrance.gouv.fr (accessed : 2 april 2016)
French Environmental Code, article R414-8 www .legifrance.gouv.fr (accessed : 2 april 2016)
Arrété du 19 novembre 2007 fixant les listes des amphibiens et des rep-
tiles protégés sur l’ensemble du territoire et les modalités de leur protection.
www.legifrance.gouv.fr/affichTexte.do ?cid Texte=JORFTEXT000017876248 (accessed : 2 april
2016)

C. Databases

C1

C2

C3

C4

Habitat Directive European article 17 database, FEuropean Topic Center on Biological Di-
versity www.eea.europa.eu/data-and-maps/data/article-17-database-habitats-directive-92-43-eec-
1 (accessed : 2 april 2016)

Habitat Directive Article 17 evaluation French database. inpn.mnhn.fr/programme/rapportage-
directives-nature/presentation (accessed : 2 april 2016)

Birds Directive Article 12 evaluation French database. inpn.mnhn.fr/programme/rapportage-
directives-nature/presentation (accessed : 2 april 2016)

Natura 2000 sites French database inpn.mnhn.fr/programme/natura2000/presentation/objectifs
(accessed : 2 april 2016)
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C5

Gargominy, O., Tercerie, S., Régnier, C., Ramage, T., Schoelinck, C., Dupont, P., Vandel, E., Dasz-

kiewicz, P. & Poncet, L. 2015. TAXREF v9.0, référentiel taxonomique pour la France : méthodo-

logie, mise en oeuvre et diffusion. Muséum national d’Histoire naturelle, Paris. Rapport SPN 2015

- 64. 126 pp. inpn.mnhn.fr/programme /referentiel-taxonomique-taxref (accessed : 2 april 2016)
D. Websites

D1

D2

D3

D4

D5

D6

D7

D8

Fitness Check of the Birds and Habitats Directives ec.europa.eu/environment/nature/legislation/
(accessed : 20 july 2016)

Official definition of the biogeographical regions ec.europa.eu/environment /nature /natura2000/sites
(accessed : 2 april 2016)

European Topic Center on Biological Diversity bd.eionet.europa.eu/,(accessed : 2 april 2016)

Tela Botanica www.tela-botanica.org (accessed : 2 april 2016)

Example of phytosociology  courses at the  University of Cagliari (Italia)
unica2.unica.it/scienzenaturali/index.php 7option=com _content&task=view&id=831&Itemid=173
(accessed : 20 july 2016)

DAISIE (Delivering Alien Invasive Species Inventories for Europe) www.europe-aliens.org/ (acces-
sed : 2 april 2016)

EPPO (European and Mediterranean Plant Protection Organization) lists of invasive species
www.eppo.int/INVASIVE _PLANTS /ias_lists.htm (accessed : 20 july 2016)

Euro-+Med (2006-) : Euro+Med PlantBase - the information resource for Euro-Mediterranean plant
diversity. ww2.bgbm.org/EuroPlusMed/ (accessed : 20 july 2016)
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Supporting information 3 (SI-Table 3)

List of habitats of community interest present in France, for the identification of which
the presence of alien invasive species plays a key role because they are considered “index
species” in the Habitat Books (SI-Table 1-A7). Valid names are from the latest version of
the French Taxonomic Reference Source TAXREF v9 (SI-Table 1-C5). To identify invasive
statuses, we used three different databases : (i) TAXREF v9, which identifies a series of
invasive species at national level in the list of species present in France, (ii) the European
DAISIE database (SI-Table 1-D6), which identifies a series of species invasive for Europe as
a whole and a series of species native to parts of Europe but invasive in France and (iii) the
EPPO Lists of Invasive Alien Plants (SI-Table 1-D7), identifying a series of species invasive
at European level. The three lists are markedly different. In the context of the present
article, we are not in a position to criticize the methodologies used to establish the different
databases. We therefore take all three sources as equally relevant. All together, these three
different sources gave us a total of 48 alien invasive species used as “index species” for
31 different HCI. Among the 132 HCT in France, 20 (HCT 1100, 1120, 1130, 1140, 1150,
1160, 1170, 2150, 2240, 4080, 5320, 5430, 6150, 6310, 7130, 8240, 8310, 8330, 8340 and
9220) were not considered in the analysis because their definition in Habitat Books is not
based on index species. The ratio of HCI having at least one invasive species as index is
hence 31/112 i.e. 28%. Each database taken separately, we obtained 31 HCI (28%) for 46
species in DAISIE, 9 HCI (8%) for 7 species in EPPO and 9 HCI (8%) for 10 species in
TAXREF. Trifolium squamosum L., 1759 (index species for HCI 1410), Stratiotes aloides
L., 1753 (index species for HCI 3150), Melomphis arabica (L.) Raf., 1837 (index species
for HCI 1430), Macrosyringion glutinosum (M.Bieb.) Rothm., 1943 (index species for
HCT 4090 and 6210), Angelica archangelica 1., 1753 (index species for HCI 6430) and
Bupleurum longifolium L., 1753 (index species for HCI 6430), though considered invasive
in France according to the DAISIE list, are protected under local conservation regulations
in some regions in France. Also, Lindernia palustris Hartmann, 1767 (index species for HCI
3130), Ranunculus macrophyllus Desf., 1798 (index species for HCI 6420) and Aldrovanda
vesiculosa L., 1753 (index species for HCI 3150) are considered invasive in the DAISIE list
whereas these species are protected at the national level. Removing all these species from
the DAISIE list, we found 29 HCI (26%) for 37 species. None of these species is cited in
EPPO lists. Native statuses of species were also checked in Euro+Med Plantbase (SI-Table
1-D8). Removing all native species according to Euro+Med Plantbase from DAISIE list,
we found 27 HCT (24%) for 38 species. For EPPO lists, one species (Cyperus esculentus
L., 1753) was considered native in France by the Euro+Med Plantbase giving 9 HCI
(8%) for 6 species. We also checked native status using the national TAXREF database.

Removing these species in the different invasive species lists, we obtained slightly different
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results only for DAISIE list with 24 HCI (21%) for 37 species. Some other species were
not considered in any analysis : Alnus cordata (Loisel.) Duby, 1828 (index species for HCI
9260, 9380, 9580 and 92A0) was not considered because, though it is listed as “Established”
invasive by DAISTE and as “Introduced” in TAXREF v9, in France it is mainly present in
Corsica, where it is locally considered endemic. Festuca rubra L., 1753 (index species for
HCT 4030, 5120, 6210, 6230, 6510, 6520, 9420, 9430 and 4060/4070) was also eliminated
because “ Festuca rubra” is a notoriously ambiguous binomial name whose mentions in the

Habitats Books can be considered ambiguous.
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Protection level in France

Native status in France

Invasive status

Habitat Valid Name of index species National Regional TAXREF Euro+Med TAXREF DAISIE EPPO da-
level level (national) PlantBase (national) database tabase
database database
1410 Elytrigia elongata (Host) Nevski, 1 1 Established
1936
1410 Trifolium resupinatum L., 1758 1 Not establi-
shed
1410 Trifolium squamosum L., 1759 1 1 1 Established
1430 Artemisia  arborescens (Vaill.) Established
L., 1763
1430 Melomphis arabica (L.) Raf., 1 1 Established
1887
2170 Baccharis halimifolia L., 1753 Proven Inva- Established Invasive
sive alien plant
2230 Ononis diffusa Ten., 1815 Not establi-
shed
3130 Lindernia palustris Hartmann, 1 1 1 Established
1767
3150 Aldrovanda vesiculosa L., 1758 1 1 Established
3150 Azolla filiculoides Lam., 1783 Proven Inva- Established Invasive
sive alien plant
3150 Elodea canadensis Michz., 1803 Proven Inva- Established
sive
3150 Elodea nuttalii (Planch.) Proven Inva- Established  Invasive
H.St.John, 1920 sive alien plant
3150 Lemna minuta Kunth, 1816 Proven Inva- Established
sive
3150 Stratiotes aloides L., 1753 1 1 1 Established

Continued on next page



Protection level in France

Native status in France

Invasive status

Habitat Valid Name of index species National Regional TAXREF Euro+Med TAXREF DAISIE EPPO da-
level level (national) PlantBase (national) database tabase
database database
3170 Cotula coronopifolia L., 1753 Established
3250 Erigeron canadensis L., 1753 Established
3250 Oenothera biennis L., 1753 Established
3260 Elodea canadensis Michx., 1803 Proven Inva- Established
sive
3260 Elodea nuttalii (Planch.) Proven Inva- Established  Invasive
H.St.John, 1920 sive alien plant
3270 Bidens connata Muhl. ex Willd., Established
1803
3270 Bidens frondosa L., 1753 Proven Inva- Established Invasive
sive alien plant
3270 Bidens tripartita L., 1753 Established
3270 Cyperus esculentus L., 1753 1 1 Invasive
alien plant
3270 Datura stramonium L., 1753 Established
3270 Dysphania  ambrosioides (L.) Proven Inva- Established
Mosyakin € Clemants, 2002 sive
3270 Echinochloa muricata Established
(P.Beawv.) Fernald, 1915
3270 Eragrostis  pectinacea (Michz.) Established
Nees, 1841
3270 Lindernia dubia (L.) Pennell, Established
1935
3270 Panicum capillare L., 1753 Established
3270 Xanthium orientale L., 1763 Not establi-

shed

Continued on next page



Protection level in France

Native status in France

Invasive status

Habitat Valid Name of index species National Regional TAXREF Euro+Med TAXREF DAISIE EPPO da-
level level (national) PlantBase (national) database tabase
database database
3270 Xanthium strumarium L., 1758 1 1 Established
3280 Amaranthus retroflexus L., 1753 Established
3280 Azolla filiculoides Lam., 1788 Proven Inva- Established Invasive
sive alien plant
3280 Cyperus eragrostis Lam., 1791 Established
3280 Dysphania  ambrosioides (L.) Proven Inva- Established
Mosyakin € Clemants, 2002 sive
3280 FEleusine indica (L.) Gaertn., Established
1788
3280 Erigeron canadensis L., 1753 Established
3280 Paspalum dilatatum Poir., 1804 Proven Inva- Established
sive
3280 Paspalum distichum L., 1759 Proven Inva- Established Invasive
sive alien plant
3280 Symphyotrichum subulatum 1 Established
var.  squamatum  (Spreng.)
S.D.Sundb., 2004
3280 Xanthium strumarium L., 1753 1 1 Established
3290 Elodea canadensis Michz., 1803 Proven Inva- Established
sive
3290 Elodea nuttalii (Planch.) Proven Inva- Established  Invasive
H.St.John, 1920 sive alien plant
3290 Paspalum dilatatum Poir., 1804 Proven Inva- Established
sive
3290 Paspalum distichum L., 1759 Proven Inva- Established Invasive

sive

alien plant

Continued on next page



Protection level in France

Native status in France

Invasive status

Habitat Valid Name of index species National Regional TAXREF Euro+Med TAXREF DAISIE EPPO da-
level level (national) PlantBase (national) database tabase
database database

3290 Xanthium strumarium L., 1758 1 Established
4090 Macrosyringion glutinosum 1 1 Established

(M.Bieb.) Rothm., 1943
5310 Styraz officinalis L., 1753 Established
5330 Frazinus ornus L., 1753 1 Established
6210 Macrosyringion glutinosum 1 1 Established

(M.Bieb.) Rothm., 1943
6210 Onobrychis viciifolia Scop., 1772 Established
6420 Cotula coronopifolia L., 1753 Established
6420 Eupatorium  cannabinum L., 1 Established

1758
6420 Paspalum distichum L., 1759 Proven Inva- Established Invasive

sive alien plant

6420 Ranunculus macrophyllus Desf., 1 Established

1798
6420 Trifolium resupinatum L., 1758 Not establi-

shed
6420 Xanthium strumarium L., 1753 1 Established
6430 Angelica archangelica L., 1753 1 Established
6430 Bupleurum longifolium L., 1753 1 Not establi-
shed

6430 Eupatorium  cannabinum L., 1 Established

1758
6430 Solidago gigantea Aiton, 1789 Proven Inva- Established Invasive

sive alien plant

6520 Onobrychis viciifolia Scop., 1772 Established

Continued on next page



Protection level in France

Native status in France

Invasive status

Habitat Valid Name of index species National Regional TAXREF Euro+Med TAXREF DAISIE EPPO da-
level level (national) PlantBase (national) database tabase
database database

9230 Castanea sativa Mill., 1768 Established
9260 Castanea sativa Mill., 1768 Established
9260 Frazinus ornus L., 1753 1 Established
9330 Castanea sativa Mill., 1768 Established
9330 Frazinus ornus L., 1753 1 Established
9340 Fraxinus ornus L., 1753 1 Established
9380 Fraxinus ornus L., 1753 1 Established
9530 Anemone apennina L., 1753 Established
9530 Castanea sativa Mill., 1768 Established
9540 Castanea sativa Mill., 1768 Established
9540 Fraxinus ornus L., 1753 1 Established
9580 Fraxinus ornus L., 1753 1 Established

9.10E+01 Eupatorium  cannabinum L., 1 1 Established

1758
91F0 Prunus fruticosa Pall., 1784 Unknown
92A0 Arundo donaz L., 1753 Established
92A0 Fraxinus ornus L., 1753 1 Established
92A0 Solidago gigantea Aiton, 1789 Proven Inva- Established Invasive
sive alien plant
92D0 Arundo donaz L., 1753 Established
92D0 Frazinus ornus L., 1753 1 Established
92D0 Symphyotrichum subulatum 1 Established
var. squamatum (Spreng.)

S.D.Sundb., 2004
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6.1 La spécialisation comme mesure des relations espéces-habitats ?

Dans le contexte actuel de la crise de la biodiversité, mieux comprendre les relations
entre les espéces et leurs habitats est crucial pour la conservation. Ces relations se ma-
térialisent de facons extrémement diverses, d'une part du fait de la diversité importante
des espéces et de leurs écologies mais aussi de la diversité des contextes environnemen-
taux dans lesquels une méme espéce peut se retrouver ou encore en fonction des différences
interindividuelles au sein d'une méme espéce, ajoutant a chaque fois un niveau supplémen-
taire de complexité (Elton, 1966, p.62). Les scientifiques s’intéressent depuis longtemps
a ces relations qui sont a la base de I’établissement de 1’écologie comme science a part
entiére. L’émergence de théories pour expliquer ces relations, comme par exemple les pre-
miéres formulations de la théorie de la niche écologique (Grinnell, 1917a; Elton, 1927,

Pocheville, 2015), est intrinséquement liée au développement de I’écologie.

6.1 La spécialisation comme mesure des relations espéces-
habitats ?

Mesurer les relations entre les espéces et leurs habitats est donc complexe. Comme
pour toute mesure, il s’agit d’abord de trouver des métriques adaptées. La spécialisation
écologique des espéces est un concept qui s’est rapidement développé en écologie et qui
offre un cadre théorique intéressant pour quantifier le lien entre les espéces et leurs habitats
(Devictor et al., 2010).

Dans le quatriéme chapitre, partant du constat que les préférences a I’habitat des
espéces variaient de maniére continue et pas de fagon discréte (Clavero et Brotons, 2010),
nous nous sommes affranchis de 'approche catégorielle des habitats pour travailler sur un
gradient continu du paysage, interprétable comme une dimension de la niche écologique des
espéces. Nous avons ainsi pu montrer que les espéces spécialistes ne se répartissaient pas
de maniére aléatoire le long du gradient mais qu’elles semblent n’étre présentes que dans
les extremums du gradient, i.e. dans les conditions environnementales les plus homogénes.

Ces résultats sont en contradiction avec les attendus théoriques qui prédisent des condi-
tions hétérogénes devraient favoriser ’apparition d’espéces spécialisées dans 1’assimilation
de ressources provenant des multiples unités du paysage (hypothése de « landscape com-
plementation »). Si, & I’échelle des communautés, on peut observer cette relation (i.e. plus
de richesse spécifique dans les milieux hétérogénes), a I’échelle d’organisation biologique de
I’espéce elle ne s’observe pas dans notre approche macro-écologique. Plusieurs études ont
pourtant montré que des espéces pouvaient se spécialiser sur des milieux hétérogénes, dont
les différentes composantes leur deviennent indispensables via I’hypothése de « landscape
complementation » (e.g. Ouin et al., 2004). La résolution des données d’habitats semble

une des causes les plus évidentes pour expliquer ces différences de résultats. Une compar-

132



DISCUSSION GENERALE, LIMITES ET PERSPECTIVES

timentation précise des ressources en utilisant une approche catégorielle a fine échelle de
I’habitat permettra plus facilement de détecter un processus de complémentation qu’une
approche plus macro-écologique.

Cependant, une approche espéce-centrée appliquée dans un cadre macro-écologique
permet de mettre en évidence que la complémentation observée a I’échelle d’organisation
des communautés est seulement due aux espéces généralistes qui, exclues compétitivement
des extremums du gradient environnemental, se retrouvent majoritairement dans les mi-
lieux hétérogénes, ou elles augmentant la richesse spécifique. Ces milieux hétérogénes,
résultant des perturbations issues des activités anthropiques, ne permettent finalement
pas d’accueillir les espéces spécialistes (Devictor et al., 2008), en tous cas pas aux échelles

de temps considérées.

6.2 Echelle spatiale et « habitat » en écologie des pay-

sages

L’étude élaborée dans le troisieme chapitre s’inscrit dans la compréhension des re-
lations entre les espéces et les paysages avec un focus particulier sur ’échelle spatiale
de ces relations. Dans ce contexte, les paysages sont décrits par des patchs homogénes
souvent définis comme des « habitats ». Il s’agit ici d’'une définition de I"habitat qui dé-
coule de la pensée synécologique abordée dans le second chapitre. Notre étude analyse
les échelles caractéristiques de réponses de 82 espéces d’arthropodes (principalement des
insectes pollinisateurs) aux paysages et les confrontent & des attendus théoriques. Le but
est finalement de tester la pertinence de la méthode dite du « focal site multiscale study
design » car c’est la principale méthode multi-échelle appliquée dans les études en écologie
(Figure 6.1).

Les résultats montrent une trés grande variation des échelles caractéristiques, qui im-
plique entre autres que les attendus théoriques ne sont pas vérifiés (e.g. les espéces proches
phylogénétiquement, pour lesquelles on attend des caractéristiques écologiques similaires,
ne semblent pas plus répondre a des échelles similaires qu’en comparant des espéces phy-
logénétiquement éloignées). Ces résultats ameénent deux questions principales (i) est-ce
que les méthodes utilisées pour déduire les échelles spatiales de relations entre espéces et
paysages sont fiables et pertinentes 7 ; (ii) est-ce que les relations entre espéces et paysages

sont trop complexes pour que 'on puisse capter leurs échelles spatiales réelles de relation ?

« Species view » des paysages Dans ce contexte, I'échelle spatiale est caractérisée
comme ’échelle & laquelle une espéce va percevoir et interagir avec le paysage. L’hypo-

thése que la représentation du paysage choisie est une approximation de la perception

133



6.2 Echelle spatiale et « habitat » en écologie des paysages

10

A

B\\ | o 0 00
=
<= /
- / ' \

v
scale of

=] ——

e W

1

2 i 4
landscape radius (km)

FIGURE 6.1 — Exemple de la méthodologie du « focal site multiscale study design ». (a)
La réponse écologique (e.g. abondance de 'espéce) est échantillonnée sur des sites (i.e. «
focal sites »). (b) La structure du paysage (composition ou configuration) est mesurée a
différentes échelles spatiales a ’aide de zones tampons. (c¢) La relation entre la réponse
écologique et la structure du paysage est évaluée pour chaque échelle spatiale (i.e. chaque
zone tampon). (d) L’échelle caractéristique est déduite de 1’échelle spatiale a laquelle la
réponse écologique est la mieux prédite par la structure du paysage considérée (ici, 4 km).
Tiré de Jackson et Fahrig (2015).

réelle du paysage par 'espéce est trés forte (Figure 6.2 ; Betts et al., 2014). Nos résultats
montrent un comportement quasi stochastique des échelles spatiales de réponse. Il semble
ainsi difficile d’'imaginer une quelconque mesure commune aux espéces qui puisse expliquer
ce patron. Par exemple, notre étude ne s’appuie pas sur des traits écologiques quantifiés
(e.g. masse moyenne des espéces, capacité de dispersion, etc.) car ces données sont parti-
culiérement rares pour les arthropodes. Néanmoins, il serait intéressant de pouvoir tester
des hypothéses relatives a ces traits (e.g. est-ce qu’en moyenne ’échelle spatiale des re-
lations entre les espéces et le paysage est plus grande pour les espéces ayant de grandes
capacités de dispersion ?) et ainsi confirmer que les échelles caractéristiques obtenues ne
permettent pas d’y répondre.

Nous ne pouvons répondre & ces questions sans les tester formellement mais un faisceau
d’indices laisse penser que des traits quantitatifs n’aideraient pas a expliquer le patron
observé. D’une part, la grande variation des échelles caractéristiques au sein d’une espéce
semble rendre difficile I'explication du patron. D’autre part, les études qui s’intéressent
a l’échelle spatiale des relations entre les espéces et les paysages montrent des résultats
trés contrastés et aucun consensus clair ne semble émerger sur les hypothéses théoriques
sous-jacentes (Jackson et Fahrig, 2015).

L’une des explications possible est que ’approche choisie pour représenter le paysage

(i.e. une approche catégorielle en différentes unités du paysage) ne serait pas adaptée
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(A) Generic land-cover

Population size

Patch size

FIGURE 6.2 — Représentation conceptuelle d'un paysage contenant des patchs d’un mode
d’occupation du sol lambda (e.g. foréts, en gris clair) dans lequel une espéce théorique
est suffisamment spécialisée pour n’utiliser que des sous-ensembles de ces patchs (en gris
foncé). Dans ces conditions, on n’observera pas d’influence de la taille des patchs repré-
sentés (A) car ils ne sont pas corrélés avec la taille de la réelle représentation que se fait
I'espéce de son habitat (gris foncé) et cela méme si la taille de la population est trés
corrélée a la taille des patchs spécifiques a Pespéce (B). Dans cet exemple, la représenta-
tion inadéquate des patchs spécifiques a 'espéce est trompeuse et méne a des conclusions
erronées ayant potentiellement des implications en termes de conservations. Tiré de Betts
et al. (2014)

pour rendre compte correctement de la perception que les espéces ont d’un méme paysage
(Figure 6.2). En effet, approche catégorielle montre ses limites quand il s’agit d’y relier
chaque espéce, surtout lorsque I'on s’attache a décrire une relation aussi spécifique que
celle de I’échelle spatiale de perception du paysage par les espéces. En effet, il est peu
probable que les espéces percoivent le paysage comme nous ’avons classé en tant qu’hu-
main (Elton, 1966). Cependant, on peut s’attendre a ce que plus 'emprise spatiale d’une
étude diminue, plus les variables environnementales locales (dont les mesures de I’habitat)
seront importantes pour expliquer les patrons observés, en partie aussi car celles-ci seront
définies plus précisément (Mykri et al., 2007; Reif et al., 2008; Divisek et al., 2014).

Les travaux de cette thése couvrent 1’échelle nationale pour laquelle des données sur
les paysages sont rares et, lorsqu’elles existent, ne sont pas les plus précises. Ainsi, I’étude
du troisiéme chapitre s’appuie sur les données Corine Land Cover pour laquelle les patchs
doivent avoir une aire minimum de 25 ha, i.e. une résolution grossiére pour mesurer la
structure du paysage (Gimona et al., 2009). Dans une synthése bibliographique s’intéres-

sant a la modélisation des habitats d’espéces a partir de données d’occupation des sols,
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Schlossberg et King (2009) montrent les limites d’une telle approche et pointent quatre
raisons principales : (i) Pavis d’expert des études, qui est inclus dans 97% des études de la
synthése, montre une grande variabilité sur une méme question, (ii) les modéles ignorent
les dynamiques des populations, entrainant une surestimation de 1’aire d’occupation des
habitats, (iii) 'habitat n’est pas synonyme d’occupation du sol et (iv) la sur-simplification
des patrons d’utilisation de I’habitat : les préférences a I’habitat des espéces varient de
maniére continue et pas de fagcon discréte comme les catégories des modes d’occupations

du sol le font dans ces modéles.

Perspectives Il serait intéressant de développer cette méme approche systématique
d’analyse des patrons d’échelle caractéristique sur d’autres groupes taxonomiques. Ce-
pendant, I'approche ne peut étre identique car le choix des métriques pour mesurer le
paysage est contexte dépendant. En effet, il n’existe pas de métrique consensuelle du pay-
sage. LL’ensemble de variables choisi dans notre étude ’a été sur la base de la bibliographie
(i.e. quelles métriques sont connues pour avoir un impact sur le groupe d’espéces considé-
rées 7) mais il résulte aussi d'une démarche purement méthodologique dans le but d’éviter
les redondances corrélatives entre les variables. Comparer les résultats entre différents
groupes taxonomiques parait donc une tache complexe.

Il semble aussi important de ne pas considérer la détermination des échelles spatiales
de réponse des espéces au paysage seulement comme une étape méthodologique mais
plutot d’encourager les études qui les abordent comme une question a part entiére. En
effet, il apparait souvent que les approches multi-échelles sont appliquées dans le seul but
d’optimiser I'effet corrélatif observé et pour prouver que ’on a bien pris en compte le fac-
teur important qu’est 1’échelle spatiale. Cependant, la justification statistique (corrélative)
n’induit pas forcément que les espéces vont en réalité répondre & cette échelle spatiale. En
fait, le risque est de finir par confondre corrélation et causalité (Gosselin, 2012). Il semble
donc important d’analyser plus systématiquement ces échelles spatiales pour en quelque
sorte certifier qu’elles ont une représentation tangible pour 'espéce (Betts et al., 2014).

Nos résultats se montrent cependant peu optimistes sur ce point.

6.2.1 Quelles solutions faut-il préconiser ?

Plutot que de systématiquement appliquer a I'aveugle des méthodes similaires au «
focal site multiscale study design », il semble important de se poser la question de I’échelle
a laquelle la relation que I’on veut explorer est attendue. Cependant, poser cette hypothése
n’est possible que quand la relation attendue met a contribution des mécanismes connus.
Par exemple, dans le quatriéme chapitre, nous basons notre analyse sur une zone tampon

de 200 m autour de chaque point STOC sans appliquer d’analyse multi-échelles. Cette

136



DISCUSSION GENERALE, LIMITES ET PERSPECTIVES

analyse pourrait se justifier sachant que nous cherchons & modéliser la relation entre
I'abondance d’une espéce et une valeur spatiale (le pourcentage de couverture arborée).
Cependant, nous avons considéré que cette relation était locale, en faisant ’hypothése que
si les individus étaient comptés sur le site lors du point d’écoute, c¢’était qu’ils avaient une

relation forte avec 'environnement immeédiat.

Opinion d’expert Cette justification s’apparente a ce que 'on nomme généralement
Iopinion d’expert. C’est une approche largement utilisée pour caractériser les relations
espéces-habitats mais avec des limites importantes (McBride et al., 2012). Ainsi, Reif
et al. (2010) proposent que I'avis d’expert soit réservé aux seuls cas ot les données ne sont
pas disponibles pour effectuer des mesures quantitatives. De méme, Chytry et al. (2002)
montrent que leur mesure de la fidélité des espéces a des unités de végétation est plus
efficace pour déterminer des espéces diagnostics que les avis d’experts. Cependant, dans le
chapitre quatre, nous montrons que les mesures des habitats faites « a dire d’expert » sur
la base d’une liste catégorielle prédéfinie (Julliard et Jiguet, 2002) sont aussi efficaces pour
mesurer la spécialisation des espéces que la mesure issue du gradient environnemental.
L’opinion d’expert peut donc fournir des informations qualitatives pour mesurer les habi-
tats. Cette information reste néanmoins plus complexe a obtenir qu'une simple mesure de

télédétection, gratuite et standardisée pour I’ensemble de la planéte (Turner et al., 2015).

Des approches continues centrées sur ’espéce L’arrivée de nouvelles méthodes
basées sur la télédétection permet d’entrevoir aujourd’hui les faiblesses d’une approche
catégorielle de I’habitat (Gillespie et al., 2008; Cord et Rodder, 2011). Cord et al. (2014),
dans une étude récente, avancent que les variations locales des conditions environnemen-
tales ne peuvent pas étre représentées par des données catégorielles d'utilisation du sol.

Cependant, les données continues de télédétection pourraient outrepasser ce probléme.

6.2.2 Limites de analyse multi-échelles sur les paysages

Le paysage peut expliquer de maniére trés variable la distribution des espéces (Luoto
et al., 2007; Thuiller et al., 2004a). En effet, les modeéles que 1'on utilise font ’hypothése
que la distribution est fonction de nombreux paramétres biotiques et abiotiques (e.g.
précipitations, température, latitude) dont certains sont issus du paysage. Nous avons
analysé chaque espéce en relation avec chaque métrique du paysage et dans une approche
exploratoire, il apparait que les espéces ne sont pas affectées par toutes les métriques
de la méme maniére (Figure 6.3). C’est-a-dire qu'une méme métrique peut permettre
d’expliquer 30 % de la distribution d’une espéce alors que pour une autre espéce, elle

n’expliquera presque rien. Dans I'approche que nous avons développé, la seule variable qui
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était mesurée a différentes échelles était la métrique paysagére. Ainsi, en cas d’observation
d’un patron spatial en comparant les modéles via I’AIC aux différentes échelles, on pouvait
conclure que ce patron était due a la variable paysagére. Cependant, dans certains cas,
méme si une échelle caractéristique était mesurée, la métrique paysagére expliquait peu
le patron de présence/absence (Figure 6.3). Ce constat permet d’entrevoir la limite de
ces approches statistiques ou les seuils de prise en compte des résultats jouent un role

important.

6.3 Politique publique et « habitat »

Dans la quatriéme partie, la problématique de la représentation de I’habitat est abordée
au niveau d’une politique de la conservation. Dans le domaine de la conservation, 1’éla-
boration d’une politique s’appuie en partie sur les connaissances scientifiques disponibles.
« En partie » car d’autres aspects importants viennent complexifier leurs élaborations.
Dans nos travaux, nous avons donc aussi utilisé d’autres critéres pour évaluer la directive
« Habitats ». Cependant, dans I’élaboration de la directive Habitats, si un choix important
a été fait, c’est celui de la définition de I’habitat (Evans, 2012). Cette définition s’appuie
sur une représentation catégorielle des habitats, non centrée sur les espéces mais définie
en fonction de communautés d’espéces végétales (i.e. une approche phytosociologique).
On s’approche donc de la définition d’habitat traduite par « biotope » dans la littérature
historique sur le concept (cf. deuxiéme chapitre).

La présence d’une telle définition de ’habitat dans une directive européenne est due
a la forte prédominance de la phytosociologie dans le développement de I’écologie de
nombreux pays européens (Bouzillé, 2007; Ewald, 2003). I’approche phytosociologique en
elle-méme n’est pas un probléme mais elle nécessite de se réformer pour mieux s’inclure
dans les développements actuels en écologie (Ewald, 2003). Cependant, ce que 'on a pu
révéler dans la quatriéme partie de cette thése est que le choix d’une telle approche pése
sur le dialogue potentiel entre les communautés d’acteurs de la conservation. En effet, on
observe une confrontation entre deux visions de I'habitat qui ne sont pas interopérables.
On agrandit donc le fossé qui sépare les communautés d’acteurs qu’il est pourtant urgent
de faire travailler de concert. D’un coté, les acteurs de terrains (e.g. gestionnaires d’espaces
naturels et politiques) se basent sur les outils législatifs mis a leur disposition comme la
Directive Habitats pour appliquer des actions de conservation. Ils vont donc utiliser la
définition de I’habitat intégrée a cette politique (i.e. une définition communauté-centrée).
De Tl'autre coté, les scientifiques, écologues, biologistes de la conservation qui ménent
leurs recherches dans le champ de la conservation mais en privilégiant généralement une

définition de I’habitat centrée sur 'espéce. Nos résultats démontrent ce décalage important
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FIGURE 6.3 — Partition de la variance expliquée par les variables des meilleures modéles
(i.e. les modéles permettant de caractériser 1’échelle spatiale de relation entre les espéces
et le paysage. Il y a modéle par métrique du paysage.) pour Pespéce (a) Ruptela maculata
et (b)Colletes hederae. L'importance des métriques paysageres est trés variable au sein
des modéles, que ce soit entre les espéces mais aussi au sein d’une méme espéce entre les
métriques du paysage. Exemples tirés du troisiéme chapitre. Pour certaines variables, il
n’a pas été observé d’échelle caractéristique.

dans la description de I’habitat. En particulier en évaluant la bibliographie scientifique sur
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les aspects « fonctionnels » dans le cadre de la Directive Habitats, il n’y a pas de traduction
dans le langage scientifique des dénominations utilisées par les acteurs de terrain. Ce
décalage freine ainsi les actions de conservation. Les recommandations apportées dans ce
travail sont de nature & améliorer cet état de fait. Cependant pour que scientifiques et
acteurs de terrain puissent dialoguer sur les mémes bases, il semble aussi important qu’ils
aient un vocabulaire commun (Young et al., 2014). S’astreindre a définir correctement les
termes utilisés en écologie peut sembler une perte de temps mais de nombreuses études

montrent un effet positif de ces réflexions (Reiners et al., 2016).

6.4 Conclusion et perspectives générales

6.4.1 Urgence et précipitation?

Les sciences de la conservation sont confrontées a 'urgence de la crise de la biodiversité.
Cependant, urgence ne veut pas dire précipitation. Le développement des connaissances
et des outils utilisés pour la protection de la biodiversité s’est semble-t-il fait de maniére
empirique sans que 1’on prenne le temps d’un dialogue important entre les communautés
d’acteurs qui font la conservation. Gestionnaires, politiques et scientifiques ont ’obliga-
tion de parler la méme langue s’ils veulent atteindre les objectifs de conservation (H2020).
Ce travail de thése, au-dela de mettre en en évidence le fossé maintes fois étudié entre les
communautés d’acteurs en conservation (i.e. « science-policy gap »), en apporte un éclai-
rage nouveau en passant par le prisme de 1'un des plus importants concepts de 1’écologie :

le concept d’habitat.

6.4.2 Un habitat vaut mieux que deux tu ’auras

Le développement historique de ce concept en écologie a polarisé deux visions des
relations entre espéces et habitats. L’une définit d’abord les habitats comme des entités a
part entiére, des habitats per se, qui forment des catégories ou des types dans lesquels il va
s’agir de caser les espéces ou du moins pour lesquelles on pourra étudier les liens avec les
espéces. On cherche donc a relier deux objets catégoriels (i.e. habitats et espéces) définies
de maniére indépendante. C’est cette vision qui prédomine dans les approches appliquées
de la conservation a travers 'importance des préceptes de la phytosociologie en particulier.
Elle s’oppose a 'autre vision de I’habitat, non pas définie indépendamment de ’espéce
mais en fonction de I'espéce. On définit donc autant d’habitats que d’espéces. L’espéce
n’étant pas elle-méme une entité homogeéne (par exemple, différentes populations d’une
méme espéce), 'habitat ne représente pas une entité figée mais contexte-dépendante.

Les travaux développés dans cette thése apportent chacun un éclairage particulier sur

140



DISCUSSION GENERALE, LIMITES ET PERSPECTIVES

I'opposition de ces deux visions de I'habitat : (i) 'analyse historique montre lorigine et
le développement du schisme du concept d’habitat (ii) les analyses paysagéres posent la
question de I'importance de la représentation de ’environnement et donc de ’habitat et
(iii) 'évaluation de la directive Habitats informe directement sur 'impact des différentes
interprétations de ’habitat entre des acteurs opérationnels et les scientifiques.

Ces résultats peuvent étre percus globalement comme des critiques accompagnés de
préconisations naives. Par exemple, si I’émergence d’une approche continue des paysages
grace a la richesse des informations de télédétection disponibles aujourd’hui prend forme
au sein de la communauté scientifique, ’appropriation rapide de ces outils par les acteurs
opérationnels semble une utopie. Non pas parce que les acteurs opérationnels sont réticents
a de nouvelles approches mais plutdt parce que les scientifiques ne font pas forcément
effort de traduire leurs résultats dans les catégories (cf. le cinquiéme chapitre) et que les
institutions ne se réforment pas assez vite (Cardoso, 2012).

Au-dela des considérations scientifiques, la dichotomie entre un « habitat opérationnel
» et un « habitat écologique » s’explique aussi par des pratiques, des échelles (spatio-
temporelles) et des buts qui divergent fortement entre les communautés d’acteurs de
la conservation. Quand un acteur de terrain veut pouvoir utiliser un outil « habitat »
pour améliorer la gestion d’un espace naturel, celui-ci n’aura évidemment pas la méme
définition que 'habitat d’une espéce modélisé. Cependant, cette distinction semble difficile

a assumer car finalement trés peu mise en avant.

6.4.3 Un langage commun pour les futurs outils de la conserva-
tion ?

La liste rouge des espéces de 'TUCN est considérée comme 1'un des outils phares de
la conservation. Elle est utilisée a tous les niveaux, tant scientifique que par des acteurs
opérationnels soucieux de décliner les listes rouges a des échelles plus locales dans le but
d’alerter autant les politiques que le public, qui y trouve un discours cohérent et clair sur
I’état de la biodiversité. On ne peut que souhaiter un méme avenir aux futures listes rouges
des écosystémes (Keith et al., 2013). Cependant, si 'espéce offre un cadre relativement
commun et accessible de réflexion, la liste rouge des écosystémes pourrait se heurter a
I'ambiguité nichée derriére la définition des entités qui seront évaluées (Boitani et al.,
2015).

En France par exemple, les écosystémes en cours d’évaluation sont pour l'instant dé-
finis dans une démarche « habitat » trés proche de celle observée dans la directive «
Habitats », en s’appuyant sur le référentiel européen de classification des habitats EUNIS
(IUCN, 2014). Le risque semble donc que cette liste rouge soit exclue des études scien-

tifiques (au contraire des listes rouges espéces, dont les critéres ont été élaborés par les
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scientifiques, Mace, 2004), car principalement basée sur des entités peu identifiées dans
la littérature scientifique. Les enjeux de la conservation des écosystémes deviendraient
donc inaudibles pour les acteurs extérieurs au processus scientifique (en particulier pour
le public). Pourtant le débat scientifique existe autour de I’élaboration de ces listes rouges
et des bases scientifiques qui les supportent (Keith et al., 2015; Boitani et al., 2015) mais
celui-ci reste relativement restreint. Malgré I'urgence, il semble pourtant important de ne
pas céder a la précipitation pour mieux favoriser I'appropriation par tous (scientifique,
gestionnaire, politique, citoyen, etc.) des outils puissants mis a la disposition de notre

objectif commun de conservation de la biodiversité.
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i i

FIGURE 6.4 — Quand René Magritte peint en 1938 son tableau "Les marches de 1'été",
il dénonce la régulation mathématique du monde et les théoriciens de 'art, qui depuis
I’antiquité, se sont efforcés de fixer normes et proportions aux architectures, a I’espace ou
encore a la représentation du corps humain. En organisant le chaos des canons de beautés
antiques, Magritte tourne en dérision 'ambition normative et le projet de rationalisation
du monde. Il pousse ironiquement cette mathématisation du monde en I'appliquant mé-
thodiquement a I’ensemble de son tableau. Il va ainsi jusqu’a soumettre a la géométrie
les formes qui lui sont le plus réfractaires : Magritte met le sol et le ciel en équation
(Ottinger, 2011). On peut faire ici un paralléle avec la représentation que nous avons de
Ienvironnement en tant qu’écologue. Quand le surréaliste artiste dénonce la mathémati-
sation artistique du monde, le réaliste scientifique met en équation le monde pour mieux
le comprendre. En tant qu’écologue, ce tableau nous appelle aussi a ne pas nous détacher
trop du monde réel présent derriére nos chiffres et modéles mathématiques.
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