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« La joie de regarder et de comprendre est le plus beau cadeau de la nature. »

Albert Einstein ; Discours et entretiens (1879-1955)






AVANT-PROPOS

Cette these, menée au sein de 1’Institut Méditerranéen de Biodiversité et d’Ecologie
marine et continentale (IMBE - UMR CNRS 7263 / IRD 127), a été codirigée par Thierry
DUTOIT (Directeur de Recherche CNRS) et Erick PROVOST (Chargé de Recherche CNRS).
Ces travaux ont été cofinancés par la Région Provence-Alpes-Cote d’Azur, par la Société du
Pipeline Sud-Européen, par le Conseil Général des Bouches-du-Rhone, par la FR Eccorev et

le programme Ingecotech du CNRS-INEE

Le présent manuscrit comprend une introduction générale, quatre chapitres sous forme
d’articles scientifiques et une discussion générale. L’introduction générale, rédigée en
francais, présente les objectifs, le cadre conceptuel ainsi que les principales questions et
hypothéses de recherche de la thése. Cette premiére partie permet ainsi de situer la these dans
une problématique de recherche plus large, et de comprendre comment s’articulent les

différents chapitres.

Les quatre chapitres permettent de traiter les différentes hypotheses qui structurent ce travail.
Ils ont tous été rédigés en anglais. Le premier chapitre constitue un article actuellement en
cours de préparation en vue de sa prochaine soumission dans une revue indexée (Restoration
Ecology). Les résultats du second chapitre, d’abord préliminaires, ont été publiés en frangais
dans la revue Acta Botanica Gallica: Botany Letters (161, 2014, pp. 287-300) suite au
colloque en écologie des communautés végétales (Ecoveg 9) qui s’est tenu a Tours du 03 au
05 avril 2013 (Annexe 2). Les résultats consolidés ont ensuite été publiés en anglais dans la
revue Ecological Engineering (71, 2014, pp. 690-702). Le troisieme chapitre est actuellement
soumis dans le Journal of Vegetation Science. Enfin, le quatrieme chapitre a également été
publié en anglais dans la revue Myrmecological News (20, 2014, pp. 43-52). Une réflexion sur
les principaux résultats obtenus et une présentation des perspectives de cette recherche sont

incluses dans la discussion génerale rédigée en francais.

Le format de ce manuscrit de these induit certaines redondances inévitables entre les
paragraphes « introduction » et « matériels et méthodes » des différents chapitres. Pour en
faciliter la lecture, des inter-chapitres font les liens entre les différents chapitres et les
références ont toutes été reportées dans une bibliographie générale a la fin du document. Les
productions scientifiques, non présentées dans le corps principal du manuscrit, ont été

annexées (Annexe 1 a 4).
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RESUME

L’objectif principal de la thése a été d’expérimenter de nouvelles techniques en ingénierie
écologique afin de restaurer le sol et la végétation d'une pelouse seche méditerranéenne sub-steppique,
détruite suite a une fuite d’hydrocarbures (plaine de La Crau, Bouches-du-Rhéne, France).

Aprés évacuation des terres polluées en décharge, un transfert de sol a été réalisé au printemps 2011 en
procédant & une translocation directe, selon un ratio 1/1 avec respect ou non de 1’organisation verticale
des principaux horizons du sol. Apres trois années de suivis, nous avons pu mettre en évidence
I’importance de prendre en considération différentes composantes (sol, végétation, myrmécofaune) de
I'écosysteme, et surtout leurs interactions, pour mieux évaluer a l'avenir la réussite d'opérations de
restauration écologique. Ainsi, nous avons mesuré que la récupération du sol en ce qui concerne les
paramétres physico-chimiques et biologiques pouvait étre rapide pour certains d'entre eux, comme
c’est le cas pour la biodégradation du carbone et de la biomasse bactérienne, mais beaucoup plus lente
pour d'autres comme c¢’est le cas pour le rétablissement des échanges verticaux entre les horizons dans
le profil de sol. De méme, la récupération de la végétation steppique a été atteinte a trés court terme
(trois années) concernant sa richesse, sa diversité spécifique, et sa similarité de composition avec la
steppe de référence mais au prix d'interventions de restauration a fort co(t économique et
environnemental (destruction du milieu donneur). C'est pourquoi, la fourmi moissonneuse Messor
barbarus est apparue comme un ingénieur des écosystémes potentiel pour compléter le travail
entrepris en accélérant la redistribution des graines viables, et ainsi en restaurant la structuration de la
végétation qui fait encore défaut. En effet, cette fourmi concentre localement certaines graines par la
construction de dépotoirs aux entrées de leur nid et augmente la richesse spécifique de la végétation
dans 1’écosystéme de référence lorsque les dépotoirs sont naturellement détruits au cours de I’hiver.
Un suivi de la recolonisation naturelle des fourmis et une expérimentation originale de transfert de
reines fondatrices, de I'écosystéme de référence vers I'écosystéme a restaurer, ont également montré,
que lorsque I’habitat n’était pas favorable a la recolonisation naturelle de M. barbarus, la
transplantation permettait d'obtenir d’excellents résultats sur le taux de survie des fourmis transférées.
Il sera cependant encore nécessaire de poursuivre ces suivis pendant quelques années pour valider in
fine le role positif des fourmis vis-a-vis de la restauration de la structuration spatiale de la communauté

végétale steppique.

MOTS-CLES: Biodiversité; restauration écologique; ingénierie civile; ingénierie écologique;
ingénieurs de 1’écosystéme; changement d’usage des sols; transfert de sol; sol; communauté végétale;

fourmis ; Messor barbarus; dispersion des graines; régénération; interactions
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ABSTRACT

The main objective of the thesis was to experiment new techniques of ecological engineering
to restore the soil and the vegetation of a Mediterranean sub-steppe dry grassland, destroyed by an oil
leak (plain of La Crau, Bouches-du-Rhdne, France).

After evacuation of the polluted soil in a specialized dump, soil was transferred in spring 2011, by
direct translocation, at a 1:1 ratio and keeping or not of the vertical organization of the soil main
layers. After three years of monitoring, we were able to highlight the importance of taking into
account different components (soil, vegetation, myrmecofauna) of the ecosystem, and especially their
interactions to better assess the future success of ecological restoration operations. We found that soil
regeneration for physico-chemical and biological parameters, could be quick for some of them (carbon
biodegradation, microbial biomass) but much slower for others (recovery of vertical exchanges
between layers in the soil profile). Similarly, the regeneration of the steppe vegetation was reached in
the short term (three years) concerning its species richness, its species diversity and its similarity of
composition with the reference steppe, but at high economic and environmental costs (destruction of
the donor site). Then, the harvester ant Messor barbarus was considered as a potential ecosystem
engineer which can complement the undertaken restoration works by accelerating the redistribution of
viable seeds. Indeed, our results showed that, by the construction of refuse piles, this ant allowed the
reference ecosystem to locally concentrate some seeds and increase vegetation species richness, where
the refuse piles were naturally destroyed during the winter. The monitoring of the natural
recolonisation of ants and a new experimental protocol of transfer of founding queens, from the
reference ecosystem to the restored ecosystem, also showed, that when the habitat was not conducive
for the natural recolonisation of M. barbarus, transplantation achieved excellent results in the survival
rate of transferred ants. However, the monitoring will have to be pursued for several years to validate

the positive role of ants on the restoration of the spatial structure of the steppe plant community.

KEYWORDS: Biodiversity; ecological restoration; civil engineering; ecological engineering; change
in land-use; soil transfer; soil; plant community; ants; Messor barbarus; seed dispersal; recovery;

interaction.
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Introduction générale

I.1. Contexte général

Les archives paléontologiques témoignent de ’existence de grands bouleversements au
cours de I’histoire de la vie. Des vagues d’extinctions de masse des espéces ont, en effet, forcé
la vie a se réorganiser a cing reprises au cours des temps géologiques. Cependant, ces
changements importants étaient seulement le résultat d’éveénements naturels (Hallam &
Wignall 1997. Avec I’accroissement spectaculaire de la population humaine au cours des
derniers siécles (Harrison & Pearce 2000), et la surexploitation pour la fourniture des matiéres
premiéres qui en résulte, une sixiéme crise d’extinction de masse serait actuellement en cours
sous l’effet du changement global (Barnosky et al. 2011). Celui-ci comprend des
modifications climatiques et environnementales majeures, engendrées a la fois par les
activités anthropiques et par les facteurs naturels. Par I’intégration de la dimension humaine
parmi Ses causes principales, cette nouvelle période d’extinctions est parfois appelée « I’¢ére
anthropocene » (Cruzten 2002; Barnosky et al. 2011; Zalasiewicz et al. 2011), et elle se serait
amplifiée depuis le commencement de la révolution industrielle au début du 19° siécle.
Certains auteurs ont méme évoqué le fait que les activités humaines pourraient annuler les
changements naturels des écosystéemes provoques par les variations climatiques des derniers
millénaires (Clark et al. 1986; Turner al. 1990). Un des objectifs primordial de la recherche en
écologie est ainsi de déterminer comment le changement global affecte les espéces, les
communautés, les populations et les écosystemes afin de prédire, de limiter ou de réparer les
conséquences de celui-ci sur la biodiversité et ses services (Pimm et al. 1995; Vitousek et al.
1997).

Bien que le changement de la composition atmosphérique et celui du climat qui en
découle focalisent actuellement 1’attention d’un grand nombre de chercheurs, 1’autre
composante du changement global, le changement d’usage des terres est cependant considéré
comme ayant un impact supérieur (Turner et al. 1990; Lambin 2001; Leakey 1995; Houghton
1996; Balmford & Bond 2005). Ces modifications dans 1’utilisation des sols se manifestent
par une intensification des usages due a I1’augmentation de la pression anthropique
(urbanisation, déforestation, intensification agricole, introduction d’espéces etc.) ou au
contraire a leur abandon (déprise agricole, reforestation etc.). Ceux-ci sont alors a I’origine de
la destruction directe d’habitats et de leurs fragmentations, ainsi que de I’augmentation des

invasions biologiques causant d’importantes et rapides pertes de biodiversité. En plus d’étre
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une menace pour la biodiversité, ils ont également des incidences sur les biens et les services
fournis par les écosystemes transformées (Millennium Ecosystem Assessment 2005), et des
conséquences sociales et esthétiques (Ehrlich & Ehrlich 1992; Meffe & Carroll 1997).

Ojima et al. (1994) ont ainsi estimé que un tiers de la surface des terres émergées avaient
déja été converties en cultures ou en patures, et que la moitié de celles-ci avait déja été
transformée au cours des cent derniéres années. De plus, Primack et Miller-Rushing (2012)
ont également évalué que 80% de la surface des pays européens industrialisés étaient impactés
par les changements d’usages des sols. Dans ces mémes pays, le risque d’un accident
technologique est également élevé. Quand il se produit, il a souvent des répercussions
considérables, parfois irréversibles, sur 1’environnement, celles-ci pouvant étre amplifiées
dans le temps et dans 1’espace (destruction d’habitats; transferts lents de polluants dans 1’air,

dans I’eau ou dans les sols...), et avoir des codts financiers importants.

Dans ce contexte, I’émergence d’une science qui élaborerait des outils pour contrer
I’érosion de la biodiversité est devenue primordiale. La biologie de la conservation s’est alors
développée, et se décline en trois principales actions (Gauthier-clerc et al. 2014): 1) le
maintien des conditions de gestion qui ont conduit 1’écosystéme a son état actuel
lorsqu’aucune menace spécifiqgue n’est décelée; 2) la mise en place de mesures de
conservation et de préservation de 1’espéce ou de 1’habitat lorsque une ou des menaces sont
identifiées, et dans un dernier recours 3) la mise en place de mesures de restauration

écologique lorsque 1’écosystéme a été dégradé de maniére irréversible ou détruit.

Comme le changement global hypothéque notre capacité a préserver et a conserver les
écosystémes impactés, les besoins en restauration écologique deviennent de plus en plus forts.
L’¢écologie de la restauration, discipline scientifique qui a pour vocation d’accompagner la
restauration écologique, connait alors un grand essor, et ce depuis quelques dizaines d’années
(Dutoit et al. 2014). Une conférence mondiale sur la diversité biologique, organisée a Nagoya
en octobre 2010, a méme fixé 1’objectif ambitieux de restaurer au moins 15% des écosystémes
dégradés avant 2020 (Convention sur la diversité biologique 2011). Le but principal étant de
contrebalancer les destructions et la fragmentation des écosystemes en créant des réservoirs
de biodiversité et des corridors écologiques (Harris et al. 2006). Cependant, la majorité des
actions de restauration écologique, orientées pour le vivant (réhabilitation d’habitats,

restauration de communautés végétales, renforcement et ré-introduction d’espéces rares et
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menacées, etc.) s’appuient encore trop souvent sur une ingénierie civile non durable (Dutoit
2012, 2014). Issue des travaux des ingénieurs des batiments et des ponts et chaussées au début
du 20° siecle, cette ingénierie s’exerce au travers du génie civil qui utilise des énergies fossiles
(hydrocarbures), et emploie des techniques lourdes (engins de travaux publics) et trés
polluantes (émissions de CO,, de Noy, bruits, etc.).

Pour atteindre les objectifs fixés par la conférence sur la diversité biologique, et ne pas
hypothéquer I’avenir de la planéte, il serait donc nécessaire de passer progressivement d’une
ingénierie civile non durable a une ingénierie plus durable, c’est-a-dire a 1’ingénierie
écologique. Celle-ci agit aussi bien pour le vivant que par le vivant, et est favorable a la
pérennité des actions humaines mais aussi a celle de la biosphére. Une étape intermédiaire est
le recours a une ingénierie civile dite « écologisée » qui utilise encore des énergies fossiles

mais qui est orientée pour le vivant et qui s’inspire du vivant (Rey et al. 2014).

Ce travail de thése intervient, suite a une opération lourde de restauration écologique
appliquée aprés a un accident technologique intervenu en plein cceur d’une Réserve Naturelle
Nationale dans une pelouse séche sub-steppique méditerranéenne (plaine de La Crau, Sud-Est

de la France).

I.2. Objectifs, hypothéses et organisation principale de la thése

Les objectifs principaux de la these sont donc :

- d’évaluer la réussite d’une opération de restauration écologique faisant appel a une
ingénierie civile dite «écologisée » (transfert de sol direct, sans stockage et avec
reconstitution des horizons) suite a une fuite d’hydrocarbures survenue dans la plaine de Crau
le 07 aolt 2009 afin de proposer des améliorations pour de futures interventions.

d’expérimenter de nouvelles techniques et de développer de nouveaux outils
complémentaires en ingénierie écologique notamment apres avoir identifié de potentiels
« ingénieurs des écosystemes « (fourmis moissonneuses) pour les transplanter et tester une

accélération éventuelle de la restauration de la formation végétale sub-steppique.

Cette étude a donc été organisée selon trois axes qui sont: (1) mesurer la regénération de

la steppe aprés des changements d’usages importants du sol (accident technologique) par une
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approche des interactions entre les réeponses du sol et de la vegétation (chapitres 1 et 2), (2)
¢tudier plus particuliérement les mécanismes d’assemblage des espéces végétales via les
interactions plantes-fourmis (chapitre 3) dans le but d’identifier leurs actions potentielles
d’ingénieur de 1’écosystéme vis-a-vis de la répartition des espéces végétales pour (3)
développer un nouvel outil en ingénierie écologique via leur utilisation pour redistribuer les
graines en complément de I’application préalable de techniques lourdes de génie civil
(chapitre 4).

L’organisation générale de la thése peut ainsi étre résumée en quatre principales
questions correspondant aux quatre chapitres:
1) Comment le sol réagit-il a court terme, en ce qui concerne ses parametres physique,
chimique et biologique aprés une opération de transfert de sol effectuée selon différentes
modalités de reconstitution des principales couches pédologiques ?
(chapitre 1)
2)  Comment la communauté végeétale de type steppique se régénére-t-elle parallélement en
termes de composition, richesse, diversité et similitude avec 1’écosystéme de référence au
cours de ce méme transfert de sol effectué selon des lignes directrices favorisant sa reprise ?
(chapitre 2)
3) La fourmi Messor barbarus permet-elle, via les dépotoirs, de disperser, concentrer et
donc de redistribuer spatialement et temporellement les graines des espéces végétales
caractéristiques de la veégétation steppique. Est-elle un ingénieur des écosystemes
potentiellement utilisable en ingénierie écologique?
(chapitre 3)
4)  Lorsque la recolonisation naturelle de la fourmi Messor barbarus ne se fait pas, et si elle
représente effectivement un outil potentiel en ingénierie écologique, est-t-il possible de
renforcer sa population en la transplantant sur des sites en cours de restauration ?
(chapitre 4)

Les deux premiers chapitres de la these ont donc consisté a étudier 1’effet d’un transfert
de sol massif, consécutif a un accident technologique, sur la régénération de la végétation et
du compartiment sol lui-méme. En effet, le 07 aoGt 2009, une importante fuite d’un oléoduc
(4500 m®) est survenue au milieu de la plaine de La Crau et a détruit plus de 5,5 ha de cette
pelouse séche sub-steppique méditerranéenne (Wolff 2013). Apres 1’excavation et

I’évacuation du sol pollué dans une décharge spécialisee pour traiter ce type de déchets, la
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restauration écologique du site détruit a alors été associée a différentes expérimentations in
situ de remise en place du sol en I’absence du paturage ovin traditionnel (exclos) pour tester
I’importance du respect de 1’organisation verticale des principaux horizons pédologiques. La
réalisation de ce transfert de sol s’est effectuée au printemps et en procédant a une
translocation directe, selon un rapport 1 pour 1. Le sol provenait d’une carriére située a
environ 4 kilométres de distance qui était autorisée a s’agrandir avant I’accident. Le respect de
I’organisation verticale ou non des principaux horizons du sol a ensuite été testé lors de sa
reconstitution: horizon organique A; (topsoil) (0-20cm de profondeur) + horizon minéral (B)
(subsoil) (20-40 cm) + horizon C (altered bedrock) correspondant a la dégradation de la roche

meére (> 40 cm).

Peu de recherches se sont intéressées aux interactions sol-plantes dans le cadre de la
restauration écologique d’un écosysteme (Marrs et al. 2002; Walker et al. 2004), méme si
celles-ci sont fortement préconisées puisqu’elles sont des déterminants majeurs du
fonctionnement des écosystemes (Wardle et al. 2004). En effet, ces interactions sont
extrémement complexes et difficiles a identifier et a mesurer a différentes échelles spatiales et
temporelles. Dans le premier chapitre, nous avons alors étudié la réponse du sol face a cette
opération de transfert car il présente des composantes et des fonctions pouvant réagir
rapidement (biomasse et richesse bactérienne, matieres organiques particulaires (MOP)) (Dick
et al. 1993; Balabane & Balesdent 1995; Schils et al. 2008) tandis que d’autres processus
pédologiques, appréhendés par des mesures physico-chimiques et des profils pédologiques,
peuvent réagir sur le plus long terme (Parr & Papendick 1997). Ces parameétres ont donc été
mesurés avec pour hypothese que le traitement, ou I’intégralité des horizons pédologiques a
été reconstituée (A1, (B) et C), obtiendrait les résultats les plus similaires au sol non impacté
de la steppe de référence encore présente tout autour de la zone impactée par la fuite. Le
deuxiéme chapitre a consisté a étudier la régénération de la communauté végétale steppique
suite a cette opération de restauration écologique. Le but était de donner des directives
techniques permettant d’améliorer les performances des opérations de transfert de sol. La
compaction de la surface du sol a également été expérimentée pour limiter le foisonnement du
sol et donc, & priori, I’installation d’espéces non désirées telles que les espéces anémochores
ubiquistes a forte capacité de dispersion. Notre hypothese était que la non-reconstitution de
I’horizon A;, accompagnée d’un compactage de la surface du sol, permettraient de favoriser
plus rapidement I’installation d’espéces végétales caractéristiques de la végétation steppique

(Annexe 5).
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Les deux autres chapitres ont consisté a développer un nouvel outil complémentaire en
ingénierie écologique via les organismes ingénieurs de 1’écosystéme (Jones et al. 1997), et qui
grace a leur autonomie, permettrait de compléter les opérations de restauration écologique de
maniere plus durable, car sans intervention humaine supplémentaire.

L’objectif du troisieme chapitre de la thése a donc été d’analyser au préalable I’action de la
fourmi moissonneuse Messor barbarus sur la redistribution des graines et sur I’émergence des
plantules des especes végétales caractéristiques de la plaine de La Crau a une échelle locale.
Le but était de savoir si cette fourmi pourrait étre potentiellement utilisée comme ingénieur de
I’écosystéme en complément d’opérations lourdes de restauration écologique comme le
transfert de sol. Cette étude s’est focalisée sur 1’implication des dépotoirs de M. barbarus
pour concentrer des graines viables et pour modifier ensuite les caractéristiques de la
végétation en comparaison a des zones controle dénuées de 1’activité des fourmis. Notre
premiére hypothése est que les dépotoirs ont un impact significatif sur la composition des
graines, et qu’ils augmentent donc significativement la richesse spécifique et la densité des
graines viables au cours de 1’automne et de I’hiver par rapport a des zones controle, de méme
surface et de méme volume, mais sans activité de fourmis observée. Notre seconde hypothese
est que la richesse spécifique des plantules issues de la germination des graines concentrées
dans les dépotoirs, ainsi que leur densité, seraient plus élevées au printemps suivant aux
endroits ou ceux-ci avaient été artificiellement détruits durant la période automnale. Enfin,
notre troisieme hypothese est que le maintien de certains dépotoirs, pendant la période
hivernale, permet d’augmenter significativement la viabilité des graines issues de la banque
de graines de type transitoire, et ainsi d’augmenter la mémoire séminale de I’écosystéme sub-
steppique. En effet, grace a ’accumulation de matériel végétal sec, les dépotoirs offriraient
des conditions environnementales favorables pour conserver les graines et pour les protéger
contre les parasites et les prédateurs. La banque de graines a donc été étudiée, en automne et
en hiver dans des conditions ex situ par la méthode d’émergence des cultures, a la fois dans
les dépotoirs et dans des zones sans activité de fourmis. Des inventaires des plantules ont
ensuite eté réalisés au printemps suivant, in situ, sur des dépotoirs détruits ou maintenus
artificiellement pendant 1’hiver en comparaison a des zones contréles (Annexe 6).

Le quatrieme et dernier chapitre de la thése a permis de mettre au point un protocole de
transplantation de fondatrices de la fourmi M. barbarus sur deux sites faisant 1’objet d’une
restauration écologique: 1’un correspondant au site détruit par la fuite d’hydrocarbures et

restauré par le transfert de sol, et I’autre correspondant a un site dégradé par une arboriculture
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intensive et restauré selon différentes méthodes de génie civil (transfert de sol, semis
d’espéces nurses) (Jaunatre et al. 2012, 2014a et b). Le succes des transplantations et de la
colonisation spontanée ont été mesurés dans les deux cas. L hypothése de ce travail était que
la qualité des habitats d’accueil pour les fondatrices était un facteur plus limitant que celui de
la dispersion lors du vol nuptial. Le succes de la transplantation et de la colonisation naturelle

a alors été étudié sur chacun des deux sites d’étude.

Au travers de ce travail de these, une approche multi-niveaux de I’écosystéme a donc été
menée en prenant en compte différentes composantes (sol, végétation, myrmecofaune) et leurs
interactions. Cela permet d’alimenter les connaissances fondamentales en écologie mais
également de mieux évaluer la réussite d'opérations de restauration écologique basées sur des
interventions de génie civil. De maniere complémentaire, 1’étude de ces interactions devrait
permettre un passage progressif vers une ingénierie écologique durable via de nouvelles
méthodologies basées sur l'utilisation d'especes potentiellement "ingénieur des écosystéemes"
(Figure 1.1).
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Figure I.1: Résumé graphique de |’organisation générale de la thése.
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I.3. Cadre conceptuel

I.3.1. Les pelouses séches, des sites ateliers pour expérimenter en écologie

de la restauration

Les formations végétales de pelouses, sont souvent caractérisees par leur de type de
végétation, mais aussi par le climat, les sols et leurs utilisations anthropiques (Gibson 2009).
Une définition générale pourrait étre « des ecosystemes terrestres dominés par une végétation
herbacée et arbustive entretenue par le feu, le paturage, la secheresse et/ou des températures
basses, dont la couverture en espéces ligneuses est inférieure a 10% » (Bailey 1989; White et
al. 2000; Gibson 2009; Allen et al. 2011). Les pelouses seches sont donc incluses dans ce type
d’écosystemes. Celles-ci sont essentiellement dominées par des graminées, et parfois par des
espéces annuelles ou vivaces qui vivent dans des sites climatiqguement ou édaphiquement secs.
Elles sont genéralement localisées dans des zones semi-arides ou I’index d’aridité (rapport
entre les précipitations moyennes annuelles et 1’évapotranspiration potentielle), est compris
entre 0,2 et 0,5 (White et al. 2000). Bien que certaines d’entre-elles puissent étre qualifiées de
naturelles (biome de steppe, zone alpine), une grande partie de ces pelouses séches ont une
végétation dite semi-naturelle, puisque sans I’action de I’homme, elles ne pourraient pas se
maintenir (Gibson 2009).

En Europe occidentale, les pelouses seches possédent généralement une importante
biodiversité (Gibson 2009). Elles sont méme souvent qualifiées de points chauds de
biodiversité (Weiher & Keddy 1999; Willems 2001; Poschold & WallisdeVries 2002; Alard
& Poudevigne 2002; Gibson 2009). En effet, un écosysteme, soumis a la fois a des régimes de
stress (secheresse, inondations etc.) et a des régimes de perturbations (feux, paturage etc.) sur
le long terme, présente souvent une forte richesse spécifique organisée en communautés
hautement structurées (Weiher & Keddy 1999; Alard & Poudevigne 2002; Gibson 2009). Le
stress et les perturbations représentent également des mécanismes qui créent et maintiennent
une hétérogénéité spatiale au sein des communautés (Gibson 2009). En effet, dans la plupart
des pelouses, il y a la présence d’un paturage d’origine anthropique, remontant parfois depuis
le Néolithique, et/ou d’origine naturelle par les herbivores sauvages (Allen et al. 2011). Les
pelouses séches européennes correspondent ainsi a I’un des habitats les plus riches en especes,
aux échelles locale et régionale (Willems 2001; Poschold & WallisdeVries 2002). 1l est trés

commun d’y retrouver 30 a 40 especes de plantes par metre carré et jusqu’a 80 espéces en
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incluant les bryophytes (Bobbink & Willems 1987; Hutchings & Stewart 2002; R6mermann
et al. 2005).

Présentes partout a travers la planete, les pelouses fournissent des biens et des services tout en
abritant une flore et une faune riche et diversifiée, mais elles subissent également la pression
d’une population humaine mondiale croissante (White et al. 2000; Gibson 2009). A 1’échelle
mondiale, il est ainsi estimé que le recouvrement par les pelouses varie entre 41 et 56 millions
de km?2 soit 40.5% des surfaces terrestres. Elles sont également présentes sur tous les
continents (Whittaker & Lichens 1975; White et al. 2000; Gibson 2009). En Europe, celles-ci
occupent 6.69 millions de km2 dont 0.70 million de km? de pelouses non arborées ou est

incluse la majorité des pelouses séches (White et al. 2000).

Les steppes sont une sous-catégorie de pelouses seches définie comme des parcours semi-
arides (250 a 500 mm/an) et caractérisées par une veégétation herbacée rase ou peu élevée,
parsemée occasionnellement de buissons (Allen et al. 2011). Selon Le Houérou (1995), dans
le bassin méditerranéen, celles-ci occupent 3 700 000 ha dans la partie occidentale et
63 000 000 ha dans le nord de I’Afrique, de la mer Rouge jusqu’a I’océan Atlantique. La
plaine de La Crau, dans le sud-est de la France, représente, quant a elle, I’unique écosystéme

de type steppique d’Europe occidentale (Devaux et al. 1983).

Cependant, depuis la deuxiéme moitié du 20° siécle, une perte significative de ces
pelouses, y compris des steppes, a été mesurée (Dzonko & Loster 1998; Lee et al. 2001;
Adriaens et al. 2006; Dutoit et al. 2011). Ceci est principalement di aux changements
d’usages des sols (intensification agricole, industrialisation, urbanisation, etc.), a la
fragmentation du paysage (systémes parcellaires d’irrigation) et a la prolifération ou
I’invasion respectivement d’espéces indigénes ou non-indigenes (Saunders et al. 1991; White
et al. 2000; Poschold et WallisDeVries 2002; Fargione et al. 2009). C’est particuliérement le
cas dans la région méditerranéenne ou les pelouses doivent donc non seulement étre
conservées mais aussi, restaurées (Traba 2003; Bonet 2004; Buisson & Dutoit 2006; JaniSova
2011). Ces écosystemes constituent alors des sites ateliers de choix pour tester
expérimentalement, a différentes échelles, des techniques de restauration écologique; et pour
développer de maniere opérationnelle de nouvelles méthodes et de nouveaux outils en

ingénierie écologique afin d’enrayer la perte de leur biodiversite.
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I.3.2. De la restauration écologique a I’ingénierie écologique

1.3.2.1. La restauration écologique

L’écologie de la restauration est la science qui permet de faire évoluer les
connaissances en développant et en testant un ensemble de théories en écologie au travers sa
pratique, la restauration écologique (Bradshaw 1987; Palmer et al. 1997). Cette derniere a été
définie comme étant « le processus qui initie ou accélére I’auto-réparation d’'un écosystéeme
qui a été degradé, endommagé ou détruit, tout en conservant sa santé, son intégrité et sa
gestion durable » (SER 2004).

En s’appuyant sur le sens strict de cette définition, la restauration écologique apparait
alors comme un outil qui permettrait aux écosystemes transformeés de se rétablir entiérement
en récupérant 1’intégralité de leurs attributs et de leurs fonctions, et ceci dans des conditions
viables a long terme. Elle inclurait donc le rétablissement de la richesse spécifique, de la
composition, de la structuration spatiale et temporelle, des fonctions de tous les
compartiments de 1’écosystéme, mais également des interactions entre ces compartiments. La
fourniture en biens et en services devrait également étre rétablie. La restauration écologique
d’un écosystéeme devrait étre effectuée selon trois domaines: écologie, socio-économie, mais

aussi du point de vue personnel et culturel (Clewell & Aronson 2007).

Pour chaque projet de restauration, il est donc primordial de définir des objectifs de
restauration écologique, méme basés sur des choix subjectifs, pour orienter les opérations,
suivre leur progres et évaluer leur succés (Choi 2004; Clewell & Aronson 2007). L’objectif
fixé est majoritairement 1’atteinte de 1’état ou 1’écosystéme se situait avant sa dégradation ou
sa destruction. Cet état est tres couramment qualifié d’« écosysteme de référence » (Clewell &
Aronson 2007; Bullock et al. 2011). Cependant, comme les écosystemes sont dynamiques, le
but réel de la restauration est plutdt le pilotage d’une «trajectoire de référence » de
I’écosystéme. |l est aussi nécessaire de permettre a ces écosystemes de devenir a nouveau
autonomes et résilients face a des niveaux normaux de stress et de perturbation. En revanche,
la creation ou la réaffectation d’écosystémes dégradés visent 1’obtention d’un autre
écosystéeme sans référence a un stade historique antérieur existant préalablement a la

dégradation (Figure 1.2).
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Figure 1.2: Modéle général illustrant les différents termes de restauration, dans un graphique a
trois dimensions: temps, complexité ou fonction de ’écosysteme de référence, complexité ou
fonction d’un autre écosystéme. La troisieme dimension est représentée par les pointillés. Modifiée
d’Aronson et al. (1993), Buisson (2011) et Jaunatre (2012).

Méme si de nombreux projets de restauration écologique ont permis de mesurer une
amélioration significative de la biodiversité et/ou des fonctions des écosystéemes en partie
restaurés, ils ont tous démontré 1’impossibilité actuelle d’atteindre totalement la trajectoire
visée, méme si certains d’entre eux permettent 1’acquisition de nouvelles connaissances
écologiques, et le développement d’outils et de méthodes plus efficaces (Benayas et al. 2009;
Bullock et al. 2011). Un des verrous majeurs, a la réussite d’une opération de restauration
écologique, est ainsi une incapacité a mimer des interactions complexes qui ont mis du temps
a s’établir. Face a ce constat, une définition plus large de la restauration a été développée
lorsque seules certaines fonctions ou certains services sont rétablis, ou bien lorsqu’une partie
des attributs des écosystémes est réparée. La notion de réhabilitation écologique est dans ce
cas évoquée (Hobbs 2007).

Du point de vue opérationnel, bien souvent les opérations de restauration écologique font
appel aux principes de I’ingénierie civile et aux techniques du génie civil qui se basent sur des

interventions lourdes (engins de travaux publics), avec de grandes consommations de
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ressources non-renouvelables (énergies non-renouvelables) et des émissions importantes de
polluants. Ces actions, déployées essentiellement pour le vivant, contribuent alors elles-aussi
au changement global et & ses conséquences environnementales planétaires (Dutoit 2014).

Au regard notamment de ’objectif fixé par la conférence internationale sur la diversité
biologique (Conférence sur la diversité biologique 2011), la question de la durabilité de ces
techniques se pose. En effet, il est aujourd’hui primordial d’intégrer ces opérations de
restauration écologique dans un contexte de développement durable (Dutoit 2013). Le
développement durable a été défini pour la premiére fois en 1987 dans le rapport Bruntland de
la Commission Mondiale sur I’Environnement et le Développement, comme « un mode de
développement qui répond aux besoins du présent sans compromettre la capacité des
générations futures de répondre aux leurs... » (WCED 1987). 11 s’agit alors maintenant de
développer des concepts, des méthodes et des outils de restauration écologique non seulement
en ayant une vision écocentrée mais aussi anthropocentrée pour soutenir durablement les

activités humaines (Rey et al. 2014).

L’ingénierie écologique, parfois considérée comme une discipline parallele a la
restauration écologique peut alors étre ici un meilleur cadre conceptuel pour la mise en place
d’opérations de restauration écologique plus durables (Laugier 2012; Clewell & Aronson
2013).

1.3.2.2. L’ingénierie écologique

L’ingénierie écologique est un concept énoncé pour la premiere fois par Odum (1962) qui
1’a définit comme « une manipulation environnementale par I'hnomme en utilisant une faible
quantité d’énergie supplémentaire pour contrOler des systemes dans lesquels les forces
énergétiques principales proviennent encore de sources naturelles ». Plusieurs autres
définitions ont par la suite été developpées, mais nous ferons ici référence a celle proposée par
Bergen et al. (2001), qui est une légére modification de celle de Mitsch (1996): « I’ingénierie
écologique est la conception de systemes durables, compatibles avec les principes
écologiques, qui integrent la société humaine avec son environnement naturel pour le
bénéfice des deux ». Les ecosystemes sont alors restaurés et/ou congus pour proteger,
conserver et améliorer 1’environnement naturel, avec ses biens et Ses services, pour qu’ils

puissent se maintenir tout en supportant I’humanité et ses besoins.
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Les objectifs de 1’ingénierie écologique peuvent étre déclinés en trois axes majeurs: la
réhabilitation d’écosystémes (ou de communautés) ressentis comme dégradés, endommagés
ou détruits, la création de nouveaux écosystémes durables ayant une valeur pour ’homme et
la biospheére, et enfin la mise au point d’outils biologiques pour prévenir ou résoudre des
problémes de pollution, et maintenir, rétablir ou maximiser un service écosystémique (Ecole
thématique INEE-CNRS 2007; Abbadie et al. 2011; Dutoit 2012, 2013a, 2013b).

L’ingénierie écologique englobe ainsi la restauration écologique mais lui apporte une
dimension nouvelle dans le sens ou les interventions mises en place pour restaurer ou
réhabiliter les écosystéemes doivent étre durables et centrées sur le vivant. Le vivant constitue
alors un moyen et/ou un objectif d’action (Abbadie et al. 2011). En 2010, /’American
Ecological Engineering Society a qualifié 1’ingénieric écologique comme étant « une

application des principes de [’écologie a la gestion de |’environnement ».

L’ingénierie écologique repose ainsi sur cing concepts principaux : 1’auto-conception
(self-design) des écosystemes, le test pratique des théories de 1’écologie fondamentale (acid
test) et de I’écologie de la restauration, les approches systémiques, la conservation des sources
d’énergies non-renouvelables et la conservation biologique (Mitsch & Jargensen 2003).
L’auto-conception est [’application de la notion d’auto-organisation (homéostasie)
correspondant aux propriétés des systémes a se réorganiser eux-mémes au sein d’un
environnement intrinséquement instable et non-homogéne (Odum 1989; Mitsch 1996). Cela
signifie qu’un écosystéme, qui permettrait 1’établissement d’assez d’especes et de propagules
par des moyens artificiels et/ou naturels, générerait une optimisation de sa conception et
nécessiterait une faible injection d’énergie pour en fournir beaucoup en retour. 1l va lui-méme
sélectionner un assemblage de plantes, d’animaux et de micro-organismes qui seront capables
de s’adapter aux conditions existantes. A I’inverse les projets faisant appel a de 1’ingénierie
civile, ou 1’objectif est d'anticiper chaque perturbation, créent des systémes prévisibles et
fiables qui vont effectuer une fonction donnée pour une durée de vie du systéme donné
(Figure 1.3).
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L’ingénierie écologique permettrait alors une conservation des sources d’énergie non-
renouvelables par une non-dépendance des écosystemes pour les énergies fossiles a moyen et
long termes (Mitsch & Jagrgensen 2003). Par conséquent, les colts financiers engendrés

seraient moins élevés que ceux issus de 1’ingénierie civile.

A) Avec l'ingénierie civile
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Figure 1.3: Schéma illustrant le contraste entre A) ingénierie civile et B) ingénierie écologique
intégrant le concept d’auto-conception (self-design) au sein d’un écosystéme. Modifié de Mitsch
(1998).

De plus, I’ingénierie écologique nourrit la théorie en écologie fondamentale par des
démarches expérimentales avec un besoin de passer constamment de 1’empirisme a la théorie
pour élaborer des systemes écologiques durables, comme résumé par Jordan et al. (1987) :
« la meilleure fagcon de comprendre un systéme est de tenter de le réassembler, de le réparer,

de I’ajuster pour qu’il fonctionne correctement ». Par extension et comparaison, I’ingénierie
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écologique devrait donc étre « a [’écologie scientifique ce que la médecine est a la biologie
humaine » (Gosselin 2008).

La notion d’écologie ingénieriale est alors parfois adoptée pour nommer la science sur
laquelle I’ingénierie écologique repose (Rey et al. 2014), alors que le terme génie écologique
est surtout désigné pour mentionner les techniques et les activités d’études (ou de suivis) lors

de la réalisation d’opérations d’ingénierie ecologique.

Cette ingénierie nécessite donc d’adopter une démarche holistique qui considere
I’ensemble des compartiments, fonctions et services des €cosystémes, et qui exige une
pluridisciplinarité dans les connaissances (écologie, hydrologie, biologie, pédologie etc.) et
dans les compétences (politiciens, scientifiques, gestionnaires, maitre d’ceuvres etc.) des

intervenants (Abbadie et al. 2011).

L’ingénierie écologique est donc une ingénierie qui partagerait seulement une partie des
objectifs de la restauration écologique au sens strict, quand elle est par et pour le vivant en
utilisant des ingénieurs de [’écosystéme par exemple, mais qui s’inspire ou mime des

processus écologiques (Figure 1.4).

Pour le vivant

Ingénierie civile

. VALY S

Par le vivant

Figure 1.4: Place de I’ingénierie écologique selon les gradients d’action par et pour le vivant
(Jaunatre & Dutoit dans Dutoit 2014).

17



Introduction générale

1.3.2.3. Les especes « ingénieurs de [’écosysteme »

Le concept d’organismes ingénieurs de 1’écosystéme a été défini pour la premiere fois par
Jones et al. (1994, 1997), ce sont «des organismes qui contrdlent directement ou
indirectement la disponibilité des ressources d’autres organismes en causant des
changements d’état physique du matériel biotique ou abiotique. De ce fait ils modifient,
maintiennent ou créent des habitats » (Jones et al. 1997). En faisant une analogie avec les
activités humaines, cela a permis la reconnaissance du role, déja connu, de certains
organismes capables de modifier physiquement I'environnement non vivant via leur présence
ou leurs activités, et d’affecter la disponibilité des ressources et les conditions abiotiques sur

lesquels ils dépendent, ainsi que d’autres organismes (Buchman et al. 2007).

Les effets de ces ingénieurs ne sont pas forcément proportionnels a leur taille ou a leur
densité. Les changements de 1’environnement abiotique sont causés soit par la simple
présence physique (tissus vivants ou morts) de 1’ingénieur, qualifié d’autogénique, ou soit par
les actions ou les échanges qu’entretient 1’ingénieur, dit allogénique, avec son environnement
(Lawton et al. 1995; Jones & al. 1996, 1997) (Figure 1.5). A titre d’exemple, les arbres sont
des ingénieurs autogéniques puisque qu’ils modifient leur environnement par leur propre
structure physique constituant de véritables habitats et impactant la lumiére, le vent ou encore
la composition de la litiere du sol. A I’inverse, les castors sont des ingénieurs allogéniques,
qui en coupant du bois et construisant des barrages, influent sur la dynamique de 1’eau et
abritent des especes de plantes, de poissons ou d’invertébrés sensibles a la lumicre et/ou
vivant en eau calme. Une espéce qui constitue directement une ressource (vivante ou morte)
pour une autre espéce n’est pas considérée comme un ingénieur de I’écosystéme. Ces
changements des facteurs abiotiques entrainent ensuite des changements des facteurs
biotiques, incluant 1’ingénieur lui-méme (Figure 5). Les actions sur les facteurs biotiques
peuvent ensuite avoir des répercussions sur les organismes, les populations, les communautés,
les écosystemes et les paysages (Jones 1994, 1997; Wright & Jones, 2004; Jouquet et al.
2006; Gutiérrez & Jones 2008).
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Figure 1.5: Schéma illustrant les processus engendrés par les ingénieurs de I’écosystéme et leurs
conséquences indirectes au sein d’un écosystéme. Modifié de Gutiérrez & Jones (2008).

En entretenant des interactions étroites entre le milieu biotique et le milieu abiotique dans
I’écosystéme au sein duquel ils vivent, les ingénieurs de 1’écosystéme représentent ainsi de
potentiels outils en ingénierie écologique puisque, par leur nature autonome, ils vont
permettre de réduire les efforts a produire par le biais des activités anthropiques dans des
opérations de restauration écologique. Cependant, ces interactions sont complexes et parfois
difficiles a appréhender. A titre d’exemples, I’introduction de la coccinelle Coccinella
septempunctata aux Etats-Unis, pour lutter contre les pucerons, a accéléré ’extinction du
papillon Everes comyuntas et supprimé des especes de coccinelles indigenes par la prédation
ou la compétition (Elliott et al. 1996). L’introduction de la mangouste Herpestes javanicus
auropunctatus, aux Antilles, pour lutter contre les rats et les serpents, a entrainé 1’extinction
de populations d’oiseaux et de lézards (Nellis & Evrards 1983). Il parait alors nécessaire
d’avoir une bonne connaissance de 1’écosysteme (fonctionnement, structure) et de 1’ingénieur
(biologie, écologie) avant de I'utiliser et/ou de I’introduire dans de telles projets pour éviter
d’avoir des conséquences indirectes non prévues et non désirées comme dans de nombreux

exemples en lutte biologique.
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I.3.3. Interactions au sein des écosystémes

1.3.3.1. Interactions biotiques et abiotiques

Un écosystéeme est défini comme une unité écologique formée d’un biotope (parametres
abiotiques) et d’une biocénose composée d’un groupe de différentes espéces en interrelations
(nutrition, reproduction, prédation etc.) entre elles mais également avec leur environnement
(air, eau, etc.) sur une échelle spatiale donnée. Ainsi, Odum (1953) a énoncé que
« [’écosysteme constitue la plus grande unité fonctionnelle en écologie, puisqu’il inclut a la
fois les organismes vivants et |’environnement abiotique (c’est-a-dire non vivant), chacun
influencant les propriétés de I’autre, et les deux sont nécessaires au maintien de la vie telle
qu’elle existe sur Terre ». Le milieu vivant et le milieu non-vivant sont donc régis par des
interactions qui peuvent étre résumées en trois catégories: les interactions biotique/biotique
(prédation, reproduction, etc.), les interactions biotique/abiotique (respiration, photosynthése,

nutrition, etc.) et les interactions abiotique/abiotique (évaporation, érosion, etc.).

Les interactions biotiques ont déja été supposées avoir un réle significatif pour gouverner
la distribution des espéces a une échelle régionale voire continentale (Grime 1973; Davis et al.
1998; Pearson & Dawson 2003; Aradjo & Luoto 2007). Cependant, celles-ci sont trés souvent
résumées via la notion de chaine trophique (du grec trophé = se nourrir) ou chaine
alimentaire, représentée par un enchainement linéaire d’organismes qui se consomment
successivement (mangeur-mangé) (Paine 1980). Cette notion de chaine trophique est plus
¢vidente a percevoir lorsque les interactions entre les grands groupes d’organismes
(producteurs primaires, herbivores, prédateurs) sont considérées, mais elle devient plus
complexe lorsque les organismes généralistes y sont intégrés et lorsque la diversité biologique
est prise en compte. En effet, ces chaines trophiques se multiplient alors et s’entrecroisent
pour former un ensemble de relations unidirectionnelles de type « mangeur-mangeé » appelé
réseau trophique (Paine 1980; Law & Morton 1996; Steiner & Leibold 2004; lves et al. 2005;
Corcket et al. 2013). Bien que ces réseaux trophiques permettent de faire des descriptions de
réseaux ¢écologiques, d’autres types d’interactions, comme les relations non-trophiques,
doivent étre prises en compte car elles jouent aussi un rdle important dans la structuration des
communautés et dans le fonctionnement des écosystemes (Paine 1980; Hay & Taylor 1985,
Soluk 1993; Mulder et al. 2001; Berlow et al. 2004; Cardinale et al. 2002; Borer et al. 2005;
Rixen & Mulder 2005; Tylianakis et al. 2008). En effet, ces interactions influencent la
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biodiversité et les relations entre les especes (Bruno et al. 2003; Strauss & Irwin 2004;
Ohgushi 2008; Thompson et al. 2005). Les relations de mutualisme ou de compétition, la
modification de I’habitat, la territorialit¢é ou encore les comportements d’évitement en
constituent des exemples. Pour illustrer, la facilitation est une interaction positive qui
engendre une amélioration de la survie, de la croissance et/ou de la reproduction d’un individu
dans une communauté (Glenn-Lewin & Van der Maarel 1992; Humphrey & Schupp 2003).
Elle permet donc d’augmenter la biomasse totale et la diversité spécifique, mais également
jouer un réle dans la réponse des ecosystemes face aux perturbations (Glenn-Lewin & Van
der Maarel 1992; Kefi et al. 2010).

Le role des ingénieurs de I’écosystéme constitue alors un modele d’étude intéressant pour
approfondir les connaissances sur ce type d’interactions (Gutiérrez & Jones 2008). L’étude de
ces interactions non-trophiques permet en effet de connaitre plus précisément le réle de
chaque espéce au sein d’une communauté. Par exemple, la suppression de certaines especes
peut avoir un impact significatif sur ’ensemble de la communauté (Power et al. 1996). Les
relations non-trophiques, bien que peu connues, doivent donc maintenant étre intégrées dans
la théorie de 1’écologie fondamentale, et encore plus face au changement global (Borer et al.
2002, Bruno et al. 2003, Berlow et al. 2004; Goudard & Loreau 2008). Les écologistes ont
déja commencé a étudier ce type de relations a travers des travaux portant sur les relations
plantes-herbivores, plantes-pollinisateurs, parasites-hdtes ou encore plantes-fourmis.
Cependant, les interactions non-trophiques de type insectes-plantes sont encore peu étudiées
comparées a d’autres interactions comme celles entre les proies et les prédateurs (Ohgushi

2005).

Les différents types d’interactions agissent également simultanément dans les
écosystemes (Callaway & Walker 1997). Par exemple, les interactions biotiques/abiotiques,
en concomitance avec les relations biotiques/biotiques, jouent des réles prépondérants dans
I’établissement des communautés, tels que démontrés par les différents modeles utilisés pour
décrire 1’assemblage des communautés dans un écosystéeme par le modéle des filtres
(Southwood 1977; Poff 1997; Keddy 1992; Fattorini & Halle 2004; Lortie et al. 2004; Guisan
& Rahbek 2011).
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1.3.3.2. Interactions biotiques et abiotiques entre le sol et la végétation

Le compartiment épigé (aérien) et le compartiment endogé (souterrain) des écosystéemes
entretiennent des interactions déterminantes dans la structure et le fonctionnement des
écosystemes (Wardle et al. 2004). Parmi ces interactions, celles entre le sol et les plantes sont
majeures. Leur extréme complexité entraine cependant des difficultés pour les identifier et

pour les mesurer a des échelles spatiales et temporelles communes.

Les plantes jouent par exemple des roles importants dans la régulation du processus de
décomposition (Swift et al. 1979), et dans la dynamique des matiéres organiques du sol et des
éléments nutritifs (Mellilo et al. 1982; Vitousek et al. 1987; Vinton & Burke 1995). La
diversité végétale peut influencer indirectement le cycle du carbone et de I'azote en influant
sur les microorganismes du sol (Bardgett & Shine 1999; Wardle et al. 1999; Stephan et al.
2000; Zak et al. 2003; Orwin & Wardle 2005) ; mais les microorganismes du sol peuvent
également affecter la productivité et la diversité des plantes en modifiant la mise a disposition
des éléments nutritifs assimilables et la structure du sol (Bradford et al. 2002; Reynolds et al.
2003; Van der Heijden et al. 2008).

Les interactions biotiques et abiotiques entre le sol et les plantes peuvent ainsi réguler la
structure et le fonctionnement des assemblages des espéces de plantes (Bonkowski et al.
2000; De Deyn et al. 2003). En effet, la plupart des propriétés du sol influencées par les
plantes, comme la disponibilité des éléments nutritifs, sont également importantes pour

assurer leur croissance et leur survie (Van Breeman & Finzi 1998).

Ainsi, il est intéressant de prendre en compte les interactions entre le sol et les plantes
dans des projets de restauration écologique. En plus d’approfondir les connaissances
théoriques, cela permettrait d’expliquer la raison de I’échec de certains projets ou d’évaluer si
I’écosystéme restauré est sur la trajectoire souhaitée (Marrs et al. 2002; Piqueray & Mahy
2009).
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1.3.3.3. Interactions biotiques plantes-fourmis

Les insectes représentent la classe d’animaux la plus vaste de la planéte en terme de
nombre d’individus, de richesse spécifique et de groupes fonctionnels (Stong et al. 1984;
LaSalle & Gauld 1993). Stong et al. (1984) ont également estimé que les insectes
représentaient plus de la moiti¢ de toutes les especes vivantes, I’autre moitié¢ étant les plantes
pour un quart et les vertébrés pour 1’autre quart. Quatre ordres (coléoptéres, diptéres,
Iépidopteres, hyménoptéres) constituent également quatre principaux groupes fonctionnels qui
sont les herbivores, les pollinisateurs, les parasitoides et les prédateurs (Stong et al. 1984;
LaSalle & Gauld 1993). Les insectes peuvent alors influencer la structure des communautés
végétales via leurs interactions, mais la réciproque est également vraie. Par exemple, certaines
plantes carnivores peuvent piéger les insectes pour les consommer, et ainsi se procurer de
I’azote et du phosphore pour leur développement et leur survie (Ellison & Gotelli 2001).
L’herbivorie exercée par les insectes peut modifier les interactions de compétition et le succes
reproducteur des especes végétales (Ritchie & OIff 1999). D’autres interactions de type
mutualiste peuvent également étre observées telles que la pollinisation et la dispersion des

graines par les insectes (Burd 1994).

Parmi ces insectes, les fourmis sont souvent qualifiées d’ingénieurs de 1’écosystéme
puisqu’elles entretiennent une relation étroite avec le fonctionnement global de leur
écosysteme du fait de leur richesse en especes mais surtout de leurs actions mécaniques et
chimiques (Folgarait 1998 ; Jouquet et al. 2006 ; Wright & Jones 2006). De plus, elles sont
présentes dans de nombreuses régions et habitats a travers la planéte. Grace a leur capacité a
se déplacer dans le sol et a construire des structures biogénes (fourmilieres, galeries, etc), les
fourmis occasionnent des changements dans la nature organique et minérale du sol (Horvitz &
Schemske 1986; Lavelle et al. 1997; Barros et al. 2001) qui peuvent modifier la composition
et l'abondance des espéces de plantes a la surface du sol (Woodell 1974), et parfois méme
augmenter leur richesse spécifique (Folgarait 1998, Boulton & Amberman 2006). En général,
la croissance des graines est également davantage favorisée sur un sol proche d’une
fourmiliére que sur un sol sans fourmiliere (Folgarait 1998). Les fourmis peuvent donc étre

considérées comme des ingénieurs des écosystemes allogéniques.

Les fourmis sont également reconnues pour étre des agents de dispersion importants des

graines dans les écosystemes terrestres (Stiles 1980; Wilson 1992) notamment au travers de la
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myrmécochorie, ou il y a une interaction mutualiste entre les fourmis et les plantes (Sernander
1906; Howe & Smallwood 1982; Beattie & Hughes 2002), ou bien au travers de la
dyszoochorie (Hobbs 1985; Rissing 1986; Arnan et al. 2010) ou des fourmis moissonneuses
peuvent transporter puis abandonner accidentellement ou pas de petites quantités de graines
pendant leur activité d’alimentation, compensant ainsi la prédation exercée sur les propagules
des plantes. Les fourmis, et en particulier les fourmis moissonneuses, peuvent ainsi avoir des
effets directs et indirects considérables sur la régénération et les densités de population de
plantes (Brown & Humain 1997; DeFalco et al. 2009; Arnan et al. 2010), avec un réle
important notamment dans la région méditerranéenne ou les fourmis du genre Messor sont les
espéces de fourmis granivores les plus abondantes (Diaz 1991; Cerda & Retana 1994,
Azcérate & Peco 2007).

Il parait donc intéressant d’étudier les interactions entre les fourmis moissonneuses et les
plantes pour éventuellement les utiliser ultérieurement dans des projets d’ingénierie
¢cologique afin d’aider a la dispersion et a la redistribution des graines des espéces végétales

souhaitées.

I.3.4. Site Atelier - La plaine de La Crau

1.3.4.1. Origine et Localisation géographique

Notre site atelier correspond a la plaine de La Crau, écosystéme steppique situé dans le
sud-est de la France, a environ 50 kilométres au nord-est de Marseille (43°30°57.11”°N,
4°52°21.72°E). Elle est délimitée au Nord par la chaine des Alpilles, a I’Est par 1’étang de
Berre, au Sud par la mer Méditerranée et a 1’Ouest par la Camargue. Son aire géographique
correspond a ’ancien lit fossilis¢ de la Durance qui a été généré par des dépdts charriés
depuis la partie méridionale francaise de la chaine des Alpes a partir du Quaternaire jusqu’au
stade de réduction du seuil d’Orgon au cours de la période du Pléistocéne (Colomb & Roux
1986; Molliex et al. 2013). Les differentes aires geographiques correspondent ainsi a
différentes périodes et origines de dép6ts de galets siliceux et calcaires au cours de sa
formation. La « vieille Crau », correspondant principalement a la Crau d’Arles, est ainsi issue
de dép6ts datant du début de la période du Pléistocene (- 2 000 000 BP a - 600 000 BP) ; la
« jeune Crau », formant la Crau de Luquier, est due a des dépots datant de la seconde partie
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du Pleéistocene ( - 600 000 BP a - 100 000 BP); et enfin « le centre Crau », délimitant la Crau
de Miramas, a été créée par des dépdts principalement datant de la période du Wirm (-
100 000 BP a - 10 000 BP) (Colomb & Roux 1986; Molliex et al. 2013) (Figure 1.6).

Les Alpilles

Camargue

Fos-sur-Mer

Etang

de Berre
7 km I

Crau d’Arles ;
Crau du Luquier .

Crau de Miramas

Figure 1.6: Localisation géographique de la plaine de La Crau en France et Localisation de ses
aires géologiques (Crau d’Arles, Crau de Luquier, Crau de Miramas).

Mer Méditerranée

Les travaux réalisés, au cours de cette thése, ont tous été menés en centre Crau, ¢’est-a-

dire sur la Crau de Miramas.

1.3.4.2. Caractéristiques de la plaine de La Crau

La plaine de La Crau est un écosysteme de type steppique représentatif des pelouses
séches méditerranéennes, constituant un avant-poste des steppes arides de 1’Afrique du Nord
(Molinier & Tallon 1950; Devaux et al. 1983; Rémermann et al. 2005; Tatin et al. 2013). Sa
topographie est extrémement plate, avec la surface du sol recouverte a plus de 50 % par des
galets siliceux (Bourrely et al. 1983). Cette couverture en galets permet de créer un

microclimat protégeant le sol, et les organismes qui y vivent, des fortes températures (60 °C
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en surface et 30 °C sous les galets en période estivale). Le sol est un sol rouge méditerranéen
ou I’horizon pédologique de surface a été éolisé au cours du Tardiglaciaire, correspondant a la
période du Wirm. Il s’agit alors d’'un FERSIALSOL leptique tronqué (AFES 2008). La

description de ce type de sol sera détaillée dans le matériel et méthodes du chapitre 1.

L’interaction entre deux facteurs abiotiques, le sol et le climat, entretien un régime de
stress contribuant a la creation et au maintien de la vegétation steppique (Molinier &Tallon
1950; Devaux et al. 1983; Buisson & Dutoit 2006). En effet, I’histoire géologique de la plaine
de la Crau a induit un sol dans lequel un conglomérat calcaire imperméable, composé de
galets siliceux inclus dans une matrice de carbonates de calcium, empéche le systeme
racinaire de la végétation d’atteindre I’cau de la nappe phréatique. Ce sol particulier contribue
alors a la secheresse édaphique de cet écosysteme (Rémermann et al. 2005). D’autant plus
que le climat est de type mediterranéen, c’est-a-dire sec et venteux (Devaux et al. 1983). Ce
régime de stress est également combiné avec un régime de perturbations causées par une
activité pastorale traditionnelle pendant plus de 2000 ans (Cherel 1988, Badan et al. 1995,
Henry et al. 2010).

Le résultat de ces interactions, entre ce régime de stress et ce régime de perturbations, a
entrainé la formation et le maintien d’'une communauté de plantes xériques unique en France
de par sa richesse spécifique, sa composition, sa structure et sa dynamique (Devaux et al.
1983; Dutoit et al. 2011). Les détails des caractéristiques de cette communauté végétale seront

décrits dans les matériels et méthodes des chapitres 2, 3 et 4.

Le terme de « pseudo-steppe » est parfois employé car celui de «steppe » est
généralement réservé aux pelouses ou le maintien de la végétation steppique est uniquement
dd aux conditions climatiques, avec des précipitations annuelles comprises entre 100 mm et
400 mm (Le Houérou 2001). Or, en Crau, les précipitations annuelles moyennes sont de
I’ordre de 500 mm a 600 mm (Devaux et al. 1983; Jaunatre 2012). De plus, lorsque d’autres
facteurs, tels que le paturage, ont une importance égale aux facteurs climatiques sur I’origine
de ce type d’écosystéme, le mot « pseudo-steppe » est utilisé. Cependant, comme le mot
« steppe » a largement été emprunté dans la littérature relative a la plaine de la Crau, et que le
paturage ovin correspond a I’utilisation historique et traditionnelle des terres (Devaux et al.

1983), dans ce manuscrit, nous utiliserons donc préférentiellement le mot « steppe ».
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La plaine de la Crau abrite également une faune remarquable. En effet, de nombreux
oiseaux steppiques y vivent, tels que le ganga cata (Pterocles alcata), I’outarde canepeticre
(Tetrax tetrax), le faucon crécerellette (Falco naumanni) et 1’oedicnéme criard (Burhinus
oedicnemus) (Cheylan et al. 1983). De plus, la plus grande population de France en lézards
ocellés (Lacerta lepida) y est observée; ainsi qu’une espéce d’insecte endémique de la Crau,
le criquet de Crau (Prionotropis hystrix rhodanica) et une espéce d’insecte endémique de la

Basse-Provence, le bupreste de Crau (Acmaeoderella cyanipennis perotti) (Tatin et al. 2013)

Une myrmécofaune relativement importante y est aussi présente. Cerdan et al. (1986) y a
ainsi dénombreé 22 espéces de fourmis qui occupaient 26 000 nids par hectare sur la Crau de
Miramas. Cette richesse en espece a ensuite été confirmée dans une étude tres récente (Tanet
2014). Parmi ces espéces, seulement deux sont strictement granivores et appartiennent au
genre Messor: Messor barbarus et Messor bouvieri. La fourmi Messor barbarus est celle qui

présente les meilleures caractéristiques pour permettre la dispersion des graines (Encadré 1).

Encadré 1: Messor barbarus, principale fourmi moissonneuse de la plaine de La Crau

Messor barbarus (Linnaeus 1767) (Hymenoptera: Formicidae) est la fourmi moissonneuse
la plus abondante, en nids et en individus, dans la plaine de la Crau (Cerdan 1989; Cerdan et
al. 1990; Tanet 2014). Elle est d’ailleurs trés commune dans toute la région méditerranéenne
(Bernard 1968). Dans les écosystéemes herbacés méditerranéens, bien qu’elle soit considérée
comme le principal prédateur de graines (Lopez et al. 1983; Cerda & Retana 1994; Detrain &
Pasteels 2000; Azcarate and Peco 2003; Schoning et al. 2004), elle représente également un
agent important pour leur dispersion (Detrain & Tasse 2000; Azcérate & Peco 2007; Arnan et
al. 2010). En effet, au cours de leur activité de récolte, les ouvrieres peuvent perdre,
abandonner ou rejeter de petites quantités de graines entre la zone d’alimentation et leur nid,
et notamment via les dépotoirs situés autour de 1’entrée de la colonie. Certaines de ces graines
conservent ensuite leur capacité de germination dans les dépotoirs pendant deux ans quand
ceux-ci se maintiennent (Bonte et al. 2003).

Une colonie de M. barbarus, comportant en moyenne 8000 ouvriéres, forme des pistes de
récolte sur le sol pouvant atteindre une longueur de 30 métres. De plus, par un polymorphisme

important, tous les intermédiaires sont représentés entre les ouvrieres « minor » et « majors »
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(3,4 mm a 12,3 mm). Les ouvrieres « major », possedent de grosses mandibules puissantes qui
conférent a cette caste la capacité de transporter et de broyer des graines de tailles et de
formes diverses (Cerdan 1989; Detrain et al. 1996). De plus, il s’agit d’une espéce granivore
géneraliste qui récolte, en grande quantité, les graines qui sont présentes en grande abondance
(Detrain et al. 1996).

M. barbarus réunit donc les critéres permettant de maximiser la dispersion des graines. Elle
peut alors représenter un partenaire potentiel en ingénierie écologique par ses roles
d’ingénieurs de 1’écosystéme. Une étude, s’intéressant a sa recolonisation dans des parcelles
agricoles abandonnées en Crau, a montré que cette espéce avait une forte capacité de
recolonisation; et que son abondance était positivement corrélée au pourcentage de

recouvrement en graminées (Tanet 2014).

1.3.4.3. Enjeux en conservation biologique, en restauration écologique et en

Ingénierie écologique

Comme la plupart des pelouses séches, la plaine de la Crau a subit un fort déclin de sa
surface qui s’est accentué au cours du 20° siécle. En effet, il y a 10 000 ans, sa surface initiale
était d’environ selon les estimations entre 45 000 et 55 000 hectares. Celle-ci a ensuite été
drastiquement réduite pour n’en constituer plus qu’approximativement 11 500 hectares au
début des années 2000. La plaine de la Crau a donc perdu presque 80% de sa surface
originelle. Les causes principales de la dégradation et de la destruction de ces étendues
steppiques sont les changements d’usages des sols, avec la conversion de grandes parcelles en

terres agricoles, industrielles et militaires.

A partir du 16° siécle, la mise en place d’un systéme d’irrigation relié au canal de
Craponne a permis de transformer des parcelles steppiques en prairies de fauches intensives
(Molinier & Talon 1950; Romermann et al. 2005). Aprés une phase de viticulture au début du
19° siécle (Stouff 1986), le maraichage s’est développé dans les années 1970-1980 pour étre
ensuite quasiment abandonné et remplacé, des le déebut des années 1990, par une arboriculture
intensive, encore en pleine activité actuellement. En paralléle, au début du 20° siécle, la
dégradation et la destruction s’est accentuée avec I’installation de carriéres, d’industries et de

structures militaires.
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Le paysage steppique, autrefois homogene, a donc été réduit et fragmenté (Deverre 1996;
Gaignard 2003; Buisson & Dutoit 2004). De plus, la prolifération de certaines especes
végetales indigénes, telles que Rubus sp., participe également a la fermeture du milieu et a la

transformation de 1’écosystéme steppique (Masson et al. 2014).

A partir de I’étude de Cheylan (1975), la prise en considération de I’unicité de cet
écosysteme, et de ses menaces a débuté (Devaux et al.1983). Diverses décisions, pour la
conservation biologique, ont alors ensuite été prises. En 1990, 11 816 ha ont ainsi été désignés
en Zone de Protection Spéciale (Directive Habitat 79/409/CEE 1979) correspondant aux
parcelles de steppes relictuelles. En 1999, un plan de gestion Natura 2000 a été mis en place.
Puis, en 2001, il y a eu la création d’une Réserve Naturelle Nationale qui a permis la mise en
protection de 7 411 hectares. Cependant, la conservation reglementaire est inefficace pour
empécher un accident technologique telle une fuite d’hydrocarbures survenant
accidentellement suite a la rupture de canalisations mises en place bien avant la création de la

réserve (Encadré 2).

Encadré 2: Importance du transport pétrolier par canalisation enterrée en France et dans la
plaine de La Crau.

99 % des produits pétroliers (brut et produits finis) sont importés en France par voie
maritime essentiellement via les ports du Havre, de Saint-Nazaire, de Dunkerque, de Fos-sur-
Mer et de Lavera. Les dépots de pétrole brut situés dans les ports sont reliés aux réseaux de
pipelines qui alimentent en continu les raffineries. A la sortie des raffineries, 61 % sont
transportés par pipelines, 22 % par les voies navigables, 12 % par les routes et 5 % par le
réseau ferroviaires, jusqu’aux dépots de distribution (Industrie pétroliere et gaziere 2010).
Ainsi, en lien avec la création du port pétrolier de Fos-sur-Mer dans les années 60, la plaine
de La Crau est maintenant traversée par 150 km de pipelines (oléoducs, gazoducs,
saumoducs), dont 34 km sous la Réserve Naturelle Nationale (Wolff 2013).

La mise en place de ces canalisations impacte durablement les communautés végetales et les
propriétés du sol, comme cela a été démontré par le travail de these de Coiffait-Gombault C.
(2011). De plus, des accidents technologiques ponctuels peuvent avoir lieu a I’image de la
fuite d’hydrocarbures survenue le 07 aott 2009 détruisant une surface d’environ 5 hectares

(voir plus en détails sur I’historique de 1’accident dans Wolff 2013).
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En complément de ces mesures conservatoires, les recherches en restauration écologique
ont pris leur essor dans la plaine de Crau au début des années 2000 (Buisson et al. 2006;
Coiffait-Gombault 2011; Jaunatre 2012). Elles ont notamment permis de mettre en évidence
la faible régenération spontanée de cet ecosysteme steppique en ce qui concerne les
communautés végétales (Buisson 2005) et de son entomofaune (Fadda 2006; Alignan en
préparation). Ces travaux ont également démontré I’importance de la restauration du milieu
abiotique (Buisson 2005; Coiffait-Gombault 2011; Jaunatre 2012) et des processus de
dispersion des especes (Coiffait-Gombault 2011; Jaunatre 2012) dans la conduite d’opérations
de restauration écologique. Cependant, a I’heure actuelle, et a I’image du bilan des opérations
de restauration écologique renseignées dans le monde (Benayas et al. 2009) aucune technique
de restauration écologique n’a réussi une restauration au sens strict de I’intégrité de

I’écosystéme Steppique.

La question du compromis entre 1’efficacité de ces méthodes (faisant souvent appel a
I’ingénierie civile), le colt environnemental induit (émissions de polluants, consommation de
ressources non-renouvelables etc.) et le codt financier se pose. Les recherches actuelles se
tournent alors de plus en plus vers le développement de nouvelles approches, durables et
moins colteuses, en ingénierie écologique dont ce travail souhaite étre une contribution

significative
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PARTIE 1

Evaluation de la réussite d’une opération de restauration
écologique effectuée

par de ’ingénierie civile « écologisée »
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TRANSITION VERS LE CHAPITRE 1

Le chapitre 1 étudiera comment les parametres abiotiques et biotiques du compartiment
du sol se régenerent sur notre site d’étude aprés un transfert de sol massif (70 0000 tonnes)

par ’intermédiaire d’une ingénierie civile « écologisée » (Figure T.1) ?

Le bon rétablissement de ces parameétres est une premiere étape a franchir pour assurer
une restauration de I’écosystéme steppique cible sur le long terme (Keddy 1992; Zobel 1997;
Fattorinni et Halle 2004; Lortie et al. 2004; Guisan & Rahbek 2011; Jaunatre 2012).
Pour répondre a cette premiére question, les parametres physico-chimiques, la dynamique des
matiéres organiques et la biomasse microbienne du sol seront analysés et comparés entre
quatre traitements in situ testant différents niveaux de complexité de reconstitution de
I’organisation verticale du sol. Ces traitements seront ensuite tous comparés au sol de la

steppe de référence restée en place.

CHANGEMENTS D’USAGES DES SOLS

RECHERCHE

Ecologie Ingénieriale

CHAMP DE L]\PPLICATION v
Restauration Ecologique Ingé ie Ecologi
Pelouse séche méditerranéenne -—— > = oE m’emen‘e e
non dégradée * *
CHAMP DE LA REALISATION
Génie Civil Génie Ecologique
Engins de travaux Ingénieurs
publiques des écosystemes

Pelouse séche méditerranéenne
dégradée

Recherche
de nouveauxoutils

eningénierie écologique

Evaluation
de la réussite d’une opération de restauration

issue d’une ingénierie civile écologisée

Chapitre 1 ’ Chapitre 3
Comment le sol réagit-il ? L rmi Messor barbarus disperse-t-
elle les graines via les dépotoir
Pelouse séche méditerranéenne
Restaurée ???
Chapitre 2 \ Chapitre 4
Comment lav tation Est-il possible de la transplanter ?

Figure T.1: Localisation du chapitre 1 dans [’organisation générale de la thése
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Profil de sol dans I’écosystéme steppique de référence
(Crédit photo: Thierry Dutoit-IMBE)

Profil de sol dans la zone de transfer de I’horizon (B) en surface
(Crédit photo: Armin Bischoff - IMBE)
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CHAPITRE 1

Restauration écologique par transfert de sol:
Impacts sur les matiéres organiques du sol

et sur les activités microbiennes.

CHAPTER 1

Ecological restoration by soil transfer:

Impacts on soil organic matter and microbial activities.

Adeline Bulot, Kevin Potard, Annette Bérard & Thierry Dutoit

(Soumission prochaine dans Restoration Ecology)
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Régénération des propriétés du sol apreés son transfert

Résumé du Chapitre 1

Le transfert du sol est une technique souvent utilisée pour restaurer les écosystéemes
dégradés, mais peu de travaux se sont intéressés a l’impact de ces transferts sur les
caractéristiques pedologiques et physico-chimiques, l'activité microbienne, ou encore la
composition de la matiére organique du sol. Dans le cade de la restauration d'un écosystéeme
steppique (la plaine de La Crau, Sud-Est de la France), nous avons mesuré l'impact de
differents traitements de transfert de sols (reconstitution verticale et ordonnée des différents
horizons pédologiques: horizon organique A; — horizon (B) — cailloutis de Crau C) sur ces
parameétres entre 2011 et 2013. Nos résultats montrent que lorsque le sol est rapidement
transféré, sans stockage et au bon moment (printemps), et que I'organisation verticale des trois
principaux horizons pédologiques a été reconstituée, peu de différences significatives sont
mesurées entre 1’horizon organique A; transféré et le sol de 1’écosysteme de référence en
maticre d’éléments physiques et chimiques, et d'activité microbienne. En revanche, des
différences significatives sont relevées pour les traitements ou 1’horizon organique A; n'est
pas transféré. Apres 3 années, dans le traitement ou cet horizon est reconstitué, la teneur en
matieres organiques particulaires reste sensiblement inférieure a celle du sol de la steppe de
référence en dépit d’un taux de minéralisation similaire. De plus, la description des profils de
sol révelent de fortes différences dans I'organisation globale du sol entre tous les traitements
de transfert de sol et le sol non perturbé de la steppe de référence. En particulier, l'activité
biologique est plus faible et une absence d'échange entre les horizons pédologiques est
mesurée. Ceci suggere que méme quand il est mené de maniere efficace, le transfert du sol

influe sur I'évolution future du site restauré.

Mots clés: Pelouse seche méditerranéenne; reconstruction de sol; régénération; parametres
physico-chimiques; matiéres organiques particulaires; minéralisation; biomasse microbienne;

profil de sol.
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Abstract of Chapter 1

Soil transfer has often been used to restore degraded ecosystems, but little examination
has been made of how these transfers impact the soil’s physico-chemical and pedological
characteristics, microbial activity or organic matter composition. During restoration of a
steppe ecosystem (the plain of La Crau, south-eastern France), between 2011 and 2013, we
measured the impact of different soil transfer treatments (vertical and orderly reconstitution of
all the different soil horizons: topsoil - subsoil - altered bedrock) on these parameters.
Our results show that when soil is transferred quickly, without storage and at the right time
(spring), and respecting the vertical organisation of the three main soil horizons, there is little
significant difference from the topsoil of the reference ecosystem in terms of physico-
chemical parameters and microbial activity. Conversely, significant differences are revealed
for treatments where the topsoil is not replaced at the soil surface. Even three years later, in
the treatment with the transferred topsoil, Particulate Organic Matter (POM) content remains
significantly lower than that of the steppe reference soil, despite their similar POM
mineralisation. Moreover, soil profile descriptions reveal continuing strong differences in
overall organisation between the transferred soil and the undisturbed soil of the reference
steppe: in particular, lower biological activity and an absence of exchange between
pedological horizons. This suggests that even when efficiently conducted, soil transfer affects

the future evolution of the restored site.

Keywords: Mediterranean dry grassland; soil reconstruction; recovery; physico-chemical

paramaters; particulate organic matter; mineralisation; microbial biomass; soil profile.
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1.1. Introduction

In ecological restoration, it is important to take into account both vegetation and soil
when restoring ecosystems (Callaham et al. 2008; Heneghan et al. 2008). This is because the
two interact, and because each may respond differently after disturbance and/or after
restoration. However, few papers addressing the improvement of ecosystem restoration take
both these compartments into consideration (Marrs et al. 2002; Walker et al. 2004). Most
focus only on the vegetation compartment (Bullock et al. 1998; Jaunatre et al. 2014a; Bulot et
al. 2014a) or on the soil compartment (Huot et al 2012; Mchergui 2014), due to the extreme
complexity of soil-plant interactions. Moreover, it is difficult to identify all these interactions
and to measure how they are expressed at different spatial and temporal scales.

Vegetation can directly influence soil organic matter and nutrient cycle dynamics (Mellilo et
al. 1982; Vitousek et al. 1987; Vinton & Burke 1995). For example, in arid and semi-arid
areas, soil nutrient distribution can be strongly determined by the pattern of plant cover and
bare-soil microsites (Charley & West 1977; Bolton et al. 1990; Schlesinger et al. 1990).
Furthermore, in dry shrub and grassland ecosystems, the canopies of individual plants can
concentrate plant biomass in soil, thereby forming “islands of soil fertility” (Charley & West
1977; Schlesinger & Pilmans 1998). Plant diversity can also indirectly influence carbon and
nitrogen cycles by impacting soil microorganisms (Bardgett & Shine 1999; Wardle et al.
1999; Stephan et al. 2000; Zak et al. 2003; Orwin & Wardle 2005).

Most of the soil properties affected by plants, such as nutrient ability, are also vital to plant
growth and survival (Van Breeman & Finzi 1998). Soil microbial communities play a critical
role in plant litter decomposition, carbon sequestration, nutrient cycling and soil structure
(Bell et al. 2005). In addition, soil microbial communities contribute to nutrient mobilisation
(Reynolds et al. 2003) and to plant diversity and productivity (Van der Heijden et al. 2008).
Soil microorganisms are good indicators of the organic quality of soil (Baize 2000), as well as
being very sensitive to environmental and anthropological change. Loss of microbial

functions is an indicator of decreased soil quality (Chapman et al. 2007).

Thus, taking these interactions between soil and plants into consideration should lead to a
better understanding of why certain restoration operations fail, and should enable us to
determine whether a restored ecosystem is on the right track (Marrs et al. 2002; Piqueray &

Mahy 2009). Restoring adequate fertility, i.e. that of the desired reference ecosystem, appears
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an important prerequisite for the re-establishment of a desired plant species-rich ecosystem.
Over time, soils tend to become impoverished naturally, through the leaching of soil nutrients,
but this occurs very slowly (Marrs et al. 1991). Various restoration techniques have been
developed to accelerate the reduction of soil fertility (Marrs et al. 2002; Walker et al. 2004).
Removing the topsoil, where soil nutrient concentration is highest, is probably the most
effective route to the desired poor fertility level (Jaunatre et al. 2014a), often leading to
greatly reduced nitrogen and phosphorous concentrations and decreased primary productivity
(Hopkins et al. 1999; Walker et al. 2004). At the same time, more successful establishment of
target species is observed, even when species richness does not increase in the short term
(Hopkins et al. 1999; Kiehl & Pfadenhauer 2007; Jaunatre et al. 2014a).

Soil transfer is another method where short-term plant recovery results have been
encouraging, in terms of composition, species richness and plant diversity (Worthington &
Helliwell 1987; Pywell et al. 1995; Bullock 1998; Vécrin & Muller 2003; Kiehl et al. 2010;
Jaunatre et al. 2014a; Bulot et al. 2014a). In soil transfer, the poor fertility level of removed
and transferred soil is maintained. Soil material and its native biota are translocated from a
donor site to a receiver site, either by applying in bulk, by spreading or in turf (whole or
fragmented). This restoration technique ensures the transfer of soil physico-chemical elements
(pH, nutrient content, particle size distribution, etc.), soil organic matter (litter, humus, etc.),
pedofauna, soil flora (seeds, algae, etc.) and microbial biomass (bacterial and fungal) (Clewell
& Aronson 2013). There can, however, be negative impacts on soil properties, leading for
example to colonisation by non-target species such as ruderal or invasive plant species. These
non-target species are often promoted by the release of nitrates resulting from the accelerated
oxidation of organic matter (Bruelheide & Flintrop 2000; Piqueray & Mahy 2009) induced by
soil transfer. Before transfer, the soil is often stored in stockpiles, and these soil stockpiles
appear to promote the recruitment of non-target species, such as the wide variety of
anemochorous species or non-native species. Moreover, soil stockpiles may also cause loss of
seed or vegetation propagule viability (Bellairs 1993). The storage and transfer of large
quantities of soil therefore has an impact on its properties, its quality and the life it supports.
For example, earthworms’ survival is limited in soil stockpiles because of lack of soil
structure, changes in organic matter content, unfavourable moisture levels and very low pH
(Pizl 2001; Curry 2004). In addition, stockpiles compact the soil, so that its porosity decreases
(Whalley et al. 1995; Chan & Barchia 2007); they also affect microbial activity (Johnson et al.

1991). Moreover, translocated soil may carry a higher nutrient content due to the slight
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disturbance of soil structure (Bruelheide & Flintrop 2000) and slight compaction occurring

during transfer (Trueman et al. 2007).

Although soil transfer is not a sustainable restoration process, because soil is a non-
renewable resource (Commission of the European Communities 2002), direct transfer or
hauling may be an alternative. Here, collected soil is immediately transported and placed on
the site being restored, thus ensuring better conservation of soil properties, structure or
microbial biomass (DePuit 1984; Pfannenstiel & Wendt 1984; Andersen et al. 2008).
However, all soil transfer involves civil engineering methods (use of worksite earth moving
equipment, transport trucks, etc.), in addition to hydrocarbon consumption, pollutant emission
(CO,, NOy, etc.). It also requires the destruction of a donor site in order to restore another
area. Soil transfer should therefore be used as a last resort, when in situ conservation and

other restoration processes prove ineffective (McLean 2003).

The soil compartment has a buffer capacity, implying a slow response to disturbance for
some pedological parameters (coarse elements, organic stable or passive pools, etc.) (Parr &
Papendick 1997). However, the response to certain characteristics can be rapid (microbial
activity, organic labile pools, etc.) (Smith et al. 1993; Balabane & Balesdent 1995; Haynes
1999; DeGryze et al. 2004; Schils et al. 2008). This is why all these indicators need to be used
to measure overall “soil quality” (Dick et al. 1997; Haynes 2000; Pascual et al. 2000;
Franzluebbers 2002; Cristofoli et al. 2010), especially in operations likely to impact quality,
such as soil transfer. Referring to all the indicators can also improve understanding of soil

multifunctionality during an ecological restoration program.

Mineral nutrition of plants, circulation and water retention, as well as the creation of a
habitat for soil organisms via soil structure, are only some of the many roles that soil organic
matter plays (Stengel et al. 2009). Organic matter impacts not only the current functioning of
the soil but also the future functioning of the ecosystem. Organic matter can be divided into
two different pools based on their speed of renewal within the soil: the labile pool, which
reacts quickly (from several months to one year) and influences current soil functioning; and
the stable pool, which is renewed more slowly (from several years to thousands of years) and
has a significant impact on long-term soil functioning (Haynes 2000; Gregorich et al. 1994;
Cambardella & Elliott 1992; Boone 1994). The labile pool has already been shown to respond
quickly to changes in agricultural practices (Balabane & Balesdent 1995; Balesdent 1996 and
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1998; Haynes & Beare 1996; Haynes 1999). Thus, organic matter can be considered as a
possible indicator to monitor the success of soil function restoration in formerly degraded or

destroyed ecosystems.

The objectives of this paper were to measure the impact of a major soil transfer operation
on the soil compartment. This transfer formed part of the rehabilitation of a steppe area after
an oil leak occurred on 7th August 2009 within a National Nature Reserve in the plain of La
Crau (south-eastern France) (Wolff 2014). In spring 2011, in order to preserve the soil
(organic matter content, physico-chemical composition and structure), transfer was realised as
quickly as possible and without stocking to minimise any possible alteration (deterioration,
destruction of the pedofauna and pedoflora, colonisation of the stockpiles by undesirable
species, etc.). To maximise chances of success, the transferred soil had the same
characteristics as the polluted soil exported to a specialised dump. Three treatments involving
partial or total reconstitution of the soil vertical organisation (i.e. soil horizons) were tested
simultaneously for their effects on vegetation (Bulot et al. 2014a) and on natural or artificial
recolonisation by ants (Bulot et al. 2014b). Between 2011 and 2013, we also measured the
impacts of this soil transfer on indicators of soil function restoration: physico-chemical
parameters, functional catabolic diversity of microbial communities and organic matter
dynamics, via the short-term monitoring of the labile pool (Particulate Organic Matter
content, C and N mineralisation potentials). Our main hypothesis was that only the
reconstitution of the original vertical organisation of all pedological horizons would rapidly
allow soil microbial diversity and soil functions to be restored to a state resembling the
undisturbed reference steppe.

1.2. Materials and Methods

1.2.1. Study area

Our study was carried out in the plain of La Crau, located in the French Mediterranean
region, in the foreland of the Western Alps (Figure 1.1A). This former fossil outlet of the
Durance River was generated by Quaternay deposits during the Pleistocene (Molliex et al.
2013). The topography is extremely flat, with more than 50 % of the soil surface covered by
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siliceous stones washed down from the Alps. In this ecosystem, the interaction between two
abiotic factors, soil and climate, is recognized as a stress regime contributing to the creation
and the maintenance of a steppe plant community unique in Western Europe in terms of its
species richness, composition, structure and dynamics (Molinier & Tallon 1950; Devaux et al.
1983; Buisson & Dutoit 2006). A stony conglomerate composed of pebbles contained in a
calcium carbonate matrix prevents the plant root system from reaching the water table located
40-60 cm deep, thus leading to edaphic dryness (Romermann et al. 2005). The climate is dry
and windy, typical of the Mediterranean area, with an average 540 mm of rainfall per year,
mainly in spring and autumn, Mistral winds of more than 50 km.h™* for 110 days per year, and
more than 3000 hours per year of sunshine (Devaux et al. 1983). In addition to this stress
regime, a disturbance regime caused by traditional sheep grazing, which has been practiced
for more than 2000 years, has structured the xeric plant community (Cherel 1988; Badan et al.
1995).

The shallow soil of the plain of La Crau is a FERSIALSOL leptique tronqué (AFES 2009)
corresponding to a Haplic Cambisol (Leptic) according to WRB (WRB 2006), i.e., a
Mediterranean red soil whose soil surface layer has been removed by erosion. It consists of
three pedological horizons (Duchaufour 1984). The first is an organo-mineral topsoil (0-20
cm deep) largely composed of rounded pebbles (40-70 % of the surface), a remnant of the old
river bed of the Durance. This horizon contains a mixture of organic matter (less than 30 %)
and mineral matter. The second is a mineral horizon (20-40 cm deep), brown to red-brown
and still very stony. It constitutes the “structural” horizon, differing from the bedrock in its
higher degree of alteration (presence of free Fe;O3), and from the surface topsoil in its
structure. This horizon has undergone bisiallitization, and corresponds exactly both to a B
horizon as defined in the French CPCS classification (CPCS 1967) and to an FS horizon as
defined by the “Référentiel Pédologique” (AFES 2009). The last horizon is altered bedrock
(more than 40 cm deep) formed by the dissolution of the matrix hardened by rainwater

rendered acidic by moving within the upper horizons.

Soil pedogenesis occurred in ancient times after the abandonment of the different terraces
of the former Durance River (Molliex et al. 2013) and over at least 10,000 years during
periods of higher temperatures and humidity levels (Bouteyre & Duclos 1994). This soil is

classified into paleosol groups by the “Référentiel Pédologique” (AFES 2009). Phenomena
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occurring today in these red fersialitic soils are not necessarily related to the former

bisiallitization that explains the present morphology of the soil.

1.2.2. Study site

Our study site is an area undergoing ecological restoration. On 7th August 2009, an oil
leakage completely destroyed an area of 5.5 ha in the centre of the plain of La Crau within the
National Nature Reserve (43°31°36.77°°N, 4°53°04.50’E) (Figure 1.1B). The whole soil
profile, the geological bedrock and the groundwater were polluted by the spillage of more
than 5400 m® of crude oil. Consequently, restoration consisted in the excavation and removal
of the polluted soil (72 000 tons) to a specialised treatment centre, with subsequent soil
transfer to fill in this excavated area (Wolff 2013).

The same type of soil was therefore transferred from a nearby active quarry, already
expanding before the accident. In order to promote and speed up the recovery of soil and
vegetation, we carried out the transfer (1) during a rainy period in spring 2011; (2) using
direct translocation in real time (no stockpiles) to avoid soil deterioration, destruction of soil
biota and soil enrichment by seeds of non-target species; (3) substituting one replaced soil
unit for one removed soil unit. For the first time, the main soil horizons were reconstituted in
their different degrees of profile complexity, as derived from the original pedogenesis in the

reference undisturbed steppe soil.
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Figure 1.1: A - Location of the plain of La Crau in France and B - Location of the study site
(black star) in the Natural National Reserve (in grey).

1.2.3. Experimental design

To assess the importance of soil profile reconstruction for the recovery of soil
characteristics, four treatments were applied from January 2011 to April 2011. We used five
plots of 100 m?2 per treatment as follows : (1) treatment “topsoil” containing altered bedrock
(> 40 cm deep) + subsoil (20-40 cm deep) + topsoil (0-20 cm deep); (2) treatment “subsoil”
containing altered bedrock (> 40 cm deep) + subsoil (0-40 cm deep); (3) treatment “altered
bedrock” containing only altered bedrock (from surface to more than 40 cm deep); (4)
treatment “step” containing undisturbed soil from the surrounding reference steppe, which
was still present all around the rehabilitation site and which represented the intact soil vertical

organisation of the steppe, consisting of altered bedrock, subsoil and topsoil (Figure 1.2).
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Figure 1.2: The four soil reconstitution treatments after their transfer in the rehabilitated site
(right), and main soil layers of the reference steppe (left).

Our objective was to assess whether restoration of the characteristics of the reference steppe
soil (treatment 4) can be achieved in a short time (3 years) using treatments 1 and 2.
Treatment 3 can be considered as a control because it is the treatment that would have been
realised by the industrial owner of the pipeline over the whole area of the rehabilitated site (5
ha) had there been no ecological restoration requirements (Wolff 2013).

1.2.4. Soil analyses

1.2.4.1. Soil profile descriptions

In winter 2013, roughly three years after the soil transfer, soil profile descriptions were
realised at the centre of one randomly selected plot for each of the three soil transfer
treatments and in the soil of the reference steppe. A profile was dug down to the geological
bedrock. The physical and biological states of plots were described according to the
standardized STIPA method of Baize & Jabiol (2011).

1.2.4.2. Physico-chemical parameters

Soil samples were taken and analysed immediately after the soil transfer in spring 2011
and roughly three years later in autumn 2013, to evaluate the evolution of nutrient content and

fine particle size. Five 200 g soil samples were extracted at a depth of 0-10 cm at the five 100
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m?2 plots for each treatment on the restoration site, and at five places on the reference steppe.
These soil samples were constituted by mixing three sub-samples taken at random from each
plot. After drying and sieving (2 mm), physico-chemical properties (pH, K;O, exchangeable
Ca®" and K* available phosphorous) and particle size analysis (percentages of clay (<2 pm),
silt (2-50 um) and sand (50 um-2000 pum)) were measured without decarbonisation according
to standardized methods (Baize 2000).

Organic C content and total N content were monitored during 2011, 2012 and 2013. They
were measured by dry combustion on samples of bulk soils (before fractionation) using a
CHN elemental analyser according to standard NF ISO 10694).

1.2.4.3. Physical fractionation of soil organic matter

Physical fractionation of soil organic matter allows labile pools to be distinguished from
stable pools (Feller 1979; Feller et al. 1994; AFNOR 2007). Particulate Organic Matter
(POM) is biologically and chemically active and is part of the labile (easily decomposable)
pool of soil organic matter (SOM) (Cambardella & Elliot, 1992; Carteret al. 2003). POM,
defined as decaying plant residues ranging in size from 50-2000 pum, was extracted from air-
dried soil samples and sieved to 2 mm. This method revealed the quality of the organic
reserves in the soil (labile pools ranging from 50-2000 um and stable pools < 50 pum); the
protocol used here is a simplified procedure of method NF X31-516 (2007) for the granular

densimetric fractionation of soil particulate organic matter in water.
1. 2.4.4. Soil Carbon and Nitrogen availability

The biodegradability of the labile organic matter was measured by monitoring the C and
N mineralisation potentials using aerobic incubations under standard laboratory conditions
(80 % water retention capacity, 28°C) for 28 days, according to the method described in Hart
et al. (1994) and Robertson et al. (1999). These short-term incubations lead to almost
exclusive mineralisation of the labile pool and provide information on immediately available
Cand N.
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1.2.4.5. Microbial diversity

In 2013, soil microbial diversity was measured using the microrespirometry method,
which takes into account the substrate and thus better represents respiration in the sampled
soil (Chapman et al. 2007). Quantification of CO,, a by-product of mineralisation by
microorganisms, was used to assess aerobic soil respiration. The CO, emission rate was
quantified via microrespiration using the MicroResp™ system (Campbell et al. 2003), as
follows. A 96-well microplate (1.2 mL volume) was filled with soil to which was added either
water alone (Basal Respiration, BR) or aqueous carbon substrates (Substrate-Induced
Respiration, SIR); the microplate was then sealed to a colorimetric CO,-trap microplate and
incubated in the dark at lab temperature (23°C + 2) for 6 hrs. The absorbance of the detection
microplate was measured at 570 nm. The quantities of CO; released were calculated with a
calibration model (Renault et al. 2013), and results were expressed in pg C-CO,.g *soil.h ™.
Mineralisation of 7 carbon substrates was tested for Community-level Physiological Profiles
(CLPP): glucose, trehalose, D-cellobiose, glycine, L-alanine, D-(+)-glucosamine and malic
acid. The added carbon substrates were chosen so as to be representative of the local ecology
(root exudates, plant or animal origin, etc.), enabling us to assess the catabolic diversity of the
soil and the microbial biomass via measurements SIR glucose (Anderson & Domsch 1978).
The metabolic quotient gCO, was calculated as the ratio of BR to SIR glucose (Bérard et al.
2011; Chapman et al. 2007) to determine how efficiently microorganisms use the carbon
available in the soil (Anderson & Domsch 1990): qCO; is considered a microbial eco-

physiological indicator.

Tested soil samples were incubated under replication conditions (three per sample). Both

activities and microbial biomass were measured.

1.2.5. Statistical analysis

Ordination of soil measurements according to fine particle sizes and nutrient content was

performed using Principal Component Analysis.

When the data on physico-chemical parameters, organic matter and microbial diversity
followed a normal law (Shapiro test), we used ANOVA tests for multiple comparisons,

followed by post-hoc Tukey tests when a significant difference was detected among
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treatments; we used Student’s tests for two-two comparisons. When conditions were not
normal, we used non-parametric Kruskal-Wallis tests followed by Mann-Whitney-Wilcoxon
non-parametric tests, with the value of p adjusted according to Benjamini-Hochberg
(Benjamini & Hochberg 1995) if a significant difference was detected among treatments.
These different parametric and non-parametric tests were performed to compare the different
modalities of soil transfer during the third year of monitoring (2013), or to compare the three
years of monitoring (2011, 2012 and 2013) for a single mode of soil replacement.

All statistical analyses were performed with R software version 2.15.2. (The R
Foundation for Statistical Computing 2012), using its packages for univariate analyses and
additional packages ADE4 (Chessel et al. 2004; Dray & Dufour 2007) and vegan (Oksanen et

al. 2013) for multivariate analyses.

1.3. Results

1.3.1. Soil profile descriptions

1.3.1.1. Undisturbed soil of the surrounding reference steppe

A very irregular boundary divided the topsoil (0-15 cm) from the subsoil, making it
difficult to distinguish the two layers. Topsoil texture was silty with a lumpy structure
composed 30% of calcareous and siliceous pebbles, with abundant thin pores. Numerous
vertical roots of perennial herbaceous plants (large roots) and annual plants (thin roots) were
present in the soil aggregates and only constrained by physical obstacles such as the pebbles.
Biological activity was also characterised by the earthworms’ many vertical galleries and
castings. The boundary between the subsoil (15-35 cm) and the altered bedrock was regular.
Subsoil texture was sandy, composed 80% of calcareous and siliceous pebbles. Effervescence
was weak and occurred only in the calcareous matrix of pebbles. The structure was grainy,
with few pores. There were fewer plant roots; they had the same characteristics as those in the
topsoil. Again, biological activity was represented by the presence of the earthworms’ vertical

galleries and castings.

49



Régénération des propriétés du sol apreés son transfert

The altered bedrock (35-45 cm) was composed 95% of calcareous siliceous pebbles. There
was very strong effervescence in the matrix of pebbles. No plant roots and no other traces of
biological activity were observed in this soil layer; however, like the topsoil and subsoil
layers, it was moist. No horizon showed signs of past or present artificialisation, such as

traces of ceramics or compacting machines (Figure 1.3).

1.3.1.2 .Transferred topsoil treatment

The brown-red soil profile of this entirely reconstituted soil was still strongly influenced
by the different layers deposited in spring 2011, especially at the boundaries between the
different layers. Contrary to the reference steppe, the boundary between topsoil (0-20 cm) and
subsoil was still clear, horizontal and regular. Although there were more vertical annual plant
roots than in the undisturbed topsoil of the surrounding reference steppe, no roots of
herbaceous perennial plants were detected. More pores were also observed but they were
thinner than in the steppe topsoil horizon. It was difficult to detect other traces of biological
activity and only earthworms’ few galleries and castings were observed. The subsoil (20-35
cm) was more compact than that of the steppe subsoil, and no roots or traces of earthworm
activities were observed. The boundary between subsoil and altered bedrock layers was still
very clear, horizontal and regular. In comparison with the altered bedrock of the steppe soil,
the transferred altered bedrock (35-45 cm) was totally dried out and did not appear to have

been in contact with water infiltrations since it was deposited in spring 2011 (Figure 1.3).

1.3.1.3. Transferred subsoil treatment

In this treatment, the topsoil was not transferred and the original subsoil was taken from
the 20-40 cm deep soil layer of the quarry. The boundary between subsoil (20-35 cm) and
altered bedrock (35-45 cm) was very clear, regular and horizontal. Very few vertical plant
roots were present and they were even thinner than those observed in the transferred topsoil of
the previous treatment. There was no trace of biological activities. Again, this transferred
altered bedrock did not appear to have been in contact with water infiltrations since it was

deposited in spring 2011 (Figure 1.3).
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1.3.1.4. Transferred altered bedrock treatment

This soil was reconstituted using only altered bedrock material (0-45 cm) from outcrops
at soil surface: no topsoil or subsoil was transferred. The transferred altered bedrock was
composed 95% of calcareous and siliceous pebbles. There was very strong effervescence in
the matrix of pebbles. A few thin roots were present only in the first centimeters below soil
surface. No other traces of biological activity were observed in this horizon, which once again
was totally dry apart from the first few below-surface centimeters (Figure 1.3).

1.3.2. Physico-chemical parameters

Principal Component Analysis on particle size distribution, soil nutrient content and pH
showed a clear contrast among the different treatments on axis 1 (70.69% of total inertia
explained). The transferred altered bedrock was clearly contrasted from the transferred topsoil
and the topsoil of the reference steppe, with the transferred subsoil situated between them.
AXxis 2 (11.75% of total inertia explained) distinguished between the monitoring years, 2011
and 2013. Axis 1 was negatively correlated with organic C, total N, exchangeable K, silt and
clay; it was positively correlated with pH and Ca exchangeable calcium. Sand and available P

were negatively correlated with axis 2 (Figure 1.4).

In 2013, univariate analyses realised on these parameters showed significant differences
between the treatments and the topsoil of the reference steppe with respect to soil physical
characteristics (Table 1.1). For silt content, a significant increasing gradient was measured
from the transferred altered bedrock to the topsoil of the reference steppe. Conversely, for
sand content, there was a significant decreasing gradient from the transferred altered bedrock
to the transferred topsoil; however, great variability was observed in the topsoil of the
reference steppe. With respect to clay content, no significant differences were measured
between the transferred subsoil and the topsoil of the reference steppe; there was significantly
higher clay content in the transferred subsoil but lower clay content in the transferred altered
bedrock. Between 2011 and 2013, only for silt content was a significant difference measured
in the topsoil of the reference steppe (352.4 + 4.0 g.kg™ in 2011 and 371.2 + 0.9 g.kg™ in
2013, p < 0.05).
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Figure 1.3: Soil pedological profiles realised in a restoration soil transfer experiment in the plain of La Crau (south-eastern France) in autumn 2013.
Soil profiles were performed in the undisturbed soil of the surrounding undisturbed reference steppe (Reference Steppe), in the transferred topsoil
treatment (TopSoil), in the transferred subsoil treatment (SubSoil) and in the transferred altered bedrock treatment (Altered Bedrock). The three main
horizons (altered bedrock, AB; subsoil, SS; topsoil TS) and the bedrock (BR) are indicated on the soils profiles.
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Significant differences among treatments were also measured for chemical parameters
(Table 1.1). A significant increasing gradient was measured from the transferred altered
bedrock to the topsoil of the reference steppe for organic C, total N and exchangeable
potassium content, but no significant difference was measured between the transferred topsoil
and the topsoil of the reference steppe for exchangeable K content. Conversely, a pH gradient
from the transferred altered bedrock to the topsoil of the reference steppe was also measured.
In addition, exchangeable Ca was significantly higher in the transferred bedrock and in the
transferred subsoil than in the transferred topsoil and in the topsoil of the reference steppe. No

significant difference was recorded for available phosphorous.
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Figure 1.4: PCA ordination of physico-chemical parameters in a restoration soil transfer
experiment realised in the plain of La Crau (south-eastern France), based on 50 soil samples
taken in spring 2011 (25) and in autumn 2013 (25). Samples from each treatment (n=5), and by year
(2001 and 2013), are grouped with ellipses. The narrows represent soil variables: contents of sands,
silts, clays, pH, available P (P,0s), exchangeable Ca (Ca0), organic C, total N, and exchangeable K
(K:0)
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Table 1.1: Physico-chemical contents (autumn 2013) of four treatments realised in a restoration
soil transfer experiment (La Crau, south-eastern France): The measured values are means +
standard errors; df, F, X2, t p correspond to the degree of freedom, the F value, the X2 value and
the p value resulting from ANOVA tests or Kruskal-Wallis tests to test the effect of each treatment
on each variable. Within a row, two cases with a different letter have significantly different values
according to Tukey post-hoc tests or Mann-Whitney-Wilcoxon tests.

Anova/Kruskal- Transferred Transferred Transferred Topsoil of
Wallis Altered Bedrock Subsoil Topsoil Reference Steppe
Silts g 177.6 + 168 317.8 + 3.84 340.2 + 1.06 371.2+2.38
(9.kg-1) b <0.001 d c b a
F=204.1
Sands df = 3.00 7422 £2.77 463.8 +4.98 413.0+3.81 772.8 +180.40
(9.kg-1) b <0.001 ab ac ad a
F=299.9
Clays df = 3.00 80.2 £1.22 218.4 + 3.65 246.8 +3.21 216.0+1.52
(9.kg-1) 0 <0.001 a c a b
X2=179
_ 8.534 + 0.014 8.104 + 0.012 7.202 + 0.061 6.620 + 0.024
pH df =3.00 a b . q
p <0.001
Organic F=185.7
Carbon df = 3.00 2.412dJ_r 0.18 9.238;: 0.19 14.360b1r 0.27 18.700a1r 0.35
(9.kg-1) p <0.001
Total F :_323'6 0.1374 £ 0.004 0.9062 £ 0.018 1.3460 + 0.016 1.5340 + 0.024
Nitrogen df = 3.00 d c b a
(9.kg-1) p <0.001
P,Os dl; : g’ '30 0.0100 + 0.0000 0.0076 + 0.0005 0.0080 + 0.0002 0.0084 + 0.0002
(9.kg-1) 0> 0.05 NS NS NS NS
CaO (!I:f::?OZO 8.964 £ 0.275 7.486 + 0.482 2.636 +0.100 2.084 +0.040
(@kg-1) p < 0.001 a a b b
K,0 dezz(;,soZ) 0.02434 £ 0.0005 0.08888 + 0.0017  0.16340 + 0.0041 0.14060 + 0.0062
(9.kg-1) p <0.001 c b a a

Significant differences between 2011 and 2013 were measured for the four treatments:
pH (8.782 £ 0.004 in 2011 and 8.534 + 0.014, p < 0.001) decreased in the transferred altered
bedrock. Available phosphorous content increased in the topsoil of the reference steppe
(0.0205 + 0.0002 g.kg™ in 2011 and 0.0084 + 0.0002 g.kg™ in 2013, p < 0.01) and in the
transferred altered bedrock (0.005 + 0.0 g.kg™ in 2011 and 0.01 + 0.0 g.kg™ in 2013,
p < 0.01). Organic C content only increased in the topsoil of the reference steppe
(15.96 + 0.35 g.kg™ in 2011 and 18.7 + 0.35 g.kg™ in 2013, p < 0.05). Exchangeable K content
significantly increased between 20011 and 2013 in the transferred topsoil (0.1282 + 0.0017
g.kg? in 2011 and 0.1634 + 0.0062 g.kg™' in 2013, p < 0.01), whereas total N content
significantly decreased (1.468 + 0.015 g.kg™ in 2011 and 1.346 + 0.016 g.kg™ in 2013,
p < 0.05). For organic C content, no significant difference was measured over the three years

of monitoring for any treatment except in the topsoil of the reference steppe, where it was
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significantly higher in 2012 than in 2011 (Figure 1.5A). Between 2011 and 2012, total N
significantly decreased in the transferred altered bedrock, whereas it significantly increased in
the transferred subsoil, in the transferred topsoil and in the topsoil of the reference steppe.
Nevertheless, total N content was still higher in 2012 and in 2013, within the transferred

topsoil and the transferred subsoil treatments (Figure 1.5B).
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Figure 1.5: Mean values of organic carbon (g/kg) (A) and total nitrogen contents (g/kg) (B) during
three years of monitoring in a restoration soil transfer experiment realised in the plain of La
Crau (south-eastern France). Means and error standards are given from 2011 to 2013 for each
treatment: undisturbed topsoil of the reference steppe (Step., dark grey), transferred topsoil (TS,
grey), transferred subsoil (SS, light grey) and transferred altered bedrock (AB, white); the F and p
values of ANOVA tests, performed within each treatment are reported above each bar. Within a
treatment, bars sharing common letters or NS don’t have significant differences according to Tukey
post-hoc test.

1.3.3. Size fractionation of soil organic matter and C:N ratio

In 2013, three years after soil transfer, POM relative weight still differed significantly
among treatments. There was a significant increasing gradient from the transferred altered
bedrock to the topsoil of the reference steppe (Figure 1.6A). In the topsoil of the reference
steppe, a significant increase in POM content was measured between 2011 and 2012, and a
significant decrease between 2012 and 2013. In the soil transfer treatments, the POM relative
weight ratio showed a downward trend (Figure 1.6B). Organic C content of POM was
significantly lower in the altered bedrock than in the other soil transfer treatments and in the
topsoil of the reference steppe in 2013 (Figure 1.6C). The ratio between organic C content of
POM and total organic C decreased drastically in the transferred altered bedrock between

2012 and 2013, dropping to almost 0%. In the subsoil, no significant differences were
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recorded. In the transferred topsoil, there was a decreasing trend over the years, with a
significantly lower ratio between 2012 and 2013. In the topsoil of the reference steppe the
ratio varied, with a significant increase between 2011 and 2012 and a significant decrease
between 2012 and 2013 (Figure 1.6D). The C:N ratio of the bulk soil differed significantly
among all treatments. The transferred subsoil had the highest significant value, while the
transferred topsoil had the lowest significant value. The C:N ratio in the topsoil of the
reference steppe was significantly higher than in the transferred topsoil but significantly lower
than in the transferred altered bedrock and in the transferred subsoil. The C:N ratio of the
POM differed significantly between the treatments and the topsoil of the reference steppe,
which had the highest significant value. No significant difference was measured for the C:N
ratio of the fraction lower than 50 um (Figure 1.6E).

1.3.4. Soil Carbon and Nitrogen availability

C mineralisation potential differed significantly among the treatments, with an increasing

gradient from the transferred altered bedrock to the topsoil of the reference steppe
(Figure 1.7A). However, no significant difference was measured between the transferred
topsoil and the transferred subsoil. The only significant C mineralisation increase occurred in
the transferred topsoil and in the topsoil of the reference steppe between 2012 and 2013
(Figure 1.7B). No significant differences were measured among treatments for the ratio
between organic C mineralised in CO, during short-term incubations and total organic C
(Figure 1.7C). Between 2012 and 2013, an increasing trend was recorded in all treatments,
except in the transferred altered bedrock, where there was great variability (Figure 1.7D).
N mineralisation potential did not differ significantly among treatments, but there was
nitrogen immobilisation in all treatments except the transferred altered bedrock (Figure
1.8A). The same trend was measured for the ratio between mineralised nitrogen and total
nitrogen (Figure 1.8B). Decreased N mineralisation potential was recorded in all treatments,
but these differences were only significant in the transferred altered bedrock (Figure 1.8C).
Results were the same for the ratio between mineralised nitrogen and total nitrogen, with in
addition a significant difference between 2012 and 2013 in the transferred subsoil
(Figure 1.8D).
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Figure 1.6: Particular organic matters ratio relative to the total soil (POM (weight %)) in a
restoration soil transfer experiment realised in the plain of La Crau (south-eastern France) (A)
in 2013 and between the three years of monitoring (B); the ratio between the carbon of
particular organic matters and the total organic carbon in 2013 (C-POM/organic C (%)) (C) and
between the three years of monitoring; (D) the C:N ratio (C:N) of the sample (Sample), the
particular organic matter (POM) and the fraction less than 50 pm (Inf. 50 pm) (E). Means and
error standards of these analyses in 2013 or between 2011 and 2013, for each treatment:
undisturbed topsoil of the reference steppe (Step., dark grey), the transferred topsoil (TS, grey),
the transferred subsoil (SS, light grey) and the transferred altered bedrock (AB, white); and the F
and p values of ANOVA and Kruskal-Wallis tests, performed, between treatments in 2013 or within
each treatment to compare the three years of monitoring, are reported above each bar. Bars
sharing common letters or NS don’t have significant differences according to Tukey post-hoc test or
Mann-Withney-Wilcoxon test.
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Figure 1.7: Biodegraded carbon (mg of C-CO2/g of dry soil) in a restoration soil transfer
experiment realised in the plain of La Crau (south-eastern France) in controlled conditions
during 28 days, in 2013 (A), and between 2012 and 2013 (B); and the ratio between the
mineralised carbon in CO2 and the total organic carbon (Bio C/Org C), in controlled conditions
during 28 days, in 2013 (C), and between 2012 and 2013 (D.) Means and error standards are given
for each treatment: undisturbed topsoil of the reference steppe (Step., dark grey), transferred
topsoil (TS, grey), transferred subsoil (SS, light grey) and transferred altered bedrock (AB, white);
the F and p values of ANOVA and Kruskal-Wallis tests, performed, between treatments in 2013 or
within each treatment to compare the three years of monitoring, are reported above each bar. Bars
sharing common letters or NS don’t have significant differences according to Tukey post-hoc test or
Mann-Withney-Wilcoxon test.
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Figure 1.8: Mineralised nitrogen (nitrate + ammonium) (pyg/g of dry soil) in a restoration soil
transfer experiment realised in the plain of La Crau (south-eastern France), in controlled
conditions during 28 days, in 2013 (A), and between 2012 and 2013 (C); and the ratio between
the mineralised nitrogen (nitrate + ammonium) and the total nitrogen (Nmin/Ntot), in controlled
conditions during 28 days, in 2013 (B), and between 2012 and 2013 (D.) Means and error
standards of these analyses in 2013 or between 2012 and 2013, for each treatment: undisturbed
topsoil of the reference steppe (Step., dark grey), transferred topsoil (TS, grey), transferred subsoil
(SS, light grey) and transferred altered bedrock (AB, white); the F and p values of ANOVA and
Kruskal-Wallis tests, performed, between treatments in 2013 or within each treatment to compare
the three years of monitoring, are reported above each bar. Bars sharing common letters or NS
don’t have significant differences according to Tukey post-hoc test or Mann-Withney-Wilcoxon test.
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1.3.5. Microbial diversity

In 2013, the basal respiration of the transferred topsoil was similar to that of the topsoil of
the reference steppe, whereas the transferred bedrock still showed significantly lower basal
respiration than the two other treatments (Figure 1.9A).

The microbial biomass showed the same trend, with significantly higher values in the
transferred topsoil and in the topsoil of the reference steppe than in the transferred altered
bedrock (Figure 1.9B). In contrast, qCO, values showed an increasing gradient from the
topsoil of the reference steppe to the transferred altered bedrock, with significantly higher
values for the transferred bedrock than for the topsoil of the reference steppe (Figure 1.9C).
Microbial catabolic structure discriminated among the different soil transfer treatments. The
transferred topsoil was the most similar to the topsoil of the reference steppe, with a higher
catabolism of sugars and malic acids than in the transferred subsoil and the transferred altered
bedrock. Very high respiration rates were induced by the malic acid in the topsoil of the
reference steppe. There is little difference in the respiration rates induced by amino acids and
glucosamine between the soil transfer treatments and the topsoil of the reference steppe
(Figure 1.10).
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Figure 1.9: Soil microbial basal respiration (UC-CO,/g of dry soil/h) in a restoration soil transfer
experiment realised in the plain of La Crau (south-eastern France) (A), microbial biomass (uC/g
of dry soil) (B) and metabolic quotient qCO, (mgC-CO g of dry soil of dry soil/h) (C) in 2013.
Means and error standards are given: undisturbed topsoil of the reference steppe (Step., dark grey),
transferred topsoil (TS, grey), transferred subsoil (SS, light grey) and transferred altered bedrock
(AB, white); F and p values of ANOVA tests, performed within each treatment, are reported above
each bar. Bars sharing common letters don’t have significant differences according to Tukey post-
hoc test.
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Figure 1.10: Induced respirations (UC-CO,/g of dry soil/h) of soil microbial communities in a
restoration soil transfer experiment realised in the plain of La Crau (south-eastern France).
Means and error standards are given: undisturbed topsoil of the reference steppe (Step., dark grey),
transferred topsoil (TS, grey), transferred subsoil (SS, light grey) and transferred altered bedrock
(AB, white). Within a carbon substrate, bars sharing common letters don’t have significant
differences according to Tukey post-hoc test.

4. Discussion

This work in the plain of La Crau examined the chemical, physical, biological and
microbiological soil parameters of different soil transfer treatments aimed at restoring soil
microbial catabolic activities, soil functioning and the pedological organisation typical of a
steppe soil. Our main hypothesis was that reconstituting the three main pedological layers
(topsoil, subsoil and altered bedrock) would be the treatment most likely to favor rapid
restoration not only of soil chemico-physical parameters close to those of the reference steppe
but also of soil microbial catabolic activities and pedological function organisation, as

assessed by soil profiles three years after the soil transfer.
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These descriptive analyses reveal that soil transfer did not affect the physical and
biological characteristics of soil, even though it was carried out at the right period (spring
2011) and without stockpiling. Three years after the treatment reconstituting the three main
layers, the soil characteristics are still different from those of the reference steppe. Only the
transferred topsoil has been colonised by roots of annual species, with very few earthworm
galleries. This could be explained by the destruction of the below- and above-ground biomass
of the dominant perennial herbaceous plant species of the steppe vegetation (Brachypodium
retusum P.Beauv., Dactylis glomerata L., etc.) during the transfer (Bulot et al. 2014a). The
result is a paucity of roots and galleries of earthworms and smaller soil porosity compared to
the soil of the reference steppe. Thus, there does not yet appear to have been any exchange via
biological activity between the different soil horizons (Lavelle 1988; Edwards 2002).
Accordingly, the delimitation of pedological horizons is still sharper than in the soil of the
surrounding undisturbed steppe. The soil profile is also drier, particularly deeper down. This
could also result from scarce water circulation between the different layers due to the absence
of earthworms’ galleries (anecic species) (Edwards 2002), unable to colonise the whole
profile probably because of mechanical soil compaction when the soil was spread. Soil
compaction is known to affect the abundance, the biomass and the distribution of earthworms
(Radford et al. 2001; Chan & Barchia 2007); soil pores also play a role in the infiltration,
storage and drainage of water (Ehlers 1975; Lin et al. 1996; Kutilek 2004). Soil compaction
can impact the growth and distribution of roots, thereby affecting water dynamics and plant
growth (Unger & Kaspar 1994). Similar results were observed in the other treatments (subsoil
and altered bedrock), exacerbated by the fact that there was no spreading of the original
topsoil. It is therefore clear that even when the vertical soil organisation is fully reconstructed,
including by transfer of topsoil at the soil surface, soil transfer is likely to impact the
pedological evolution of the whole profile (0-40cm) in the long term. This makes it
impossible to draw definitive conclusions from biological, physical and chemical analyses

realised only a few years after soil transfer and only on the topsoil horizon.

With regard to physico-chemical parameters, the results of our analyses realised roughly
three years after the transfer show that there are still some significant differences between the
transferred topsoil and the topsoil of the surrounding steppe. Total nitrogen, total organic
carbon and silt were lower in the transferred topsoil, whereas pH, calcium and clay content

were higher. These trends had already been observed from the analyses realised just after the
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soil transfer in spring 2011. The increase in calcium and pH can easily be explained by the
solubilisation of calcium carbonates from the calcareous matrix or calcareous stones degraded
during the transfer. This is especially pronounced in the subsoil and the altered bedrock,
closer to the calcareous conglomerate. Similar results were previously obtained in the same
area in formerly cultivated fields (RGmermann et al. 2005; Buisson et al. 2006; Coiffait-
Gombault et al. 2012a; Jaunatre et al. 2014) and after trenching for pipelines (Coiffait et al.
2012b). However, to date no assessments have been made in this area of the impacts of the
0.5 unit pH increase (from 6.62 + 0.024 to 7.20 + 0.06) on above-ground vegetation and soil
microbial activity, the variation remaining within the same neutral range (6.5 to 7.5) (Baize et
al. 2000).

The higher concentrations of clay in the transferred topsoil than in the topsoil of the
undisturbed steppe may be due to the effects of water sheet erosion from the surrounding
steppe to the soil surface of the rehabilitated area, where the proportion of bare soil is still
significantly higher than in the surrounding steppe (no patches of herbaceous perennial
vegetation (Bulot et al. 2014a).

Organic carbon and total nitrogen content were significantly higher in the topsoil of the
surrounding reference steppe than in all the soil transfer treatments. There was also an
increasing gradient in organic carbon content from the transferred altered bedrock layer to the
transferred topsoil. This confirms our expectation that the deeper soil layer would contain less
organic matter, and therefore less carbon (Duchaufour 1984; AFES 2009). With respect to
Particulate Organic Matter (POM) content, our results confirmed this trend. POM accounted
for a large part of the organic carbon content in the different treatments, except for the
transferred altered bedrock, contributing strongly to total organic carbon. However, as with
organic carbon content, POM content was significantly lower in all treatments than in the
topsoil of the surrounding reference steppe, even in the transferred topsoil. New, easily
biodegradable organic matter input from annual plants could also have boosted the activity of
microorganisms, favoring organic matter consumption in this layer (Fontaine et al. 2003).
This hypothesis is confirmed by a significantly higher POM relative weight in the soil of the
surrounding reference steppe. The soil of the grazed reference steppe thus appears to have
regularly received new inputs of organic matter belonging to the labile pool, which has a rapid
turnover (Cambardella & Elliott 1992; Balesdent 1996, 1998; Haynes 2000); this contrasts
with the transferred topsoil treatments, which show a significant decrease in POM after the
soil transfer and where grazing was not restored to protect the regeneration of the annual plant
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species (Bulot et al. 2014a). POM content also varied over the three years of monitoring in the
topsoil of the reference steppe. This may be due to the spatial heterogeneity of the vegetation
in the plain of La Crau, where small patches of perennial species (Brachypodium retusum
P.Beauv.), annual species and bare ground form a complex mosaic (Molinier & Tallon 1950;
Devaux et al. 1983; Romermann et al. 2005; Buisson & Dutoit 2006). Another possible
explanation is that inputs of organic matter differ from year to year and between times of year,
as a result of differences in primary production, which is itself correlated with climate and
grazing variables (Bourrely et al. 1983). However, when the carbon content of particulate
organic matter and the total organic carbon ratio are considered, only the transferred altered
bedrock shows a significantly lower value, due to the absence of fresh organic input in this
layer with a high coarse mineral (siliceous pebbles) and sand content.

In 2013, the high C:N ratio of POM measured in the topsoil of the reference steppe can
be explained both by greater inputs of organic matter and by slow degradation of POM,
mainly because of the more extensive below-ground biomass (herbaceous perennial plant
roots) in the soil of the reference steppe than in all the other treatments. The lower C:N ratio
of POM in the transferred subsoil indicates higher quality litter. This is linked to the nature of
the subsoil layer, which contains old, inherited organic matter associated with the mineral
fraction of the soil (Duchaufour 1984; AFES 2009). The soil profile description of this
treatment also shows the presence of only a few fine roots of annual plants, suggesting that
there was very limited input of fresh organic matter after its transfer in spring 2011. The great
variation in C:N ratio, measured in the transferred altered bedrock in 2012 and between 2012-
2013 is no doubt also due to a sample taken close to a small patch of annual vegetation

instead of from the bare ground characteristic of most of the soil surface of this treatment.

Similar carbon mineralisation ratios were measured in the different soil transfer
treatments (except for the altered bedrock) and in the topsoil of the reference steppe. Thus, the
decrease in POM content measured between 2012 and 2013 in the transferred topsoil cannot
be explained by higher carbon mineralisation. In this horizon, since new inputs of organic
matter from perennial plants were lower, the initial stock of organic matter was mineralised
and not renewed; however, there was also inherited organic matter. In the transferred subsoil,
the carbon mineralisation ratios reduced the old organic matter content, whereas in the
transferred altered bedrock, new inputs of fresh organic matter from several annual plants

enriched this originally poor in organic matter treatment. Thus, carbon mineralisation varied
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greatly, depending on whether there was rapid colonisation of old organic matter by micro-
organisms and thus rapid mineralisation, or no mineralisation in bare ground areas without

inputs of fresh organic matter.

The nitrogen mineralisation values measured in 2012 indicate production of nitrogen,
certainly by microorganism nitrification. In the transferred subsoil, this mineralisation was
similar to that of the transferred topsoil and to that of the topsoil of the reference steppe. This
means that microorganisms were able to find their energy resources even in the old organic
matter which characterised the subsoil layer. In the transferred altered bedrock, strong
microorganism activity rapidly immobilised the little available nitrogen, making nitrogen the
limiting factor in this layer. Between 2012 and 2013, there was a trend towards reduced

nitrogen mineralisation, most likely due to the associated decrease in POM.

For thousands of years, the reference steppe has interacted with microorganisms present
in its soil, structuring and selecting certain communities that have influenced soil and plant
communities, their composition, structure and functions. Above-ground vegetation has also
impacted microbial activity through its particular spatial pattern, modifying light, water or
nutrient availability, and by adding leaf and root litter to the soil (Charley & West 1977,
Burke et al. 1998; Schlesinger & Pilmans 1998; Bargdett & Shine 1999; Wardle et al. 1999;
Stephan et al. 2000; Zak et al. 2003). In spring 2011, soil transfer changed the balance
previously established, especially for the layers (subsoil, altered bedrock) which were not
originally in contact with the soil surface before the transfer and which for the first time

received annual plant fresh organic matter.

Microbial data obtained with microrespirometric measurements performed in 2013
suggest a positive gradient of microbial biomass and basal respiration and a negative gradient
of metabolic quotient (qCO,) among the three restoration treatments and the steppe. The
higher gCO, values, especially significant in the transferred altered bedrock, can be explained
in part by low microbial biomass. Another explanation could be the presence of a “younger
microbial community” with higher energy needs to cope with the new soil conditions created
after soil transfer and the ensuing surface exposure of the altered bedrock (Anderson &
Domsch 1990).

In addition, the microbial communities’ efficiency at catabolising malic acid in the topsoil of

the reference steppe, and to a lesser extent in the transferred topsoil, may be explained by the
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strong interactions between plants and the microbial edaphic environment in both types of
soil, through root exudates and their direct input of organic matter. As floristic surveys have
shown (Bulot et al. 2014a), some plant species were present both on the transferred topsoil
and on the topsoil of the reference steppe but to a far lesser extent on the transferred subsoil
and on the transferred altered bedrock. Some of these plants are from families known to be C4
species. The C4 species can produce malic acid, particularly under conditions of water stress
(Shah et al. 2012). Other such plants are also known to produce organic acids, including malic
acid, under conditions of nutrient limitation (Ryan et al. 2001). It is therefore possible that the
abundance of plants, with the potential of some C4 species to produce and excrete malic acid,
favored the adaptation of soil microbial communities in the topsoil of the reference steppe and
in the transferred topsoil, enabling them to catabolise malic acid.

Respecting the vertical organisation of the three soil layers thus appears to be vital during a
soil transfer operation (during the best period and without stockpiling) aimed at restoring
physico-chemical parameters and microbiological activity resembling those of the reference
soil. Our hypothesis is therefore confirmed. Three years after restoration operations in the
plain of La Crau, there are still significant differences in organic content and total nitrogen
content between the transferred topsoil and the reference; however, there are no longer any
significant differences in the ratio between POM and total carbon content, in the ratio between
mineralised carbon and total organic carbon, in the ratio between mineralised nitrogen and
total nitrogen, in microbial functional diversity, in basal respiration and in biomass. All these
results indicate that the soil functions of the transferred topsoil now closely resemble those of
the topsoil of the reference steppe, and that any remaining differences are due to differences
in plant community composition and dynamics which arise from the grazing in the
surrounding undisturbed steppe (Jaunatre et al. 2014; Bulot et al. 2014a). This is clearly not
the case for the other layers transferred (subsoil, altered bedrock) even though after the soil

transfer operation they are now over ground.

Nevertheless, soil profile descriptions show that strong differences remain between the
overall organisation of the transferred soil and that of the undisturbed soil of the reference
steppe, even three years after transfer. This is particularly due to the absence of colonisation
by earthworms and roots of the typical herbaceous perennial species of the steppe in the lower
layers. As a consequence, there are still strong differences in permeability between the
reference and transferred soil profiles. In the transferred soil, with no significant biological

activity in the lower layers, there is still no water exchange from the surface to the bottom of
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the profile and clear boundaries still exist between the different layers. It cannot therefore be
argued that restoration success as determined from the physico-chemical and biological
parameters of the soil surface layer is a guarantee of successful soil transfer in the long term.
Thus, pedological parameters for the different treatments, such as biological activity
(earthworm activity, root penetration), soil composition and structure (porosity, permeability,
etc.), now need to be monitored over the long term, so as to determine whether they are
indeed evolving towards the reference steppe soil profile structure. The absence of a
convergent evolution of these reconstructed soil pedological patterns towards those of the
reference steppe can clearly jeopardise the restoration success of plant communities,
especially if roots and earthworms are unable to colonize the bottom layers and, as a
consequence, affect their soil moisture by restoring connectivity with the upper soil layer.
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TRANSITION VERS LE CHAPITRE 2

Le chapitre 2 étudiera comment la communauté végétale se régénére suite au transfert de sol
(Figure T2) ? Le transfert de sol a été effectué dans les meilleures conditions possibles (printemps,
sans stockage) pour permettre le rétablissement de la communauté végétale steppigue cible.

L’objectif est de réussir non seulement a restaurer la composition, la richesse spécifique, la diversité

spécifique mais aussi la structuration de la végétation steppique de référence.

Pour cela, des analyses de la végétation ont été menées pour identifier si au moins un des traitements
de remise en place du sol testé permettait d’atteindre cet objectif & court terme. Ces résultats pourront
ensuite étre discutés (Discussion générale D.2) en les comparant avec les résultats obtenus dans le
chapitre 1 pour savoir quel est le meilleur traitement de transfert de sol pour restaurer a la fois le
compartiment végétal et le compartiment sol. De nouvelles directives techniques pourront étre alors
proposées afin d’améliorer les performances des opérations de transfert de sol. Dans ce chapitre, la
compaction de la surface du sol a également été expérimentée pour limiter son foisonnement et donc
I’installation d’espéces non désirées telles que les espéces anémochores ubiquistes a forte capacité de

dispersion.

CHANGEMENTS D’USAGES DES SOLS
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Figure T.2: Localisation du chapitre 2 dans |’organisation générale de la thése.
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Vue aérienne du site d’étude durant I’été 2011 juste apreés la réalisation du transfert de sol
(Crédit photo: SPSE)

Vue aérienne du site d’étude au printemps 2013
(Crédit photo: Robin Rolland, DREAL PACA)
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CHAPITRE 2

Une comparaison de différentes stratégies de transfert de sol pour
restaurer une steppe Méditerranéenne apreés une fuite

d’hydrocarbures (La plaine de La Crau, Sud-Est de la France)

CHAPTER 2

A comparison of different soil transfer strategies
for restoring a Mediterrenean steppe after a pipeline leak

(The plain of La Crau, South-Eastern France)

Adeline Bulot, Erick Provost & Thierry Dutoit

(Publié dans Ecological Engineering, 2014, 71, pp. 690-702)
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Régénération de la végétation steppique apreés un transfert de sol

Résumé du chapitre 2

Among the techniques used for the restoration of terrestrial ecosystems, soil transfer has
already produced encouraging results for re-establishing species-rich grassland plant
communities. On August 7 2009, a serious oil pipeline leak occurred in the plain of La Crau
in south-eastern France. In 2010, more than 5 ha of steppe vegetation were then destroyed by
the excavation, and removal of polluted soil. Restoration of the site was achieved by
transferring 72 000 t of identical soil from a nearby quarry. Soil was applied in four
treatments, each with a different degree of profile complexity. After three years (2011, 2012
and 2013), our results show that the replacement of the soil to include horizon similar to the
reference steppe allows recovery of the vegetation in terms of composition, similarity and
species richness of the steppe vegetation during this period. The ecological engineering
guidelines aimed at limiting the transit time of the soil and the reconstitution of its vertical
layer organization resulted in the improved recovery of the vegetation without colonisation by
non-target species. This system may further benefit from re-introduction of traditional sheep

grazing to promote sustainability following the restoration of the steppe vegetation.

KEYWORDS: Dry grassland; Ecological restoration; Ecological engineering; Community

translocation; Plant communities.
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Abstract of chapter 2

Parmi les techniques utilisées pour la restauration des écosystemes terrestres, le transfert
du sol a déja permis d’obtenir des resultats encourageants pour rétablir les communautés
végétales de prairies riches en especes. Le 7 Aodt 2009, une importante fuite d’hydrocarbure
s’est produite dans la plaine de La Crau, dans le sud-est de la France. En 2010, plus de 5 ha de
végeétation steppique ont ensuite été détruits par I'excavation et I'enlévement des sols pollués.
La restauration du site a eté réalisée par un transfert de 72 000 tonnes de sol identique
provenant d'une carriére située a proximité. Le sol a été replacé selon quatre traitements,
chacun avec un profil de sol ayant un degré de complexité différent. Apres trois années de
suivi (2011, 2012 et 2013), nos résultats montrent que le traitement de transfert du sol,
incluant la remise en place de 1I’horizon de surface semblable a la celui de la steppe de
référence, permet une reprise de la végétation en matiére de composition, de similitude et de
richesse spécifique au cours de cette période.

Les lignes directrices d'ingénierie écologique visant a limiter le temps de transit du sol et a
reconstituer 1’organisation verticale des couches pédologiques ont abouti a I'amélioration de la
régénération de la végétation sans mesurer une colonisation par des espéces non-cibles.

De plus, ce systeme peut bénéficier de la réintroduction du péaturage ovin traditionnel pour
favoriser la durabilité de la restauration de la végétation steppique.

Mots-clés: Pelouse séche; Restauration écologique; Ingénierie Ecologique; Translocation de

communauté; Communautés végétales.
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2.1. Introduction

In Western Europe, semi-natural grasslands such as dry grass-lands generally have a high
level of biodiversity (Gibson 2009), because they are subject to stress regimes (drought, low
temperature, impoverished soil, etc.) and disturbance (fire, grazing, mowing, etc.). They can
accommodate numerous biological groups (WallisDeVries et al. 2002; Piqueray et al. 2007
Gibson, 2009) having a rich diversity of animal and plant species at both local and regional
scale (Willems 2001; Poschold & WallisdeVries, 2002). It is common to find 30 to 40 species
of plants per square metre and up to 80 species with the bryophytes (Bobbink & Willems
1987; Hutchings & Stewart 2002; Rémermann et al. 2005). However, since the second half of
the 20th century, there has been a drastic decline in the range and quality of habitats of these
grasslands (Dzwonko & Loster 1998; Lee et al. 2001; Adriaens et al. 2006). This decline has
been observed in the north-west and centre of Europe in Great Britain, the Netherlands,
Belgium, France and Germany (Kiehl et al. 2010). This is mainly due to changes inland use
(urban sprawl or agriculture intensification), to landscape fragmentation and invasion by non-
native species (Saunders et al. 1991; Poschold & WallisDeVries 2002). In an attempt to put a
stop to these serious losses, management systems have been introduced in many grasslands

for conservation purposes (Wells 1969; WallisDeVries et al. 2002; Janisova et al. 2011).

However, after major soil disturbance, the vegetation recovery of these ecosystems can
be very low (Bischoff 2002; Hutchings & Booth, 1996; Coiffait-Gombault et al. 2011;
Romermann et al. 2005; Forey & Dutoit 2012), and it is then necessary to introduce
ecological restoration to speed up the natural recovery (Clewell & Aronson 2013).

Strong disturbances, due to changes in land use, can completely destroy the soil and the
vegetation. These disturbances are generally caused by human engineering projects such as
construction of roads, buildings, quarries or pipeline laying. For this, numerous ecological
restoration techniques have been introduced, such assoil transfer. Soil transfer, applied in
bulk, by spreading or in turf (whole or fragmented), has already produced encouraging results
over short periods for the reestablishment of species-rich plant communities (Worthington &
Helliwell 1987; Pywell et al. 1995; Bullock 1998; Vécrin & Muller 2003; Kiehl et al. 2010;
Jaunatre et al. 2014b). Soil transfer is the translocation of soil material and its native biota. It

involves the removal of the soil substrate and its assemblage of species from an intact donor
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site to an area requiring restoration. The purpose is to aid in the reestablishment of a
functional community following disturbance (Bullock 1998), and it may be applied to
disturbances of small or large areas (Pywell et al. 1995; Jaunatre et al. 2014b). Using this
method, it is possible to bypass both the biotic and abiotic filters that constrain the
establishment and development of plant communities. The removal of a soil from a donor site
to a location in need of restoration allows the transfer of physico-chemical elements
(nutrients, fine and coarse particles, etc.) but also soil organic matter (litter, humus, etc.).
Similarly, the fauna (pedofauna) and the flora (seeds, algae, clone, etc.) as well as the
microbial biomass (bacterial, algal and fungal) are transferred (Clewell & Aronson 2013).
Perennial plants with vegetative reproduction, which play a structure-building role in the
community, may also be transplanted as well as a part of the soil structure and a part of the

plant community structure (Manchester et al. 1999).

Soil transfer also enables the rapid re-creation of a habitat corresponding to the reference
ecosystem if the donor site is indeed close to the one that was originally degraded and/or
destroyed (Bullock 1998). This has already been demonstrated for certain grasslands in Great
Britain where positive results were achieved (Bullock 1998; Box 2003; Trueman et al. 2007).
For example, in 18 experiments, the rate of transfer for plant species ranged from 54% to 91%
after3 to 7 years with a high success rate in particular for the transfer of turf (Bullock 1998)
which may be as high as 100% after 5 years for a dry grassland restored using this method in
Great Britain (Trueman et al. 2007).

On the other hand, this technique is certainly not sustainable, since soils are not
considered a renewable resource. Soil transfer should limited to particular cases where the
destruction of the soil of the donor site is planned, generally independently of the soil transfer
operation (Bullock 1998; Bruelheide & Flintrop 2000; McLean 2003; Vécrin & Muller 2003).
In some case, the soil transfer may not always require an independent donor site. For
example, during the installation of a pipeline, the soil which has been removed, can be
immediately transported and then placed on a site that is being restored. The direct transfer or
hauling avoid or minimise any losses of seed or vegetation propagule viability, soil structure
or microbial biomass (DePuit 1984; Pfannenstiel & Wendt 1984; Andersen et al. 2008).
Transfer of large quantities of soil requires the use of civil engineering methods (use of work-
site earth moving equipment, transport trucks, etc.) and involves hydrocarbons consumption,

pollutants emission (CO2, NOx, etc.), soil compaction and alteration during transportation.
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The use of techniques associated with ecological engineering (Mitsch & Jargensen 2004)
and aimed at economising and/or preserving the soil resource have thus been recommended in
order to limit the environmental impact of this kind of restoration technique and to increase
the chances of success. For soil, this involves transferring only a few blocks which would act
as the kernel of recolonisation while allowing the recovery of the donor site (Good et al. 1999;
Kiehl et al. 2010; Jaunatre et al. 2014a). Also, the soil dilution by inoculation on the host site
of soil transferred in bulk (ratio of 1 to 2, 1 to 3, etc.) allows to economise the soil and restore
a larger area than if the soil has been removed from a donor site and replaced in a receiver site
of equal size (Vécrin & Muller 2003; Jaunatre et al. 2014a). Finally, in order to preserve the
soil (organic and physico-chemical composition, structure, etc.), it should be transferred be
transferred at the right time (spring or autumn in Western Europe) as quickly as possible and
without stocking to avoid any alteration (deterioration, destruction of the pedofauna and

pedoflora, colonisation of the stockpiles by undesirable species, etc.).

In south-eastern France, the plain of La Crau represents a good example of Mediterranean
dry grassland possessing high plant species richness (Molinier & Tallon 1950; Devaux et al.
1983; Romermann et al. 2005; Buisson & Dutoit 2006). In fact, this steppe vegetation is the
result of a regime of particular stress and disturbance induced by the shallow red
Mediterranean soil (red fersialitic soil) and by the Mediterranean climate interacting with
centuries of sheep grazing and a succession of prairie fires (Devaux et al. 1983; Cherel 1988;
Badan et al. 1995; Henry 2009). Although this environment is partly protected through the
establishment of a National Natural Reserve in 2001 on 7400 ha, extensive areas today require
active restoration (Buisson & Dutoit 2006; Coiffait-Gombault et al. 2011; Jaunatre et al.
2014a) as recovery of the steppe vegetation after changes in land use is extremely slow
(Rémermann et al. 2005; Buisson et al. 2006; Dutoit et al. 2013 a, b).

Among the areas to be restored is at the heart of the plain of La Crau and the natural
reserve, an area of 5.5 ha which was recently destroyed by leakage of an oil pipeline on 7
August 2009 (Wolff 2013). The surface, the soil, the geological agglomerate and the ground
water were polluted by the spillage of more than 5400 m3of crude oil. Consequently,
restoration has consisted of the excavation and removal of the polluted soil (72 000 t) to a

specialized treatment centre.
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To fill in this excavated area, a same type of soil was transferred from a nearby active
quarry. In order to maximise the chances of success, we have undertook the transfer (1)
during a rainy period of spring 2011 in order to enhance the regeneration of the plants (annual
and perennial species), (2) in real time without stocking to avoid soil deterioration in the
stockpiles, the destruction of the pedofauna and pedoflora and the enrichment of the piles with
seeds of undesirable species, (3) at a ratio of 1 to 1 integrating the reconstitution of soil in
different degrees of profile complexity derived from the pedogenesis of the red fersialitic soil.
Without our guidelines, only the altered bedrock would have been transferred homogeneously
over the whole area and for the full depth (at least 40 cm) of the area to be restored using
geological materials furnished by the nearby alluvial quarries. We proposed these guidelines
for the first time in order to provide the basis for maximising the development of the steppe

vegetation identical to that previously damaged.

Here, we measured the recovery of the steppe vegetation as a function of different
treatments of soil replacement. The aim is to measure the impact of these methods on the
composition, richness and species diversity over the three years following soil replacement
(2011-2013), and also on the similarity of composition and structure with a reference steppe
community surrounding the excavated area. By testing the importance of maintaining the
vertical organisation of the main pedological layers (topsoil, sub-soil, altered bedrock), we
seek to determine whether it is necessary to replace all the soil including the topsoil or
whether it is prefer-able to render the soil as oligotrophic as possible by not replacing it and
only leaving on the surface the subsoil or the altered bedrock. Our hypothesis is that the
replacement of topsoil may favour, in addition to the development of the desired target
species, also the establishment of species not targeted by the restoration because not typical of
the reference steppe ecosystem (ruderal, ubiquitous, invasive species, etc.) from the
transferred soil permanent seed bank or the surrounding seed rain of the donor site. This
would also make it possible to make the most use from a non-renewable resource, which is

the soil of the intact steppe grassland.

Compacting the soil surface, by the use of a mechanical roller just after the transfer has
also been carried out in order to test the hypothesis that this process may be a means to reduce
the establishment of these non target species to the benefit of stress tolerant species typical of
the reference steppe, making the most difficult conditions for the development and survival of

plants. So, we test these hypotheses in five treatments including from soil surface to soil depth
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(1) uncompacted top soil, subsoil and altered bedrock, (2) compacted top soil, subsoil and
altered bedrock, (3) subsoil and altered bedrock and (4) altered bedrock; in comparison with

(5) intact soil vertical layer organisation of the reference steppe.

2. Materials and methods

2.1. Study site

Our study was carried out in the plain of La Crau, located in the south-east of France
(Bouches-du-Rhéne) (Figure 2.1). This is a former fossil delta formed by deposits from the
Durance River during the Pleistocene when this river still flowed directly into the
Mediterranean Sea (Molliex et al. 2013). The topography is extremely flat with more than
50% of the soil surface covered with siliceous stones washed down from the Alps.
An agglomerate composed of stones in a calcium carbonate matrix, situated at a depth of
between 40 cm and 60 cm below the ground, prevents the roots of plants from reaching the
ground water and contributes to the edaphic dryness (Romermann et al. 2005).
The Mediterranean climate is dry and windy with strong insolation throughout the year. The
plain receives about 540 mm of rain per year, mainly in spring and autumn. The Mistral wind
blows at more than50 km h™ for 110 days year * and the sun shines for more than 3000 h
year * (Devaux et al. 1983). In addition, for more than 2000 years, traditional sheep grazing
has structured this plant community that is unique in terms of its species richness,
composition and diversity (Cherel 1988; Badan et al. 1995; Henry 2009). The vegetation
covers between 50% and 80% of the soil surface. There are on average 30 to 40 plant species
per square metre with 50% composed of annuals (Rémermann et al. 2005). Perennial species
such as Brachypodium retusum (Pers.) P. Beauv. and Thymus vulgaris L. dominate and
structure the community because of their high biomass. The other characteristic plant species
are Asphodelus ayardii Jahand. & Maire, Linum gallicum L. and Stipa capillata L. (Molinier
& Tallon 1950; Devaux et al. 1983).
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Figure 2.1: Location of the plain of La Crau in south-eastern France (A) and location of the
rehabilitated site where the oil leak occurred. The National Natural Reserve is colored in gray (B).

Réserve Naturelle Nationale des Coussouls de Crau (43°31°36.77°’N, 4°53°04.50°°E); the site
had a surface area of 5.5 ha destroyed by a leakage of crude oil on 7 August 2009
(Figure 2.1). After excavation and removal of 72 000 t of the polluted soil, bulk transfer of
soil of the same type from a nearby active quarry. Soil transfer kept the three main
pedological layers separate: the organic topsoil, the mineral subsoil and the altered bedrock
composed of gravel from the degradation of the calcareous agglomerate. In spring 2011, just
after the spreading of the topsoil, the whole site was rolled to compact the surface of the
transferred soil (Figure 2.2). The organic topsoil was a soil layer containing a mixture of
organic matter (less than 30%) and mineral matter; and the mineral subsoil constituted the
“structural” layer differing from the bedrock in its higher degree of alteration (presence of
free Fe203), and differing from the surface topsoil in its different structure (Duchaufour
1984).
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Figure 2.2: 2010-The site after excavation of the polluted soil (foreground) (A); the reference
steppe is visible in the background; 2011-Soil removal in the donor site wherethe quarry will be
extended in the future (right) and the undisturbed steppe (left) (B); 2011-Soil transfer on the
rehabilitated site (background). Two plots for vegetationsurvey are visible in the foreground
(C); 2011-Soil layers in the rehabilitated site which have been transferred from the donor site
(D) (Credit photo: UMR CNRS-IMBE).

In order to test the importance of soil profile reconstruction”, five treatments were tested.
Nine plots of 100 m2per treatment were deployed, comprising: (1) treatment “compacted
topsoil”’(CTS), including: altered bedrock (>40 cm of depth) + subsoil(20—40 cm of depth) +
topsoil (0-20 cm of depth) with surface compaction, (2) treatment “uncompacted topsoil”
(UTS), including: altered bedrock (>40 cm of depth) + subsoil (20-40 cm of depth) + topsoil
(0-20 cm of depth) without surface compaction,(3) treatment “subsoil” (SS) including: altered
bedrock (>40 cm of depth) + subsoil (040 c¢cm of depth), (4) treatment “altered bedrock”
(AB) including only the altered bedrock (surface to more than 40 cm of depth), and (5)
reference steppe (Step): the intact soil vertical layer organisation of the steppe composed by
the altered bedrock, the subsoil and the topsoil (Figure 2.3). The different treatments were

applied from January 2011 to April 2011.The plots, where the subsoil is at the surface, were
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set up last at the end of March 2011. The 100 m2surface area was chosen as it is notably
larger than the minimum area of the herbaceous plant communities of La Crau, which is about
20 m? (Devaux et al. 1983). In order to favour as far as possible the recovery of plant species,

sheep grazing has been excluded since spring 2011.
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Step.

Soil transfer treatmentsin the restored site Reference Steppe

Figure 2.3: The four soil reconstitution treatments (AB: altered bedrock, SS: sub soil, UTS:
uncompacted top soil, CTS: compacted top soil, Step.: undisturbed top soil of thereference
steppe) after their transfer in the rehabilitated site (left), and main soil layers of the reference
steppe (right).

2.2. Soil analyses

Soil samples were taken and analysed just after the end of the restoration work in April
2011. For this purpose, five 200 g soil samples were extracted at a depth of 0-10 cm in five
100 m? plots selected at random among the nine 100 m? sampled plots used to characterise
each treatment (“uncompacted topsoil”, “subsoil”, “altered bedrock” in the restoration site,
and the reference steppe surrounding the restoration site). These soil samples were constituted
by mixing three sub-samples taken at random in each randomly selected plot. After drying
and sieving (2 mm), chemical content (organic C, total N, C:N, CEC Metson, K20, P205,
Ca0,CaC03, pH) and the fine particle sizes (<2 mm) (percentages of clay(<0.002 mm), fine
silt (0.002-0.02 mm), coarse silt (0.2—2 mm), fine sand (0.05-0.2 mm) and coarse sand (0.2-2
mm)) were measured without decarbonatation by the soil analysis laboratory at INRA (Institut

National de la Recherche Agronomique) following standardised methods (Baize 2000).

2.3. Vegetation analyses

To analyse vegetation recovery after the soil transfer, one 4 m2 permanent sampling

quadrats were delimited in the centre of each the 9 x 100 m? plots of the five treatments in
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order to avoid any border effects (Buisson et al. 2006) and also in the undisturbed reference
steppe surrounding the restoration site at least 20 m from the borders delimiting the

restoration site.

In each 4 m2 quadrat, the presence and the abundance of all the plant species present were
recorded in May of each year (2011, 2012 and 2013). Each plant species sampled was
identified as target species or non-target species with regard to the aims of the restoration. The
target species are the species most characteristic of the reference steppe and which correspond
to our restoration aims (Molinier & Tallon 1950; Devaux et al. 1983). The non-target species
are the plant species that are ruderal, cosmopolitan ubiquitous, invasive, etc., generally absent
from the reference steppe (Molinier & Tallon 1950; Devaux et al. 1983).

The abundance of each target or non-target plant species was defined by a cover class
using a modified Braun-Blanquet scale (Braun-Blanquet et al. 1952), as follows: 1 = species
covering less than 5 % of the 4 m? quadrat area, 2 = species covering between 5 and 25 %, 3 =
species covering between 26 and 50 %, 4 = species covering between 51 and 75 %, 5 =
species covering more than 75%, of the 4 m2 quadrat area occupied by the vegetation, and
finally 0.2 = species represented by a single individual in the 4 m? quadrat. The percentage of
coverage and the average height of the vegetation were also measured.

2.4, Statistical data analyses

To test the effect of soil transfer on the physico-chimical parameters, between the
treatments in the restored site and the reference steppe, soil particle sizes (fine and coarse
sand, fine and coarse silt, clay) and nutrient contents (total carbon, total nitrogen, C:N, CEC
Metson, K,0, P,0Os, CaO, CaCOgs, pH) were compared. To test the effect of soil transfer
treatments on vegetation recovery in the restored site, plant composition, species richness
(total, target species, non target species) and the plant community structure between the four
treatments UTS, CTS, SS and AB with the reference steppe were compared. The community
structure is measured using different indices (Bray-Curtis, Shannon, Evenness, CSll,om and
HAI indices), average vegetation height and vegetation percent cover. The Bray-Curtis index
allows knowing if there are differences in species abundances in the sampling quadrats of the
restored site in comparison with those of the reference steppe. The Shannon and Evenness

indices allow measuring the repartition of plant population frequencies in the plant

83



Régénération de la végétation steppique apreés un transfert de sol

community of each treatment. The CSllnorm (Community Structure Integrity Index) and HAI
(Higher Abundance Index) indices distinguish the proportion of species present with a higher
abundance and also those present with a lower abundance in the restored site in comparison
with the reference steppe (Jaunatre et al. 2013). Finally, the average height and percent cover

of the vegetation give a proxy on vegetation volume and biomass for each treatment.

Since the parametric conditions (Lilliefors test) have not been validated for testing the
interaction between the three years of vegetation monitoring and the different soil
replacement treatments, this interaction could not be calculated. To compare the soil particle
sizes, the nutrient content, the coverage, the average height of the vegetation, the species
richness, the Shannon index, the Equitability (Pielou 1969), the Bray-Curtis distances, and the
CSllhorm and HAI (Jaunatre et al. 2013), we used ANOVA tests when the data followed a
normal law (Lilliefors test). This first analysis was followed by post-hoc Tukey tests when a
significant difference had been detected between treatments. When conditions were not
normal, we used non-parametric Kruskal-Wallis tests followed by Mann-Whitney-Wilcoxon
non-parametric tests, with the value of p was adjusted according to the method of Benjamini-
Hochberg (Benjamini & Hochberg 1995), when a significant difference was detected between
treatments. These different parametric and non-parametric tests were performed in order to
compare between the different treatments of soil replacement during the third year of
monitoring (2013), or to compare between the three years of monitoring (2011, 2012 and

2013) for a single soil replacement treatment.

The characteristics concerning the composition and the abundance of the plant species
were ordinated using a NMDS (Non-metric Multidimensional Scaling) based on the Bray-
Curtis similarity (Borcard et al. 2011) to visualise the changes in the vegetation structure, and

the species which were the most correlated to each treatment.

The Bray-Curtis distance (Bray & Curtis 1957) is a dissimilarity index which we have
used to measure the distance between the abundances of the plant species present in each soil
replacement treatment and those present in the reference steppe. More specifically, for each
quadrat monitored at the restored site, the mean Bray-Curtis distance between the nine
quadrats of each treatment and the nine quadrats of the reference steppe was calculated. The
mean of this distance varied from 0 to 1. If the value is 0, this signifies that a complete

similarity namely an abundance of the plant species in the sampling quadrats at the restored
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site strictly identical to those monitored in the reference steppe. On the other hand, if the
distance value is 1, this signifies that there was a complete dissimilarity namely the abundance
of the plant species was strictly different in the sampling quadrats of the restored site

compared to that of the reference steppe.

Species diversity was calculated using the Shannon index and the Evenness that provide
information on the distribution of plant population frequency in each treatment. The Shannon
index is zero when the population is represented by a single species and becomes maximum
when the population is evenly distributed between all species. The Evenness index, based on
the Shannon index varies between 0 and 1. Its value is maximum when the population
distribution is uniform between all species and is minimal when one species dominates
(Pielou 1969).

The normalised Community Structure Integrity Index (CSllym) and the Higher
Abundance Index (HAI) (Jaunatre et al. 2013) were used to assess the success of restoration
of the plant community. The CSllyom index measures the proportion of the abundance of the
species of the reference steppe represented in the community of the restored site, and the HAI
index measures the proportion of the abundance of species in the restored site community
which is higher than in the reference steppe community (Jaunatre et al. 2013).

All the statistical analyses were performed using the R software version 2.15.2. (The R
Foundation for Statistical Computing 2012), with its packages for univariate analyses, and the
additional packages ade4 (Chessel et al. 2004; Dray & Dufour 2007) and vegan (Oksanen et

al. 2013) for the multivariate analyses.
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2.3. Results

2.3.1. Effect of soil transfer on the physico-chemical parameters of the soil

The transferred soil showed significant differences in the soil physical properties
(Table 2.1). The treatment “uncompacted topsoil” had a particle size that is roughly
equivalent to that of the topsoil of the reference steppe although the quantities of silt and
coarse sand are significantly greater. Nevertheless, there was no difference in terms of
quantities of clay, fine silt and fine sand. The treatment “altered bedrock” presented a
distinctly coarser fine particle size than that of the treatment “uncompacted topsoil” and than
that of the reference steppe with significantly higher quantities of coarse silt and coarse sand.
In contrast, the quantities were significantly lower for the clay, the fine silt and the fine sand.
The particle size of the treatment “subsoil” had an intermediary position between that of the

treatment “uncompacted topsoil” and that of the treatment “altered bedrock™.

The transferred soil also showed significant differences in the chemical properties
(Table 2.1). The treatment “uncompacted topsoil” presented a significantly higher pH than in
the reference steppe, but significantly lower than in the treatment “subsoil”, and again
distinctly lower than in the treatment “altered bedrock”. There was no significant difference
with regard to the content in CaO, CaCO3 and total nitrogen (total N), K,O, and with regard to
the CEC of Metson between the treatment “uncompacted topsoil” and that of the reference
steppe that had remained in place. These content levels were significantly lower in the

treatment “subsoil” and even more significantly lower in the treatment “altered bedrock”.
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Table 2.1: Soil analyses for each of the five treatments in April 2011: The measured
values are means + standard errors; Within a row, two cases with a different letter have
significantly different values according to Tukey post-hoc tests or Mann-Whitney-Wilcoxon
tests.

ANOVA Altered Sub soil Uncompacted Reference
Kruskal -Wallis bedrock topsoil steppe
Clay Fdf;;lo 74.0+17.0 224.6 £53.0 244.8 £ 58.0 209.0£49.0
-1 =
(g.kg™) p <0.001 c ab a ab
Fine silt £ ilf6=9463 108.4 +16.0 177.8 £26.0 196.6 + 28.0 199.6 £ 29.0
-1 = .
(g.kg ) p <0.001 C b ab a
Coarse silt £ S’f1=53f 9 59.6 £ 14.0 121.4+£29.0 137.2 £32.0 152.8 + 36.0
-1 = o
(g.kg™) p <0.001 d c b a
Fine sand Xf{;:S 339.8+80.0 196.8 +46.0 198.0 +46.0 219.0+51.0
-1 = .
(g.kg") p <0.001 a b b b
Coase sand £ i’f3=1475 418.2 £99.0 279.4 £ 66.0 223.4+53.0 219.6 £52.0
-1 = o
(s-kg™) p<0.001 a bc bc d
Total carbon F ff9=1487 1.59+04 9.14+2.0 14.06 £ 3.0 15.96+4.0
-1 = .
(g.kg™) p <0.001 C b a a
.Total df=4 0.19+0.0 1.05+0.2 1.47 £0.3 1.5+03
nitrogen F=96.8 c b 5 3
(g-kg™) p <0.001
df =4 8.48+2.0 873+2.0 9.57+2.0 10.6 £ 2.0
C:N F=14.20 c b ab a
p <0.001
CEC Metson £ ff2=14236 245+1.0 6.59+2.0 8.17+2.0 7.69+£2.0
-1 = o
(cmol+.kg ™) p <0.001 c b a a
K,O df =4 0.02+0.0 0.09 £0.02 0.13+£0.03 0.12 £0.03
(2.ke") F=43.23 . . . :
: p <0.001
df=4
+ + +
( P:(O_sl) F-567 0.01 _a0.002 0.01 ;I;).OOZ 0.01 _b0.002 0.07 +0.002 b
8-Kg p<0.01
Cao df = 4 9.14+2.0 563+£1.0 2.77+1.0 1.87+04
(eke) F=19.86 . . ) b
p <0.001
CaCO; £ ff;lgo 265.0+ 63 19.36+5.0 1.58 +4.0 1.00+0.2
-1 = .
(g.kg™) p <0.001 a b c c
df=4
8.78£2.0 8.13+2.0 7.44+£2.0 6.55+1.0
pH F=1453 , b . g

p <0.001
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2.3.2. Effect of soil transfer on the vegetation

2.3.2.1. Percent cover and average height

In the reference steppe, the percent cover of the vegetation stayed relatively stable during
the three years of monitoring (2011, 2012 and 2013). In the treatment “compacted topsoil”,
the percent cover of the vegetation increased from 2011 to 2013, but in the treatment
“uncompacted topsoil”, it increased only significantly between 2011 and 2012. In the
treatments “subsoil” and “altered bedrock”, this percent cover was low although it increased
significantly between 2012 and 2013 (Figure 2.4A). In spring 2013, the percent cover was not
significantly different between the reference steppe and the treatments “compacted topsoil”
and “uncompacted topsoil”. Nevertheless, it was significantly lower in the treatments

“subsoil” and “altered bedrock” in the restored site (Table 2.2).

In the reference steppe, the average height of the vegetation significantly increased
between 2011 and 2012, and significantly declined between 2012 and 2013. In the treatments
“compacted topsoil”, “uncompacted topsoil” and “subsoil”, this average height significantly
increased between 2011 and 2012 whereas in the treatment “altered bedrock”, this parameter
significantly increased between 2012 and 2013 (Figure 2.4B). In spring 2013, the average
height of the vegetation was significantly higher in the treatments “uncompacted topsoil” and
“compacted topsoil”, compared to the average height of the vegetation of the reference steppe.
In contrast, the average height of the vegetation in the treatment “subsoil” and in the treatment

“altered bedrock™ was not always significantly different from that of the reference steppe

(Table 2.2).

2.3.2.2. Species richness

Between 2011 and 2012, the total species richness of the vegetation significantly
increased in the treatment “subsoil”, whereas it had significantly declined in the treatment
“altered bedrock”. In the treatment “compacted topsoil”, the total number of species increased
only between 2012 and 2013. The total species richness in the treatment “uncompacted
topsoil” and in the reference steppe was stable between 2011 and 2013 (Figure 2.4C). The
species richness in target plant species followed the same pattern as the total species richness

in all soil transfer treatments and in the reference steppe for the three years of monitoring
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(Figure 2.4D). The species richness in non-target plant species significantly declined in the
treatments “compacted topsoil”, “uncompacted topsoil” and “altered bedrock™ between 2011
and 2012; but then increased, between 2012 and 2013, in the treatment “altered bedrock”.
There was no significant difference in non-target species richness from 2011 to 2013 in the

treatment “subsoil” and in the reference steppe (Figure 2.4E).

In spring 2013, there was no significant difference between the total species richness in
the treatments “subsoil” and “altered bedrock”, and that of the reference steppe. The total
species richness was however significantly higher in the treatments “compacted topsoil” and
“uncompacted topsoil”. The richness in target plant species showed a similar pattern to that of
the total species richness, but it was significantly lower in the treatment “altered bedrock”
than in the reference steppe. However, the species richness in non-target plant species was
significantly higher for all soil transfer treatments at the restored site compared to that of the

reference steppe (Table 2.2).
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Figure 2.4: Means and standard errors of vegetation cover (%) (A), mean height (cm) (B), target
species richness (4m?) (C), non-target species richness (4m?) (D) and total species richness
(4m2) (E) during the three years of vegetation survey (2011, 2012 and 2013) for each
treatment: undisturbed top soil of the reference steppe (very dark grey), compacted top soil (dark
gray), uncompacted top soil (grey), sub soil (light grey) and altered bedrock (white). F and p values
of ANOVA tests or X2 and p values of Kruskal-Wallis tests, performed within each treatment, to
compare years, are reported above each bar. Within a treatment, bars sharing common letters
don’t have significant differences according to Tukey post-hoc test or Mann-Withney-Wilcoxon test.
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2.3.2.3. Composition and abundance of plant species

The NMDS ordination showed a gradient of vegetation composition respectively of the
reference steppe towards the treatments “compacted topsoil” and “uncompacted topsoil”, then
towards the treatment ‘“subsoil” and finally towards the treatment “altered bedrock”

(Figure 2.5A). All soil transfer treatments were clearly separated from the reference steppe.

The reference steppe was characterised by its most representative species as the perennial
species, Brachypodium retusum (Pers.) P. Beauv. (Poaceae), which dominate the steppe plant
community, and by the presence of other annual species such as Lysimachia linum-stellatum
(L.) Duby (Primulaceae) or Aira cupaniana Guss (Poaceae) (Figure 2.6). The vegetation had
a very slow dynamic during the three years of monitoring, as indicated by the trajectories of
its barycentre (Figure 2.5B). This means that there was very little change in the composition
and abundance of the plant species in the time. Furthermore, the vegetation was relatively

homogeneous in term of composition and abundance of plant species.

There was a clear separation between the soil transfer treatments of the restored site and
the reference steppe. The treatments “compacted topsoil” and “uncompacted topsoil”, and the
treatment “subsoil” were less distant from the reference steppe, but there were non-target
graminaceous species such as Hordeum murinum L. (Poaceae) or Lolium rigidum Gaudin
(Poaceae) which dominate the restoration treatments instead of Brachypodium retusum (Pers.)
P. Beauv. (Poaceae) (Figure 2.6). These treatments were also characterised by other non-
target species such as Cynodon dactylon (L.) Pers. (Poaceae), but also by annuals target
species which were present with higher abundance than in the reference steppe, for examples
Medicago monspeliaca (L.) Trautv. (Fabaceae), Euphorbia falcata L. (Euphorbiaceae) or
Neatostema apulum (L.) I.M.Johnst. (Boraginaceae) (Figure 2.6). In these three treatments,
there were strong changes in vegetation composition and distribution between the first and the
second year, but after the second year, these changes were weaker. However, these changes in
the floristic composition were more important than in the reference steppe (Figure 2.5B).
Finally, the treatment “altered bedrock™ was characterised by pioneer annual target species
such as Silene nocturna L. (Caryophyllaceae) or Petrorhagia prolifera (L.) P.W.Ball &
Heywood (Caryophyllaceae), but also by other non-target species such as Kali soda L.
(Amaranthaceae) and Diplotaxis tenuifolia (L.) (Brassicaceae). Annual vegetation changes

were still important for this treatment during all the monitoring period (Figure 2.5B).
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Figure 2.5: NMDS ordination based on 9 vegetation samples for each of the five treatments (n =
45). The A plot shows only the 2013 samples grouped by treatment with polygons: undisturbed top
soil of the reference steppe (very dark grey), and compacted top soil (dark grey), uncompacted top
soil (grey), sub soil (light grey) and altered bedrock (white) transferred. To clarify, only the most
correlated plant species to the two first axes are literally inscribed. The B plot shows the vegetation
dynamic for each treatment, according the position of their barycenter during the three years of
the vegetation survey (2011-2012-2013).
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Figure 2.6: Mean percent cover of (A) three characteristic plant species only found in the
reference steppe, (B) three target species present in the restored site and absent from the
reference steppe, and (C) three non-target species dominant in the restored site and absent
from the reference steppe (AB: altered bedrock, SS: sub soil, UTS: uncompacted top soil, CTS:
compacted top soil, Step.: undisturbed top soil of the reference steppe). The ordinate scale,
between two, plots is different and corresponds to the mean abundance coefficient.

In spring 2013, calculation of the Bray-Curtis distance showed a great dissimilarity,
which was significant, for the treatments “subsoil” and “altered bedrock™ with the reference
steppe. In contrast, the treatments “compacted topsoil” and “uncompacted topsoil” showed a
lower dissimilarity which was not significant, with the reference steppe and with treatments
“subsoil” and “altered bedrock” (Table 2.2).

The Shannon index and the Evenness also showed the same pattern as species richness
with significantly higher values in the transferred topsoil compacted or not and significantly

lower values in the altered bedrock compared to the reference steppe topsoil (Table 2.2).
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For the soil transfer treatments, excepted for the treatment “altered bedrock”, the CSIInom
index showed a significant increase between 2011 and 2012. Between 2012 and 2013, this
index has decreased only in the treatment “uncompacted topsoil” (Figure 2.7A). In spring
2013, the treatments “compacted topsoil” and “uncompacted topsoil” presented a significantly
higher proportion of reference steppe species in terms of abundance with a high CSllom
index compared with the treatment “subsoil” and “altered bedrock™ (Table 2). The HAI index
showed a significant increase in the treatments “uncompacted topsoil” and “compacted
topsoil” between 2011 and 2012, then this index has significantly increased only in the
treatment “altered bedrock” between 2012 and 2013 (Figure 2.7B). In spring 2013, the HAI
index was relatively high in all the other soil transfer treatments and significantly different

with the reference steppe (Table 2.2).
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Figure 2.7: Means and standard errors of (A) normalized community structure integrity index,
and (B) higher abundance index for the three years of vegetation survey (1% 2011, 2"% 2012,
3™: 2013) for each treatment: undisturbed top soil of the reference steppe (very dark grey), and
compacted top soil (dark grey), uncompacted top soil (grey), sub soil (light grey) and altered
bedrock (white) transferred. F and p values of ANOVA tests or X2 and p values of Kruskal-Waliis
tests, performed within each treatment, to compare years, are reported above each bar. Within a
treatment, bars sharing common letters don’t have a significant difference according to Tukey post-
hoc tests or Mann-Withney-Wilcoxon tests.
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Table 2.2: Plant community characteristics for each treatment after 3 years, in spring 2013:
The measured values are means + standard errors; within a row, two cases with a different letter
have significantly different values according to Tukey post-hoc tests or Mann-Whitney-Wilcoxon

tests.
ANOVA Altered sub Soil Uncompacted  Compacted Reference
Kruskal - Wallis Bedrock Top Soil Top Soil Steppe
. df=4
Total Species F-18.82 2478 +3.69 34.44+5.13 43.89+6.54 4578+ 6.82 31.11+4.64
Richness . ; 0 601 c b a a bc
::;f;ts . f’fz:l‘gs 18.00£2.68 28.89+4.31 3656+545 3867576 27.56+4.11
Richness p <0.001 ¢ b a a b
Non - target df=4 678+1.01 6.11+091 7.67+114 7.56+1.13
Species F=8.813 : ; : : ; : ’ ; ’ ’ ; ’ 3.11+£0.46
Richness p <0.001 b
df =4 22.11+3.30 20.00+2.98
Mean Height X?=24.66 13.00+1.94 11.11+£1.66 ’ a_ ’ ’ a_ ’ 11.33+1.69
p <0.001 ab b b
. df=4
Vegetation F-5183 5.00+£0.74 21.11 +3.15 53.890+8.03 60.00+8.94 69.44+10.35
cover p <0.001 c b a a a
_ df=4
Bray-Curtis F-8558 0.71+0.10 0.68 £0.10 0.60 +0.09 0.58 +0.68 0.51+0.08
Index p_<0.001 a ab abc bc c
df=4
Shannon F=1975 1.48 £0.22 1.64 £0.24 1.79£0.27 1.82 £0.27 1.61+£0.24
Index ) ; ; 601 c b a a bc
df =4
Evenness F=19.25 0.30+0.04 0.34 £ 0.05 0.37+£0.05 0.37 £0.06 0.33+£0.05
p <0.001 c b a a bc
df =4
csi Index F=54.43 0.35+0.02 0.44 +0.03 0.68 + 0.02 0.69 £ 0.02 1.00 £ 0.01
norm - .
p <0.001 ¢ ¢ b b a
df=4
HAI Index F-114 0.57+0.01 0.63+£0.01 0.64 £0.01 0.62+£0.01 0.24+£0.01
> <_0 001 b ab a ab c
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4. Discussion

In this work, we have studied the regeneration of a steppe vegetation, in the plain of La
Crau, after a soil transfer on a restored site done in spring and without soil storage. The
originality of this soil transfer resides especially in the fact that it was conducted by testing
different degrees of complexity of the soil vertical layer organisation and on soil surface
compaction. The general aim was thus to find the best compromise between the effectiveness
of this ecological restoration technique and its ecological sustainability to economise the soil

and to limit the passage of worksite machinery.

The rapid transfer of the topsoil replaced at the surface gave rise to some significant
differences in the physico-chemical characteristics of the soil compared to the topsoil that
remained in place in the reference steppe. However, soil nutrient contents were similar
between the transferred plots and the reference steppe. In the plain of La Crau, Jaunatre et al.
(2014a) have already measured that the soil transfer did not affect the soil properties, unlike
some turf translocations in Great Britain (Trueman et al. 2007). On the other side, the C:N
ratio was lower in the transferred topsoil whereas the pH and calcium increased by at least
one unit in relation to the reference steppe as already measured in the plain of La Crau
(Coiffait-Gombault et al. 2011; Jaunatre et al. 2014a). We assume that the soil transfer had
probably increased the oxidation of the labile organic matter of the transferred topsoil and/or
the solubilisation of calcium carbonates from the calcareous matrix or calcareous stones
degraded during the transfer. Similarly, the increase of the coarse sand content in the
transferred topsoil may be linked to the crushing of certain siliceous stones degraded during
the transfer.

Two years after the soil transfer and replacing the topsoil at the surface without
compaction, the plant community was constituted by more than 50% of annual species, as it
was in the reference steppe (Molinier & Tallon, 1950; Devaux et al. 1983; Romermann et al.
2005). In 2012, only a year after the soil transfer, the plant species richness was significantly
greater than that of the reference steppe with the presence of a higher number of target species
both annual (Galium sp., Linum trigynum L. or Sideritis romana L. (Lamiaceae) and perennial
(Brachypodium retusum (Pers.) P.Beauv. (Poaceae), Dactylis glomerata L. (Poaceae) or Bellis

sylvestris Cirillo (Asteraceae). The success also lies in the fact that very few non-target
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species such as Cynodon dactylon (L.) Pers. (Poaceae), Dittrichia viscosa L. Greuter
(Asteraceae), Diplotaxis tenuifolia (L.) DC. (Brassicaceae) or Hordeum murinum L.
(Poaceae) have developed contrary to a first soil transfer realized in the plain of La Crau
(Jaunatre et al. 2014a). It can be related to the low fertility of the transferred soil on the
restored site. Indeed, nitrogen and organic carbon levels were similar than in the reference
steppe. Jaunatre et al. (2014a) have measured that the soil transfer did not affect the soil
fertility, unlike some turf transfers (Trueman et al. 2007). These abiotic conditions can also
explain the plant percent cover which was equivalent to that of the steppe reference in 2013.
However, the vegetation had a greater mean height and the percent cover has increased
continually during the monitoring period. Then, it seems necessary now to re-establish a
management system that will control vegetation growth. The return of sheep grazing is
probably the best tool, due to trampling and biomass consumption (Gibson & Brown 1992;
Bullock 1998; Stroh et al. 2002; Henry 2009). Moreover, we suggest that the differences
measured between 2011 and 2013/2013 in the reference steppe were due to interannual
variations in grazing pressure which is a characteristic of the grazing system in the Crau area
(Dureau & Bonnefon 1997).

The plant species richness, composed by 84 % of target species, higher than in the
reference steppe, can be explained in this restoration treatment by the viable seeds contained
in the transferred soil seed bank, but also probably by the low density of non-target seed bank
which did not prevent the establishment of target species (Baer et al. 2008; Standish et al.
2008; Jaunatre et al. (2014a). In addition, the reference steppe was an old steppe strongly
dominated by the perennial species Brachypodium retusum (Pers.) P.Beauv. which leaving
less space free for the expression of other annual plant species (Henry 2009; Saatkamp et al.
2010).

The species diversity, although higher than in the reference steppe, remains relatively
low. However, the restored plant community seems slightly more evenly distributed among
species. This can be explain by the fact that Brachypodium retusum (Pers.) P.Beauv.
(Poaceae) did not dominate the young restored site in comparison with the old reference
steppe. As against, the frequency of plant species, which was different until one year after the
soil transfer, is no longer dissimilar to those of the reference steppe. This result is innovative

in the plain of La Crau where the abundance of plant species remained very different from the
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steppe with regard to a soil transfer carried out by spreading on a hay meadow with a 1/3 ratio

even three years after the end of operations (Jaunatre et al. 2014a).

Nevertheless, in our case, the restoration success of the plant structure community, taking
into account the indices measuring the integrity of the steppe, is not reached. Indeed, the
proportion of abundance of the reference steppe plant species represented in the restored
community is still significantly low, and the proportion of species abundances in the restored
community, higher than in the reference steppe community, is significantly higher. On the
other hand, unlike the study of Jaunatre et al. (2014a), the species, present in greater
abundance on the restored site than on the reference steppe, are for the most part target
species that are not expressed in the old reference steppe (Evax pygmea (L.) Brot.
(Asteraceae), Ranunculus paludosus Poir. (Ranunculaceae), Neastostema apulum (L.)
I.M.Johnst. (Boraginaceae) or Plantago bellardii All. (Plantaginaceae). The restored site
nevertheless remains dominated in frequency of species by plant species such as Hordeum
murinum L. (Poaceae), Bromus sp. (Poaceae) and Brachypodium distachyon (L.) P.Beauv.

(Poaceae), which are the species present in very low abundance in the reference steppe.

In spring 2013, with the reconstitution of the altered bedrock and the subsoil until the soil
surface, the plant community has a target species rate of less than 20% from that of the
reference steppe, but the total species richness was similar. Nevertheless, the proportion of
target species, based on the total number of species, reaches 82%. When only the altered
bedrock is replaced, the species richness was lower than in the treatment where the three main
soil layers were reconstituted, with 56% of species which are less. However, 73% of species

identified on this soil transfer treatment are target species.

Concerning the species composition, the treatment with only the reconstruction of the
altered bedrock, can be clearly distinguished from the other treatments and the reference
steppe by the presence of few pioneer species, such as Petrorhagia prolifera (L.) P.W.Ball &
Heywood (Caryophyllaceae) or Silene nocturna L. (Caryophyllaceae). A very rapid increase
in the number of species was measured on the treatment with the subsoil on the soil surface. It
corresponded to an artifact because the vegetation there was not yet developed between the
ends of the implementation of this treatment plots (April 2011) and the vegetation surveys
(May 2011) in contrast to other treatments installed from January 2011. Without the

reconstitution of the organic topsoil layer, the species diversity was similar to that in the
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reference steppe, but a significant dissimilarity was measured as regards to plant species
abundance. This may be due to the dominance of annuals Poaceae as Avena barbata Pott ex
Link (Poaceae), Bromus sp. (Poaceae), Lolium rigidum Gaudin (Poaceae) or Hordeum
murinum (Poaceae) on these two treatments, as well as the reference steppe which is

dominated by Brachypodium retusum (Pers.) P.Beauv. (Poaceae).

When the subsoil or the altered bedrock was implement until the soil surface, between the
first and the second year of the vegetation survey, percent cover and mean height of the
vegetation increased significantly. On the other side, the percent cover stayed very low on the
altered bedrock probably because of the stressful soil conditions. In contrary, on the subsoil,
the vegetation seemed stable between the second and the third year of the vegetation survey,
even in the absence of sheep grazing. In fact, the percent cover and the mean height of the
vegetation stopped to grow and become similar to those of the reference steppe. The return of
the sheep grazing can be considered on the treatment with the subsoil at the soil surface to
preserve, in the long term, bare soil spaces favorable to the stress-tolerant annual targets
species (Gibson & Brown 1992; Bullock 1998); and also on the treatment with the altered

bedrock at the soil surface to control vegetation height.

No significant differences were measured between the treatments with the topsoil at the
soil surface compacting or not. The soil compaction did not seem to increase or accelerate the
soil transfer success in this ecosystem, although it seemed to decelerate the vegetation cover
recovery of the restored site. Indeed, one year after the soil transfer, the percent cover was
20% on the compacted plots against 40% on the uncompacted plots. However, the sheep
grazing can have the same function to open the ecosystem (Gibson & Brown 1992; Bullock
1998; Stroh et al. 2002; Henry 2009).

After the soil transfer, a very strong recovery of the steppe plant community can be
measured especially in terms of species richness and composition. These first results were
comparable with other results already obtained in temperate grasslands (Bullock 1998; Good
et al. 1999; Box 2003; Trueman et al. 2007; Eichberg et al. 2010) or in the plain of La Crau
(Jaunatre et al. 2014a). The best results were obtained with the total reconstitution of the
vertical soil layer organisation, even in terms of species abundance. However, without the
topsoil layer, the results are also very promising with only the subsoil replaced at the surface.

A soil transfer by spreading of an organic-mineral mixture, without compacting, may then be
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sufficient to obtain equally rapid results. This might also provide a means to increase the area
over which the transferred soil could be spread by inoculation in ratios of 1 to 2 or 1 to 3.
Also the soil transfer with a ratio of 1 to 1 does not result in a gain in terms of ecological
restoration. For this, the turf transfer, which allows a recolonisation on the receiver site and a
healing on the donor site, is a technical line to explore a framework researching a
sustainability of practices. More, the soil compaction does not seem necessary, especially
since it induces additional CO, emissions and higher costs.

None of the soil replacement treatments, even if based on ecological engineering
guidelines, made it possible to fully restore the integrity of the reference steppe plant
community in the very short term (3 years), especially in terms of abundance / dominance of
plant species and vegetation density. Now, the return of the ancestral sheep grazing seems the
priority on the restored site. The actions of consumption, trampling and seed dispersal
(endozoochory, exozoochory) should provide the means to speed up the spatial structuring of
the steppe vegetation.Though very promising results for restoring plant communities with
high species richness are obtained with the soil transfer (Pywell et al. 1995; Bullock 1998;
Good et al. 1999; Box 2003; Vécrin & Muller 2003; Trueman et al. 2007; Eichberg et al.
2010; Jaunatre et al. 2014a), this method of ecological restoration is non-sustainable because
it is destructive of a non-renewable resource, the soil. Also, the conveyed soil transfer is
pollutant and uses non-renewable energies. It should in no way be a substitute for in situ

conservation (Mc Lean 2003).
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TRANSITION VERS LE CHAPITRE 3

A ce jour, aucun projet de restauration €cologique n’a réussi a restaurer I’intégralité d’un
écosysteme, méme si des résultats positifs sont mesurés par rapport aux objectifs visés (Benayas
et al. 2009). De plus, la restauration écologique fait encore trop souvent appel a I’ingénierie civile
qui est non durable. Pour répondre aux objectifs fixés par la conférence internationale sur la
diversité biologique de 2010, il est donc nécessaire de passer progressivement vers une ingénierie
écologique durable. De nouveaux outils doivent donc étre développés.

Le chapitre 3 constitue une étude préalable afin d’identifier si la fourmi Messor barbarus est
un bon partenaire en ingénierie écologique pour compléter la restauration écologique de la
communauté steppique de la plaine de La Crau par ses roles d’ingénieur de 1’écosysteme (Jones et
al. 1997). Des analyses ont ét¢ menées sur l’action de la fourmi Messor barbarus sur la
redistribution des graines et sur I’émergence des plantules des especes végétales caractéristiques
de la plaine de La Crau via la construction de dépotoirs a une échelle locale. L’objectif était de
mieux appréhender si cette espece de fourmis moissonneuses peut aider a la restauration de la

structuration de la communauté végétale steppique de référence (Figure T.3).
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Figure T.3: Localisation du chapitre 3 dans [’organisation générale de la thése.
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Ouvriéres de Messor barbarus rejetant des graines dans un dépotoir
(Crédit photo: Laurence Berville - IMBE)

Protocole d’émergence de la banque de graines des dépotoirs sous serre
(Crédit photo: Soléne Masson - IMBE)
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CHAPITRE 3

Les dépotoirs des fourmis augmente la richesse spécifique des

graines et des plantes mais pas la viabilité des graines transitoires

CHAPTER 3

Ant refuse piles increase seed and plant species-richness

but not the viability of transient seeds.

Adeline Bulot, Erick Provost & Thierry Dutoit

(Soumis dans Journal of Vegetation Science, 22 juillet 2014)
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Redistribution des graines par la fourmi moissonneuse Messor barbatus

Résumé du chapitre 3

Questions: 1. Les dépotoirs, construits par Messor barbarus, affectent-ils la distribution des
graines dans les pelouses Méditerranéennes? 2. La composition, la richesse spécifique et la
densité des graines, en automne et en hiver, sont-elles localement différentes dans les dépotoirs
comparées a des zones sans dépotoirs? 3. Les dépotoirs augmentent-ils la viabilité de la banque de
graines transitoire, ou accentuent-ils les différences de composition dans la banque de graines
permanente? 4. Y a-t-il des différences dans la vegetation analysée, au printemps suivant, dans les
dépotoirs qui ont passé I’hiver ou qui ont été détruits, en comparaison a des zones sans dépotoir?
Location: Pelouse méditerranéenne dans le Sud-Est de la France, prés de Marseille.

Methods: en automne et en hiver, les banques de graines ont été analysées ex situ dans une serre
selon la méthode d’émergeance des cultures, a la fois dans les dépotoirs et dans des sols prélevés
dans des zones sans activité de fourmis. Le printemps suivant, la végétation a été analysée in situ
sur les dépotoirs, sur les zones ou les dépotoirs ont été naturellement détruits en hiver et sur des
zones contrdles sans activité de fourmis.

Results: La richesse spécifique de la banque de graines et la densité des graines étaient
significativement plus élevées en automne et en hiver dans les dépotoirs que dans des sols
prélevés en méme quantité dans des zones sans activité de fourmis. Cependant, aucune
augmentation de la viabilité¢ de la banque de graines transitoire n’a été détectée en hiver dans les
dépotois mais une différence significative a été détectée concernant la composition de la banque
de graines permanente entre les dépotoirs et les sols sans dépotoir. Au printemps suivant, la
végétation sur les dépotoirs montre une densité et une richesse spécifique des plantules
significativement plus faibles que sur les zones de méme superficie sans activité de fourmis.
En revanche, la densité et la richesse spécifique des plantules étaient significativement plus
élevees sur les zones ou les dépotoirs ont été détruits naturellement au cours de I’hiver.
Conclusions: Nous confirmons que la construction de dépotoirs par M. barbarus permet
d’augmenter la densité et la richesse spécifique des graines. Pour la premiére fois, nous montrons
qu’un impact positif sur la future végétation peut étre observé seulement si les dépotoirs sont
naturellement détruits pendant I'hiver. Aucune augmentation de la viabilité des graines transitoire

n’a été mesurée.

Key-words: Myrmécochorie, dispersion des graines, diversité des plantes, coexistence des
especes, interactions plantes-insectes, fourmi moissonneuse, Messor barbarus, pelouse

méditerranéenne.
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Abstract of the chapter 3

Questions: 1. Do refuse piles constructed by harvester ants (Messor barbarus L.) affect seed
distribution in Mediterranean grasslands? 2. Do their small-scale seed composition, richness
and density in autumn and winter differ from those of areas without refuse piles? 3. Do refuse
piles increase transient seed viability or heighten differences in permanent soil seed bank
composition? 4. Are there differences in the vegetation found the following spring in refuse
piles that have survived the winter, or on sites where they have been destroyed, compared to
soil areas without refuse piles?

Location: Mediterranean grasslands in south-eastern France, near Marseille.

Methods: Autumn and winter seed banks were measured ex situ in a greenhouse, using the
seedling emergence method, both in refuse piles and soil without refuse piles. The following
spring, vegetation in refuse piles, former refuse pile sites (refuse piles naturally destroyed in
winter) and controls without refuse piles were recorded in situ.

Results: Seed bank species richness and density were significantly higher in autumn and
winter refuse piles than in the same soil quantities without refuse piles. Nevertheless, no
increased contribution from the transient seed bank was detected in the winter refuse piles as a
significant difference in permanent seed bank composition between refuse piles and soil
without refuse piles. The following spring, refuse pile vegetation showed significantly lower
species richness and seedling density than controls. However, seedling species-richness and
seedling density were significantly higher in places where refuse piles were naturally
destroyed in winter.

Conclusions: We confirm that the construction of refuse piles by M. barbarus locally
concentrates seed density and seed species-richness. For the first time, we show that a positive
impact on future vegetation can be observed only in places where these refuse piles are
naturally destroyed during winter. No increase in transient seed viability was found in the

refuse piles that survived winter.

Key-words: Myrmecochory, seed dispersal, plant diversity, species coexistence, plant-insects

interactions, harvester ant, Messor barbarus, Mediterranean grassland.
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3.1. Introduction

The mutualistic relationships that ants maintain with plants through seed dispersal have
led to ants being recognized as keystone species (Gilbert 1980; Gove et al. 2007). They are
even considered to be the major invertebrate seed dispersers in terrestrial ecosystems (Stiles
1980). Sensu lato, seed dispersal by ants is an active process defined by the term
“myrmecochory” (Sernander 1906; Howe & Smallwood 1982). Some plants even develop a
nutritious appendage on their seeds, which means they can be dispersed specifically by ants
(Sernander 1906; Bond & Slingsby 1984; Beattie & Hughes 2002; Youngsteadt et al. 2009).
Other plants may be spread by dyszoochory, where harvester ants forget or accidentally drop
small amounts of non-elaiosome seeds during their foraging activity (Hobbs 1985; Rissing
1986; Arnan et al. 2010).

Harvester ants can be found in a variety of regions including arid, semi-arid and tropical
areas and in various habitats (Brown et al. 1979; Morton & Davidson 1988; Johnson 2001).
They can have strong direct and indirect effects on regeneration and on population densities
of plants (Brown & Human 1997; DeFalco et al. 2009; Arnan et al. 2010). Harvester ants play
a particularly important role in the Mediterranean basin, where the genus Messor is the most

abundant granivorous ant species (Diaz 1991; Cerda & Retana 1994; Azcérate & Peco 2007).

Because harvester ants are voracious seed predators, a large proportion of the seeds
produced is destroyed by their consumption (Andersen & Ashton 1985; Detrain & Pasteels
2000; Schoning et al. 2004). Nevertheless, some authors maintain that if the number of
available seeds of a species is higher than the number of suitable sites for establishment, high
seed predation does not necessarily imply limitations on the establishment of new individuals
(Andersen 1989; Eriksson & Ehrlén 1992). Moreover, one indirect advantage could be the
favoring of uneaten plant species through decreased competition with eaten species. In
addition, rare events can compensate for damage caused by predation: ants can lose, abandon
or reject a few seeds on their foraging trails (Detrain et Tasse 2000) or in the refuse piles
around their nest ( Rissing 1986; Levey & Byrn 1993; Vorster et al. 1994; Detrain & Tasse
2000; Retana et al. 2004; Azcarate & Peco 2007). The displaced seeds can then be dispersed
over great distances in favorable microsites (Dean & Yeaton 1992; Voster et al. 1994; Arnan
et al. 2010). These seeds are also spared competition with the parent plant, seed predators and
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pathogens (Bentley 1977; Howe & Smallwood 1982). It is refuse piles that frequently contain
the highest abundance of viable seeds, rejected in error by worker ants (MacMahon et al.
2000) or after a final selection carried out inside the nest (Majer & Lamont 1985; Detrain &
Pasteels 2000).

Although dry grasslands are hot spots of biodiversity (Weiher and Keddy 1999; Willems
2001; Poschold and WallisdeVries 2002; Alard and Poudevigne 2002; Gibson 2009), their
area, habitat quality and biodiversity have already been shown to have decreased drastically
(Dzonko and Loster 1998; Lee et al. 2001; Adriaens et al. 2006; Dutoit et al. 2011), mainly
due to 20™ century changes in land use (grazing abandonment, cultivation, etc.)
(Saunders et al. 1991). This is particularly true of Mediterranean grasslands, strongly in need
of conservation and ecological restoration (Traba 2003; Bonet 2004; Buisson & Dutoit 2006;
JaniSova 2011). However, implementing measures for ecological restoration requires a fuller
understanding of an ecosystem’s functioning and of its plants and animals, some of which can
be used as "ecosystem engineers" to assist in the restoration of biodiversity after degradation
(Jones 1997; Folgarait 1998). Assessing seed dispersal by ants in particular may help
understand the process of plant species-coexistence in dry grasslands, with a view to

preserving species.

Previous work has already revealed that ants, and especially the genus Messor, have an
extensive impact on Mediterranean vegetation, including through the construction of refuse
piles (Lopez et al. 1993; Detrain et Tasse 2000; Sanchez et al. 2006; Azcérate & Peco 2007).
In autumn, the density and species richness of the viable seed bank were found to be
significantly higher in refuse piles than in soil samples without refuse piles. However,
measurements taken in the subsequent spring showed seedling species richness from seeds in
the surviving refuse piles to be significantly lower than in the surrounding areas (Azcérate &
Peco 2007). Thus, to date there has been no clear demonstration of a significant positive effect
by ants on small-scale spatial vegetation redistribution in dry grasslands via refuse pile
construction. Moreover, while soil fertility has been found to increase in refuse piles,
especially through changes in texture, pH, organic material and nutrient content (P, N, K),
refuse piles can also have negative effects on seed viability and emergence due to the
extensive accumulation of soil and plant material in a small area (Azcarate & Peco 2007).
However, refuse piles have both temporal and spatial dynamics. Their size is at its maximum

in late summer and most disappear naturally as a result of weathering over the winter
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(personal observations). This natural destruction of refuse piles in autumn and winter could
play a role in increased seedling emergence following a phase of seed concentration in the
former refuse piles. As a consequence, seedling regeneration needs to be assessed not only in

refuse piles themselves but also on former refuse pile sites.

The objectives of this paper will thus be to analyze the effects of M. barbarus on small-
scale seed distribution and seedling emergence in a Mediterranean dry grassland. Our
hypotheses are that: (1) refuse piles have a significant impact on seed composition and
significantly increase species-richness and seed density in autumn and winter relative to the
same quantities of soil without refuse piles, (2) where refuse piles have been destroyed during
winter, plant species-richness and density significantly increase the following spring and (3)
refuse piles maintained throughout winter significantly increase the seed viability of the
transient seed banks by creating favorable environmental conditions for their conservation

(accumulation of organic dry matter, protection against predation and parasites, etc.).

3.2. Materials and methods

3.2.1. Study site

The plain of La Crau is a Mediterranean grassland located in south-eastern France
(Bouches-du-Rhone), about 70 km west of Marseille (43°30°57.11°°N, 4°52°21.72”’E, alt 0
m) (Figure 3.1). This plain is considered a “steppe” ecosystem and is typical of the
rangelands of the Mediterranean basin (Le Houérou 2001). Siliceous pebbles, washed down
from the Alps, cover more than 50% of the soil surface, which has an extremely flat
topography. An impermeable conglomerate of pebbles in a matrix of calcium carbonate 40-60
cm deep in the soil prevents plant root systems from reaching the water table (Molliex et al.
2013). The Mediterranean climate is dry and windy, with strong sunshine throughout the year
(Devaux et al. 1983). Interacting effects of a shallow soil, a warm temperate climate and the
actions of living beings, such as centuries of itinerant sheep grazing (Henry et al. 2010), have
structured this species-rich plant community. The vegetation is composed of 50 % annual
species which germinate in autumn, overwinter as seedlings and grow in spring, flowering
from March to May or in September (Bourrelly et al. 1983). Plant cover ranges from 50 % to

80 % of the soil surface. On average, 30 to 40 plant species per square meter, with a
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maximum of 70 plant species per square meter, can be observed (Romermann et al. 2005;).
This xeric vegetation is composed mainly of stress-tolerant annual species, but perennial
species such as Brachypodium retusum (Pers.) P.Beauv. (Poaceae) and Thymus vulgaris L.
(Lamiaceae), structure the plant community by their cover. The other most characteristic plant
species are Asphodelus ayardii Jahand. (Xanthorrhoeaceae) & Maire, Linum gallicum L.
(Linaceae) and Stipa capillata L. (Poaceae) (Molinier & Tallon 1950; Devaux et al. 1983,
Buisson & Dutoit 2006).

Saint-MOanin-de-Crau zﬁﬂwt(gj i:%:;
4 ,
N ﬁl

=%

( =

»
Vo
France ‘2 %
()

\
f\
)

] ',"J l LJ
/ "VI
A’ l‘,
‘ Berre lagoon '\\
\
£ f 3km = |

D S— \.\ ‘] "l l",

Fos-sur-Mer \

Figure 3.1: Location of the plain of La Crau in south-eastern France and the study site (black
star) in the National Nature Reserve delimited by the dark grey colour.

3.2.2. Biological Model

Messor barbarus (Linnaeus 1767) (Hymenoptera: Formicidae) is the main granivorous
ant species in the plain of La Crau (Cerdan 1989; Cerdan et al. 1990). This harvester species
occurs naturally in the steppe ecosystem, as it does throughout the north-western area of the
Mediterranean Basin (Bernard 1968). In the plain of La Crau, its density is relatively high,
with 60 to 80 nests per hectare (Cerdan 1989). M. barbarus is a harvester ant which predates

5% to 20% of the total steppe seed production, and the seeds of 63% of the typical
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phanerogams of this steppe are collected and transported by this ant (Cerdan et al. 1990). The
high polymorphism of the worker ants means they can transport a large variety of seeds, from
0.2 mg to 60 mg (Detrain et al. 1996), over a distance of as much as 30 metres. Some seeds
may thus be discarded, lost or ejected (Detrain & Tasse 2000; Azcarate & Peco 2007), while
conserving their capacity for germination (Bonte et al. 2003). A large proportion of these
uneaten seeds are found in refuse piles located near ant nest entrances (Rissing 1986;
Andersen 1988; Levey & Byrne 1993; Detrain & Tasse 2000; Bonte et al. 2003; Azcéarate &
Peco 2007; Martinez-Duro et al. 2010).

3.2.3. Experimental design

3.2.3.1. Autumn seed bank sampling

In late summer (September 2012), thus after peak seed production in Mediterranean dry
grasslands (Bourrelly et al. 1983) but before seed germination and the wet season, thirty
refuse piles were randomly sampled at their maximum size on a site representative of the
plain of La Crau, "Le Coussoul de Figuieres” (43° 30° 52.17°’ N, 4° 52’ 21.80”" E). The first
soil centimeters were sampled in ten refuse piles on 10 x 10 cm quadrats, an area chosen
because it was much smaller than the minimum size of all the selected refuse piles. Ten other
refuse piles were randomly selected and sieved with a 2 mm mesh (to mimic natural winter
destruction by removing fine organic and soil material), then left. The last ten refuse piles
were covered with mosquito netting to protect them against natural destruction during winter.
To ensure that the refuse piles were near different nests, we selected nests spaced at least 10

m apart, as a nest can be 4 meters in diameter in the plain of La Crau (Cerdan 1989).

Simultaneously, the first soil centimeters from ten randomly distributed 10 x 10 cm areas
with no refuse piles, ant nests or other signs of former ant activities were collected (control).
For each of the twenty soil samples (sites with and without refuse piles) collected during this
period, a volume of 70 cm®, the minimum volume collected in one sample, was spread on a
substrate composed of a 1:4 compost-vermiculite mix in germination boxes measuring 30 cm
x 45 cm. They were placed to germinate according to the concentrated seedling emergence
method (Ter Heerdt et al. 1996). Any sample remainders were treated in the same way.
All samples were randomly placed in a greenhouse for 3 months from September to
December 2012. They were then kept at 4°C for 15 days and subsequently returned to the
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greenhouse in January 2013, until no new germination was observed. The same protocol was

applied to any sample remainders, in separate germination boxes.

In the greenhouse, germinations were identified (Mamarot 2002), counted, and removed
each week to measure the number of viable seeds, species richness and composition of each

sample.

3.2.3.2. Spring seed bank sampling

In March 2013, the first soil centimeters were collected from 10 x 10 cm quadrats on the
ten refuse piles protected by mosquito netting in autumn 2012. The same methodology was
applied to ten quadrats (control) of 10 x 10 cm on randomly distributed steppe areas with no
refuse piles, ant nets or other signs of ant activities. A volume of 70 cm? of each soil sample

and any remainder were spread and placed to germinate using the method described above.

3.2.3.3. Spring seedling analysis

In April 2013, when most of seedlings are identifiable in the field, they were identified
and counted on ten 10 x 10 cm quadrats from each of these sampling areas described above:
(1) ten natural refuse piles chosen at random and which had neither been destroyed nor
protected by mosquito netting during winter, (2) ten areas where the refuse piles had been
sieved in autumn 2012 and (3) ten areas (control) with no ant nests or refuse piles identified
previously in 2012. Vegetation and bare soil percent cover were visually estimated in each

quadrat.
3.2.4. Statistical analyses

Al statistical tests were applied first on the soil samples of 70 cm® and second on any

sample remainders.

Plant species composition and abundance data were ordinated using NMDS (Non-metric
Multidimensional Scaling) based on the Bray-Curtis distance (Borcard et al. 2011) to

visualize vegetation characteristics and the most correlated species for each treatment. The
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Bray-Curtis distance (Bray & Curtis 1957), a dissimilarity index, was used to measure the
distance between the abundances of the plant species either present in each sample taken from
refuse piles in autumn or identified as seedlings in spring, and those present in the control
samples. The mean Bray-Curtis distance between each of the ten samples from refuse piles
and the ten samples from areas without refuse piles was calculated, and varied from 0 to 1. A
value of 0 signifies that the abundance of the plant species in the samples monitored in the
refuse piles was strictly identical to that monitored in the areas without refuse piles. A
distance value of 1 signifies that the abundance of the plant species in the samples monitored

in the refuse piles was totally different from that monitored in the areas without refuse piles.

Species diversity was calculated using the Shannon and Evenness indices of the
distribution of species in each treatment. The Shannon index is zero when the population is
represented by a single species and becomes maximum when the population is evenly
distributed among all species. The Evenness index, based on the Shannon index, varies
between 0 and 1. Its value is maximum when the population distribution is homogeneous
among all species and is minimal when one species dominates. The Evenness index indicates

the level of diversity achieved by the theoretical maximum (Pielou 1969).

To compare seedling plant species richness, seedling numbers, vegetation and bare soil
percent cover and Shannon and Evenness indices among treatments, we used Student-t tests
when the data followed a normal law (Lilliefors tests). When conditions were not normal, we

used non-parametric Wilcoxon tests.

All statistical analyses were performed using the R software version 2. 15. 2. (The R
Foundation for Statistical Computing 2012), with its packages for univariate analyses, and the
additional packages ade4 (Chessel et al. 2004; Dray & Dufour 2007) and vegan (Oksanen et
al. 2013) for multivariate analyses.
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3.3. Results

3.3.1. Autumn 2012 seed banks

In the 70 cm® samples with and without refuse piles, the NMDS ordination shows that the
two treatments were similar in terms of floristic composition and plant population
distribution, but that the samples from the treatment with refuse piles were more
homogeneous than the control samples. The seed composition of the refuse piles was
characterized by species such as Lobularia maritima (L.) Desv. (Brassicaceae), Poa bulbosa
L. (Poaceae), Medicago monspeliaca (L.) Trautv. (Fabaceae) or Sherardia arvensis L.
(Rubiaceae), while the control samples contained more species like Vulpia ciliata Dumort.
(Poacea), Filago vulgaris Lam. (Asteraceae) or Bromus sp. (Poaceae) (Figure 3.2A). When
the volume was higher and heterogeneous, as in the samples with remainders of soil volume,
the two treatments were superposed and the total volume was considered. However, seed
composition was very heterogeneous in the control samples compared to the refuse pile

samples, where it was more homogeneous (Figure 3.2B).
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Figure 3.2: Non-metric multidimensional scaling (NMDS) realized on the seed banks of the first
soil centimeters of ten 10 x 10 cm? samples of refuse piles and areas without refuse piles (control).
The ten samples of each treatment are grouped with polygons. To clarify, only the most correlated
plant species to the two first axes are literally inscribed. (A) Seed bank analysis between the refuse
piles (light grey) and the control samples (dark grey) with the same volume (70 ¢cm?®) in autumn
2011, (B) Seed bank analysis between the refuse piles (light grey) and the control samples (dark
grey) with the total volume in autumn 2012.
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Seed abundance was higher in the 70cm® samples from refuse piles than in the control
70cm?® samples. In total, 1259 individuals germinated from the seed banks, representing a total
of 49 species. A total of 925 seedlings representing 36 species were identified in the refuse
piles, while in the control samples only a total of 334 seedlings representing 29 species were
identified. 19 species were present only in the refuse piles and 13 only in the control samples.
In the total volume samples, we identified a total of 5124 seedlings representing 58 species. In
samples taken in the refuse piles, there were a total of 4290 seedlings representing 52 species,
while in the control samples, we identified 844 seedlings representing 38 species. Again, 19

species were found only in the refuse piles and 9 only in the control samples (Table 3.1).

In the 70cm® samples, mean seedling numbers and mean seedling species richness were
significantly higher in the refuse piles than in the controls (Wilcoxon test, W = 90, p-value <
0.01). These differences were greater in the total volume samples (Student-t test, df = 16.13, t
=5.24, p-value < 0.001) (Table 3.1).

The Shannon index was very low and not significantly different between the refuse pile
samples and the control samples, both for the 70 cm®samples (Student-t test, df = 12.17, t =
0.91, p-value = 0.38) and those with the total volume (Student-t test, df = 10.72, t = - 0.46, p-
value = 0.65) (Table 3.1). The Evenness index was also very low; while it was the same in the
refuse pile samples and in the control for the 70 cm3 samples (Student-t test, df = 12.09, t = -
1.35, p-value = 0.15), however, for the total volume it was significantly higher in the control
samples than in the refuse pile samples (Student-t test, df = 11.32, t = - 2.70, p-value < 0.05)
(Table 3.1).

The Bray-Curtis distance measured both in the 70 cm® samples (Student-t test, df = 14.74,
t = - 4.82, p-value < 0.001) and in the total volume samples (Student-t test, df = 13.45, t = -
7.54, p-value < 0.001) showed the seed banks of the different refuse piles to be significantly

more similar than the controls (Table 3.1).

Dominant species in the 70 cm® samples from the refuse piles were Vulpia ciliata
Dumort. (Poaceae), 53.08% of the total seedling number, Lobularia maritima (L.) Desv.
(Brassicaceae), 12.76% and Bromus sp. (Poaceae), 5.62%. Dominant species in the control
70 cm?® samples were Crassula tillaea Lest.-Garl. (Crassulaceae), 41.92%, Brachypodium

distachyon (L.) P.Beauv (Poaceae), 12.27% and Lobularia maritima (L.) Desv.
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(Brassicaceae), 11.68%. For refuse pile samples of total volume, the dominant species were
Vulpia ciliata Dumort. (Poaceae), 44.85%, Lobularia maritima (L.) Desv. (Brassicaceae),
12.67% and Poa bulbosa L. (Poaceae), 7.83%. For control samples of total volume, the
dominant species were Crassula tilliaea Lest.-Garl. (Crassulaceae), 37.48%, Poa bulbosa L.

(Poaceae), 11.85% and Lobularia maritima (L.) Desv. (Brassicaceae), 11.28%.

In the 70 cm?® samples, the abundance of five species was significantly higher in the
refuse piles than in the controls: Bromus sp. (Poaceae), Filago vulgaris Lam. (Asteraceae),
and Vulpia ciliata Dumort (Poaceae) with a p-value of less than 0.001; Galium parisiense L.
(Rubiaceae) with a p-value of less than 0.01; and Brachypodium distachyon (L.) P.Beauv.
(Poaceae) with a p-value of less than 0.05. In the total volume samples, nine extra species

were significantly more abundant in the refuse piles

Table 3.1: Characteristics of the viable seed banks in autumn 2012: samples taken in refuse piles
with 70 cm?® and with the total volume, and the controls with 70 cm® and with the total volume.
Values are means + standard errors; df corresponds to the degree of freedom; the t-value (t), the
W-value (W) and the p-value (p) resulting from t tests or Wilcoxon tests to test the effect of each
treatment on each variable. Within a row, two cases with a different letter are significantly
different (p-value < 0.05).

70 cm’ Total volume
Student-t Refuse Student-t
tests iles Controls tests Refuse piles  Controls
/Wilcoxon P /Wilcoxon
Total
number of / 925 334 / 2312 523
seedlings
Sl W=90 925¢622 333:670 | 4171013 531941001 5234772
number of <001 a b t=5.24 a b
seedlings p=b p <0.001
species- | 971790 1561035 75035 | 971686 ongi085  10.7+0.42
richness t=2.88 a b t=5.95 a b
p<0.01 p <0.001
df =12.17 _
Shannon t=091 0.82+0.02 0.74+0.04 W =58 0.98+0.01 0.85+0.04
Index 0 =0.38 ns ns p=0.58 ns ns
Evenness df_: 12.09 0.32+0.01 0.37+0.02 W=18 0.33£0.004 0.37+0.01
Index t=-1.35 ns ns p-value < b a
p=0.15 0.05
Bray- df = 14.74 df =13.45
Curtis t=-482 0.44J5r0.09 0.6220.01 t=-754 0.361;)0.005 0.58§0.01
distance p <0.001 p <0.001
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3.3.2. Spring 2013 seed banks

Very few seeds germinated either in the 70 cm® samples or in the total volume samples
from refuse piles protected by mosquito netting, making it impossible to calculate the
Shannon and Evenness indices and the Bray-Curtis distance. In the 70 cm® samples, only 9
individuals germinated from the seed banks, representing a total of 4 species.

Only 6 seedlings representing one species (Lobularia maritima (L.) Desv. (Brassicaceae)
were identified in the refuse piles protected during winter. In the control samples, only 3
seedlings, representing 3 species (Amaranthus albus L. (Amaranthaceae), Crepis vesicaria L.
(Asteraceae), Diplotaxis tenuifolia (L.) DC. (Brassicaeae), were identified. In the total volume
samples, 22 seedlings were identified, representing 7 species. 11 seedlings were identified in
the refuse piles protected with mosquito netting during the winter, representing 2 species
(Lobularia maritima (L.) Desv. (Brassicaceae), Sanguisorba minor Scop. (Rosaceae). 11
seedlings, representing 6 species (Amaranthus albus L. (Amaranthaceae), Crepis vesicaria L.
(Asteraceae), Diplotaxis tenuifolia (L.) DC. (Brassicaceae), Lobularia maritima (L.) Desv.
(Brassicaceae), Aegilops ovata L. (Poaceae), Salvia verbenaca L. (Lamiaceae), were

identified in the control samples (Table 3.2).

No significant difference was measured for species-richness (Wilcoxon test, W =30, p
=0.1) and density (Student-t test, df = 17.66, t = - 0.08, p = 0.94) between the protected refuse
piles and areas without refuse piles in spring 2013 (Table 3.2).

Table 3.2: Characteristics of the viable seed banks in spring 2013: samples taken in protected
refuse piles with 70 cm’and with the total volume, the controls with 70 cm®, and with the total
volume. Values are means + standard errors; df corresponds to the degree of freedom; the t-value
(t), the W-value (W) and the p-value (p) resulting from t tests or Wilcoxon tests to test the effect of
each treatment on each variable. Within a row, two cases with a different letter have significantly
different (p-value < 0.05).

70 cm® Total volume
Student-t Student-t
tests Egi%te?les Controls tests RZ;SEZ“?E} s Controls
/Wilcoxon P /Wilcoxon P
Total number / 6 3 / 1 1
of seedlings
df =17.66 _
Mean number t=-0.08 1+0.67 1.05+0.77 W =52 1.1+0.19 1.1+0.22
of Seedlings b =0.94 ns ns p=0.90 ns ns
Species- W =30 0.5+0.26 1.1+0.44 W =30 0.5+0.49 1.1+0.56
richness p=0.1 ns ns p=0.1 ns ns
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3.3.3. Spring 2013 field seedlings

Seedling identification on areas where refuse piles were protected by mosquito netting
during winter proved impossible, since very few refuse piles remained in place. Nor was any

germination identified in the few remaining refuse piles.

Between the areas where the refuse piles were sieved and the control areas, NMDS
ordination for the two treatments is very close and heterogeneity seems the same.
Nevertheless, the sieved refuse pile areas were more characterized by species such as
Sherardia arvensis L. (Rubiaceae), Ajuga iva (L.) Schreb. (Lamiaceae), Plantago bellardii
All. (Plantaginaceae) or Asphodelus ayardii Janhand & Maire (Xanthorrhoeaceae), and the
control areas contained more species like Brachypodium retusum (Pers.) P.Beauv. (Poaceae),
Brachypodium distachyon (L.) P.Beauv. (Poaceae), Trifolium subterraneum L. (Fabaceae) or

Sideritis romana L. (Lamiaceae) (Figure 3.3).
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Figure 3.3: Non-metric multidimensional scaling (NMDS) realized on the seedlings analysis
between the sieved refuse piles (light grey) and the control samples (dark grey) measured in the
field in Spring 2013.
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Plant percent cover was significantly higher in the sieved refuse pile areas compared with
the control areas (Student-t test, df = 12.32, t = - 2.66, p < 0.05), while bare soil percent cover
was significantly lower (Student-t test, df = 12.93, t = 3.48, p < 0.01) (Table 3.3).

More seedlings were identified in the sieved refuse piles areas than in the control areas
even if the mean number of seedlings did not significantly differ between these two
treatments (Student-t test, df =9.99, t = - 1.97, p = 0.08). Species richness is significantly
higher in the sieved refuse pile areas than in the control areas (Student-t test, df = 13.88,t = -
3.84, p < 0.01) (Table 3). In total, 578 individual seedlings were identified, representing 77
species. In the sieved refuse pile areas, 362 seedlings representing 45 species were identified,
with 18 species identified only in this treatment. In the control areas, 216 seedlings

representing 32 species were identified, with 5 species present only in these plots (Table 3.3).

The Shannon index was again very low but significantly different between the sieved
refuse pile areas and the control areas, being significantly higher in the former (Student-t test,
df = 13.34, t = - 3.64, p-value < 0.01). The Evenness index was also low, but there was no
significant difference between the refuse pile and control samples (Wilcoxon test, W = 27, p-
value = 0.09) (Table 4). The Bray-Curtis distance showed no dissimilarity between the sieved
refuse pile areas and the control areas (Student-t test, df =18, t = - 0.87, p =0.4) (Table 3.3).

Dominant species in the sieved refuse pile areas were Filago gallica L. (9.86%), Vulpia
ciliata Dumort. (5.88 %) and Lobularia maritima (L.) Desv. (4.32%). Dominant species in the
control areas were Filago gallica L. (8.82 %). Next in importance was Brachypodium
distachyon (L.) P.Beauv (5.71 %) and Vulpia ciliata Dumort. (3.46%).

The abundance of five species was significantly higher in the sieved refuse pile areas than
in the control areas: Poa bulbosa L. (Poaceae) with a p-value of less than 0.01; and Euphorbia
exigua L. (Euphorbiaceae), Hedypnois cretica (L.) Dum.Cours. (Asteraceae), Lobularia

maritima (L.) Desv. (Brassicaceae) and Polycarpon tetraphyllum (L.) L. (Caryophyllaceae).
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Table 3.3: Characteristics of field seedlings in spring 2013: seedlings analyses in the sieved refuse
piles areas and in the controls on areas of 100 cm?. Values are means + standard errors; df
corresponds to the degree of freedom; the t-value (t), the W-value (W) and the p-value (p) resulting
from t tests or Wilcoxon tests to test the effect of each treatment on each variable. Within a row,
two cases with a different letter have significantly different (p-value < 0.05).

Student-t tests refsulse(;/e?les Controls
/Wilcoxon P
areas
Total number of seedlings / 362 216
df =9.99
Mean number of seedlings t=-1.97 36.2.0£0.75 21.6+3.19
ns ns
p=0.08
df =13.88
Species-richness t=-3.84 13-420-29 8.3:;)0.53
p<0.01
df =13.34
Shannon Index t=-3.64 1-152’0-01 0-87§0.03
p<0.01
Evenness Index W=27 0.4520.004 0.41+0.01
p=0.09 ns ns
df =18
Bray-Curtis distance t=-087 0.68+0.01 0.71+0.01
ns ns
p=04
df =12.32
Vegetation cover (%) t=-2.66 61-0’;4-25 34.0§1.86
p <0.05
df =12.93
Bare soil cover (%) t=3.48 36-8’5’3-98 70.521.91
p<0.01

3.4. Discussion

Messor barbarus is often described as a good seed dispersal agent in the Mediterranean
basin (Cerdan et al. 1990; Detrain et al. 1996; Detrain & Tasse 2000; Sanchez et al. 2006;
Azcarate & Peco 2007; Plowes et al. 2013). This ant may be a good partner for plant
community restoration in ecological engineering (Bulot et al. 2014b) because it appears to
play a major role in the distribution of annual plant populations in Mediterranean dry
grasslands (Wolff & Debussche 1999). To confirm this seed dispersing role, we assessed how
the ants’ refuse piles affect seed viability and dispersal in a Mediterranean dry grassland,

taking into account their temporal dynamics over one year.

Refuse piles are found here to have a significant impact on seed composition and

significantly increase species-richness and seed density in autumn compared to soil areas of
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the same size without refuse piles. 73.5% of the total seedlings counted were in the refuse
piles, which also contained 14.3% more species than the areas without refuse piles. Our initial
results thus confirm that the accumulation of seeds is the major effect of refuse piles, in
agreement with previous studies both on M. barbarus (Azcarate & Peco 2007) and on other
granivorous ants (Hobbs 1985; Rissing 1986; Levey & Byrne 1993; MacMahon et al. 2000).
This is to be expected, given that autumn follows the period of peak seed production in
Mediterranean dry grasslands (Bourrelly et al. 1983). Consequently, the peak of M. barbarus
activity is past and there must be a maximum of seeds in the refuse piles (Cerdan 1989).
These rejected seeds obviously remain viable in refuse piles during summer, since when
placed in a greenhouse, many germinate (Azcarate & Peco 2007). Besides protecting seeds
against predators and pathogens (Bentley 1977; Howe & Smallwood 1982), refuse piles may
offer a good microenvironment enhancing the survival and the germination rate of seeds
(Rissing 1986; Levey & Byrne 1993); Azcarate & Peco (2007) showed that refuse piles can
increase soil fertility.

The fact that we found seeds to be relatively well distributed among species, with
proportions similar among refuse piles, may explain the absence of significant differences in
species-diversity. There was more similarity in species composition in the refuse piles than in
soil areas without refuse piles. While it was fairly homogeneous in the refuse piles for the 70
cm® samples, when the total volume of refuse piles was taken into account, the differences
narrowed further and composition homogeneity increased. A large quantity of Poaceae seeds
was present in the refuse piles, for example V. ciliata and Bromus sp., which are annuals
producing many seeds. Seeds from these Poaceae species were certainly present in high
density over the ant foraging area. As M. barbarus is a generalist granivorous species which
harvests large quantities of seeds present in great abundance (Detrain et al. 1996), we assume
that the species composition reflects the activity of workers collecting, sorting and rejecting
certain seeds (Azcarate & Peco 2007). Thus, the significant differences in composition,
species-richness, and density we found between refuse piles and controls are likely due to the
high concentrations in the refuse piles of seeds from the most abundant seed producers in the

herbaceous plant community, which are here: V. ciliata, L. maritima, P.bulbosa and Bromus

sp.

Previous studies found very low seedling emergence on these refuse piles (Martinez-Duro

et al. 2010), so it appeared interesting here to measure seedling emergence after their autumn
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and winter natural destruction. In spring 2013, very few seedlings emerged from either the
protected refuse piles or the controls. In the protected refuse piles, only two species were
present: L. maritima (L.) and S. minor, both belonging to the permanent seed bank
(Thompson et al. 2003). Even though seed concentrations in refuse piles were high, the
viability of the transient seed banks did not seem to have increased despite environmental
conditions favorable to their conservation (accumulation of organic dry matter, protection
against predation and parasites, etc.). However, the organic dry matter of refuse piles began to
degrade even under the mosquito netting, too thin to protect the seeds. The seed viability of
the transient seed bank of this ecosystem is therefore not enhanced by ants constructing these

refuse piles.

We observed that the great majority of refuse piles did not survive the winter, contrary to
the findings of other studies (Azcarate & Peco 2007). For this reason, seedling analysis was
conducted only on areas where the refuse piles had been artificially destroyed by sieving,
imitating their natural degradation so as to compare them with areas without refuse piles. In
these sieved refuse piles, plant species-richness and the seedling density were significantly
higher in spring. 62.6 % of the total seedlings were found in the sieved refuse piles, which
contained 16.8 % more species than the controls. In addition, the biomass proxy provided by
plant cover and bare soil cover indicates a higher vegetation density in the sieved refuse piles.
These results are in contradiction to other studies, where seedling emergence was extremely
low and species richness decreased in refuse piles the following spring (Azcarate & Peco
2007; Martinez-Duro et al. 2010). However, these authors were sampling refuse piles which
had survived the winter: they make the assumption that seed germination was limited by the
thickness of the dry matter layer therein, so that seedling radicles and/or hypocotyls could not
reach the soil and/or the light needed to grow (Azcarate & Peco 2007; Martinez-Duro et al.
2010). We therefore conclude that, if refuse piles are degraded or blown about by the wind,
the dry matter layer becomes sufficiently thin to allow seedlings to emerge from the seeds
deposited by ants in the refuse piles. Concerning species composition, although there were
similarities, there were also differences between the sieved refuse piles and the control areas.
However, the composition heterogeneity was the same. In addition, both the diversity and the
similarity indices show that all species were present in relatively the same abundance and in

the same proportions in the replicates of all samples (sieved refuse piles and controls).

135



Redistribution des graines par la fourmi moissonneuse Messor barbatus

Our findings shed light on the role of ants’ refuse piles in spatial seed distribution at a
local scale in Mediterranean dry grasslands. In autumn, worker ants harvest a great number of
seeds, especially those of the greatest seed-producing species in the herbaceous plant
community, which may then be discarded in refuse piles. Viable seeds are thus concentrated
therein and conserve their germination capacity during summer and early autumn, being
protected against predators and pathogens (Bentley 1977; Howe & Smallwood 1982). During
winter, it appears that some refuse piles survive while others are destroyed or degraded. In our
study, we find that the majority of the refuse piles monitored over a year disappeared, even
though this is not reported in other published findings (Azcarate & Peco 2007); nor was there
any significant increase in the viability of transient seeds in the refuse piles that survived
winter. However, the following spring, if the refuse piles have been destroyed or damaged,
the seeds can reach soil and light, germinate and grow, probably due to the absence or
thinness of dry matter. In addition, the soil of naturally destroyed refuse piles provides a
favorable microenvironment for the development of seeds, as previous works showed
(Whitford 1988; Beattie 1989; Dean & Yeaton 1993; MacMahon et al. 2000; Azcarate & Peco
2007).

To conclude, M. barbarus appears to be a good local seed dispersal agent for
Mediterranean dry grasslands. This harvester ant has a positive effect not only on seed
distribution but also on seedling emergence when the ants’ refuse piles are naturally destroyed
in winter. Moreover, the impact should be intensified by the fact that the refuse piles have a

relatively high percent cover (Azcarate & Peco 2003) and that their distribution changes

yearly.
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TRANSITION VERS LE CHAPITRE 4

Le chapitre 4 consistera en la mise au point d’un protocole de transplantation de fondatrices de la
fourmi Messor barbarus sur deux sites faisant 1’objet d’une restauration écologique: 1’un
correspondant au site détruit par la fuite d’hydrocarbures et restauré par le transfert de sol, ’autre
correspondant & un site dégradé par une arboriculture intensive et restauré selon différentes méthodes
de génie civil ou agronomique (transfert de sol, semis d’espéces nurses) (Jaunatre et al. 2012, 2014a et
b).

L’objectif sera de savoir si cette fourmi pouvait étre transférée artificiellement sur des sites en
cours de restauration afin de réintroduire ses fonctions d’ingénieurs de 1’écosystéme. En paralléle a
cette opération de renforcement de population, le suivi de la recolonisation naturelle de cette espece
sur les deux sites d’étude considérés a été mené pour savoir si cette recolonisation était freinée par le

filtre de la dispersion ou par celui des conditions d’habitat (Figure T.4).
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Vol nuptial de Messor barbarus en automne 2010
(Crédit photo: Erick Provost - IMBE)

Transplantation d’une fondatrice Messor barbarus
(Crédit photo: Renaud Jaunatre - IMBE)
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CHAPITRE 4

Un nouveau protocole de transplantation de fondatrices
de la fourmi moissonneuse Messor barbarus (Hymenoptera:
Formicidae) pour améliorer la restauration

de communautés végétales riches en espéces

CHAPTER 4

A new transplantation protocol for harvester ant queens
Messor barbarus (Hymenoptera: Formicidae)

to improve the restauration of species-rich plant communities

Adeline Bulot, Thierry Dutoit, Marielle Renucci & Erick Provost

(Publié dans Myrmecological News, 2013, 20, pp. 43-52)
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Résumé du chapitre 4

Nous présentons un protocole de transplantation de reines fondatrices de la fourmi
moissonneuse Messor barbarus, avec un suivi de leur survie a 6 mois, a un an et a 18 mois
apres leur translocation. Une fois établies, nous attendons que cette espece ait un impact
positif sur la restauration de la végétation gace a sa capacité a disperser les graines récoltées
par les ouvriéres, accélérant ainsi la réhabilitation et la restauration déja entrepris a l'aide du
génie civil classique. Les transplantations ont été réalisées sur deux sites en cours de
restauration écologique, un qui a été dégradé par de I’arboriculture fruitiére intensive (AOA)
et l'autre détruit par un accident industriel (OLA). Le suivi de la recolonisation naturelle a
également été effectué en comparaison avec la steppe de référence. Nous reportons ici la
premiere étape du protocol, avec les resultats sur le success des transplantations et sur la
recolonisation naturelle.

A court terme, les taux de survie des reines fondatrices transplantées sont encourageants: 15%
sur le site AOA (aprés un an et demi) et 35% sur le site OLA (aprés un an). Il sera nécssaire
d’attendre quelques années de plus pour mesurer un impact significatif sur la composition, la
richesse en especes et la répartition des différentes populations de plantes caractéristiques de
la steppe de référence. Cependant, nous démontrons que la densité des nids naturels est
significativement inférieure sur le site dégradé (AOA) que sur la steppe de reference.
Il apparait aussi que la recolonisation naturelle par Messor barbarus sur le site détruit (OLA)
se fait avec difficultés sans la creation d’un habitat favorable. Ces deux résultats attestent de
la valeur des opérations de transplantation et confirment notre hypothése: la mise en place
d’un habitat d'accueil favorable est un facteur plus limitant que la dispersion pendant le vol

nuptial pour I’établissement des reines fondatrices.

Mots-clés: Messor barbarus, transplantation, ingénierie écologique, reines fondatrices, steppe
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Abstract of the chapter 4

We present a protocol for the transplantation of founding queens of the harvester ant
Messor barbarus, monitoring their survival at 6 months, one year and 18 months. Once
established, these ants are expected to have a positive impact on vegetation restoration via
their ability to disperse seeds harvested by workers, thus accelerating the rehabilitation and
restoration already undertaken using conventional civil engineering. The transplantations
were performed on two sites currently undergoing ecological restoration, one previously
degraded by intensive fruit growing (AOA) and the other destroyed by an industrial accident
(OLA), and compared to natural colonisation on a reference steppe site. Founding queen
transplantation was also performed at the reference steppe site. We report here the first steps
of the protocol, with results on transplantation success and on natural colonisation.

Short-term rates of survival of the transplanted founding queens are encouraging: 15% at the
AOA site (after one and a half years) and 35% at the OLA site (after one year). It will take a
few years longer to assess any significant impact on composition, species richness and
distribution of the different plant populations characteristic of the steppe. However, we
demonstrate that the density of natural nests is significantly lower at the degraded site (AOA)
than at the reference steppe. It also appears that natural recolonisation by Messor barbarus at
the destroyed site (OLA) would be difficult without the creation of a favourable habitat. These
two results attest to the value of transplantation operations and confirm our hypothesis that for
successful establishment the suitability of host habitats for founding queens is a more limiting

factor than dispersal during the nuptial flight.

Keywords: Messor barbarus; transplantation; ecological engineering; founding queen, steppe
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4.1. Introduction

The transplantation of animals is defined as the intentional displacement of living
individuals, either wild or bred in captivity, from one place to another (for a survey, see Fisher
& Lindenmayer 2000). The main aim of this practice is to attempt to establish, re-establish or

increase the number of individuals in a population.

Animal transplantations are usually performed within the framework of conservation
biology (Fisher & Lindenmayer 2000; Griffith et al. 1989), to reinforce populations of rare
species or to reintroduce species that have disappeared. The main aim is generally to reduce
the risk of extinction by establishing more populations of the endangered species (Sherley
1998). Some transplantations are reportedly undertaken to deal with problems animals may be
causing for man, for example by displacing carnivorous mammals that have come too close to
cities (Linnel et al. 1997; Fisher & Lindenmayer 2000). Other projects are focussed on
conserving leisure activities such as hunting and fishing by increasing the stock of game or
fish (Griffith et al. 1989; Bell et al. 2006; Catalan et al. 2008).

Most animal transplantation programmes concern vertebrates. According to Fisher &
Lindenmayer (2000), 93% concern mammals and birds, while only 7% concern amphibians,
reptiles or invertebrates. As for arthropods, examples of Lepidoptera transplantations
(Martilaa et al. 1997; Williams 1995) and, to a lesser extent, Orthoptera transplantations
(Sherley 1998; Berggren et al. 2001; Hochkirch et al. 2007), have also been cited in the

literature.

Research on transplantations of hymenoptera has rarely been directed at ants, and then
mainly in relation to conservation biology (Bradley 1972; Box 1987), biological pest control
(Pavan 1961) and the study of their ecology (Pontin 1969; Elmes 1971). Yet in terms of their
species-richness and above all their mechanical and chemical actions, ants play a major role in
the functioning of ecosystems (Folgarait 1998). Through their ability to move through soil
and to build biogenic structures (anthills, galleries, etc.), ants have a major impact on the
hydraulic properties of soil (altering aggregation and porosity) and on the availability of
organic matter for microorganisms (Lavelle et al. 1997; Barros et al. 2001). This results in
changes in the organic and mineral nature of soil which may therefore alter the composition

and abundance of plant species at the soil surface (Woodell 1974; Horvitz & Schemske 1986),
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and sometimes increase their species-richness (Folgarait 1998; Boulton & Amberman 2006).
Ants are thus considered as important soil engineers, for the same reasons as earthworms and
termites (Jouquet et al. 2006). They are often referred to as “ecosystem engineer” species
(Folgarait 1998) according to the definition of Jones et al. (1997): .... organisms that directly
or indirectly control the availability of resources to other organisms by causing physical state
changes in biotic or abiotic materials”. Harvester ants can also play an important role in the
dispersal of seeds by myrmecochory (Wilson 1992). This involves the transportation,
discarding, loss and/or ejection of some of the seeds subject to predation (Rissing 1986). It is
all the more effective when mutualistic interaction occurs between the ants and the seeds, as
in the case of seeds bearing eclaiosomes (Beattie & Hughes 2002). These “ecosystem
engineer” species thus potentially constitute a sustainable tool for ecological engineering,
which involves “...the design of sustainable systems, consistent with ecological principles,
which integrate human society with its natural environment for the benefit of both” (Mitsch
1996 adaptated by Bergen et al. 2001). This encompasses ecological restoration, in turn
defined by the Society for Ecological Restoration (SER 2004) as “the process which initiates
or accelerates the self-repair of an ecosystem which has been degraded, damaged or

destroyed, while conserving its health, integrity and sustainable management”.

While ants are often used as bio-indicators of the quality of a habitat, they have never
been used in an ecological engineering project as agents of ecological restoration. Yet many
studies have already demonstrated that ant communities are highly sensitive to impacts on
their environment, and in particular to changes that affect their species-richness, diversity and
species composition (Majer 1983; Andersen 1997; Samways et al. 1997; Peck et al. 1998;
Lobry de Bruyn 1999; Andersen et al. 2002; Castracani & Mori 2006; Luque et al. 2007;
Majer et al. 2007; Ellison 2012). Thus, for ecosystems where the resilience of ant
communities is weak, transplantation may represent a way of encouraging the return of

species that can play key roles.

Our long-term aim was, for the first time, to use the harvester ant M. barbarus as a tool to
boost the rehabilitation and/or ecological restoration of plant communities, either by
introducing it where absent or by reinforcing its natural recolonisation. As it has been already
demonstrated, M. barbarus play a positive role on the transport, storage and redistribution of
seeds (Cerdan et al. 1990; Detrain et al. 1996; Detrain et Tasse 2000; Detrain et al. 2000;
Sanchez et al. 2006; Azcérate et al. 2005; Azcarate & Peco 2005, 2007). Then, we
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hypothesize that they can help to restore the spatial plant community structure of herbaceous
vegetation dominated by annual species. The restoration of this spatial plant community
structure has been never reached with other restoration methods using civil engineering such
as hay transfer, soil transfer etc. (Jaunatre 2012). Until now, no previous experiment using
ants as ecological engineers to restore the spatial plant community structure has been realised,
ants were just used as bioindicators for the evaluation of restoration success (Van Hamberg et
al. 2004; Ottonetti et al. 2006; Fagan et al. 2008). Over a longer period than considered here,
we expect this transplantation to lead to complementarity which will accelerate the processes
of ecological restoration, notably the restoration of the composition and structuring of the
plant community via the supply of seeds and their redistribution by the new, artificially
implanted colonies of M. barbarus. We tested the efficiency of this tool at two different sites,
one degraded (with surviving ant nests) and the other completely destroyed (no surviving ant
nests), but chose sites geographically close enough to ensure that climatic conditions did not
cause interference (minimum distance 1km). The site histories were, however, completely

different, as were the ecological restoration operations being undertaken.

At each of the sites, as well as monitoring natural recolonisation, we tested a protocol for
the transplantation of founding queens of Messor barbarus (Linnaeus 1767) and report on its
success here. We formulate the hypothesis that the suitability of host habitats for founding
queens is a more limiting factor than dispersal during the nuptial flight. We therefore compare
transplantation success to natural colonisation success, addressing the following questions: Is
our transplantation method able to ensure the transplantation success of this species? What is
the proof of successful transplantation? Does transplantation improve the establishment of the
species in restored areas? Is this operation justified? Will initial restoration type have an

impact on transplantation success?

4.2. Materials and methods

4.2.1. The plain of La Crau

The study was carried out at the plain of La Crau in the South East of France (Bouches-

du-Rhone) (Figure 4.1A). This plain lies where the ancient stony delta of the Durance River
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was formed by deposits from the river, when it flowed directly into the Mediterranean Sea
during the Pleistocene period (Rainaud 1893; Colomb & Roux 1978; Devaux et al. 1983).
The Mediterranean climate is dry and windy, with strong sunshine throughout the year.
The topography is very flat with siliceous pebbles covering on average 50% of the soil
surface. At 40-60 cm depth, an impermeable calcareous conglomerate (pudding pebble)
prevents the roots of plants from reaching the water table, contributing to soil drought
(Rainaud 1893; Colomb & Roux 1978). Plant cover ranges from between 50% to 80% of the
soil surface. On average, 30 to 40 plant species per square metre (with a maximum of 70 plant
species per square metre) can be observed (R6mermann et al. 2005). Brachypodium retusum
(Pers.) P. Beauv. is the dominant species. The other plant species most characteristic of this
steppe are Thymus vulgaris L., Asphodelus ayardii Jahand & Maire, Linum gallicum L. or
Stipa capillata L., but stress-tolerant annual species predominate among the flora (Molinier &
Tallon 1950; Devaux et al. 1983). There are no trees. In fact, the plain of La Crau is the result
of interaction between the soil, the climate and centuries of itinerant sheep grazing (Devaux et
al. 1983; Cherel 1988; Badan et al. 1995; Henry et al. 2009), thus forming a typical “steppe”
type ecosystem unique in Western Europe. However, in recent decades it has undergone

severe degradations and destructions (Buisson et al. 2006).

4.2.2. Study sites

We undertook the transplantation of ants at two sites where an ecological restoration is in
progress: the abandoned orchard area (AOA), degraded by a phase of intensive fruit growing,

and the oil leak area (OLA), destroyed by an industrial accident.

4.2.2.1. Abandoned orchard area: AOA

This first site is an abandoned former industrial orchard (peaches, nectarines, apricots)
(AOA, Figure 4.1B) with a surface area of 357 ha (43°31°36.78°N, 4°51°31.47"’E).
The orchard was in use from 1987 to 2006. The steppe (STEP), which is an integral part of a
National Nature Reserve, almost entirely surrounds the former orchard and represents our
reference ecosystem (Figure 4.1). Boundaries separate the steppe from the former orchard: a
broad boundary (BB) to the north-north-east and north-east of the site (path, ditch and
embankment) and a narrow boundary (NB) to the north-west of the site (embankment and
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ditch). The width of the boundaries (10 metres) is much less than the maximum length of the
foraging columns of M. barbarus workers (around thirty metres).

Ecological rehabilitation operations to restore a herbaceous steppe-like habitat for steppe birds
(Dutoit et al. 2013) started in 2009 with the uprooting of 200 000 fruit trees and 100 000
windbreak poplars (representing a total hedge line of 55 km) and with the extraction of
irrigation pipes (cumulatively 5000 km). The mounds on which each row of trees was planted
were levelled. The return of itinerant sheep grazing started in 2010 and constituted a means to
manage the herbaceous plant communities which had settled spontaneously from the seed
bank and seed rain. Different techniques of ecological restoration were then tested (Jaunatre et
al. 2014) in order to restore not only a habitat for the steppe birds but also the composition,
richness, structure and dynamics of the plant communities characteristic of the steppe (Dutoit
et al. 2013). Some plots were treated by nurse species seeding (NSS), a mixture of sainfoin
(Onobrychis sativa Lam.), ray-grass (Lolium perenne L.) and fescue (Festuca arundinacea
Schreb.) spread over 60ha, making it possible to rapidly cover the soil while preventing the
installation of weeds. On other plots, soil transfer (ST) was carried out directly without
storage, in bulk and at a ratio of 1:3 (3 ha in all) from an intact steppe plot awaiting
destruction following authorisation for a quarry extension. Only the surface layer was
transferred (0-20 cm depth). An area referred to as the Rehabilitated Zone (RZ) occupies the
remainder of the surface of the former orchard; here, no ecological restoration operation was

undertaken, apart from uprooting the trees and levelling the ground (Figure 4.1B).
4.2.2.2. Oil leak area (OLA)

This second study site, situated in the National Nature Reserve a few hundred metres
from the former orchard under restoration, is a 5.5 ha zone of steppe vegetation that was
completely destroyed by an industrial accident (43°31°36.77°°N, 4°53°04.50’E) (OLA)
(Figure 4.1C) in August 2009. An oil pipeline rupture resulted in a hydrocarbon leak of 4700
m?; in order to depollute, the soil had to be excavated an average 40 cm down to the pudding
pebble, removing 72 000 t of polluted soil. This excavated area was then filled in with intact

steppe soil from the quarry that was the source of the soil for the AOA site.

The operation to restore the destroyed steppe vegetation took place in spring 2011. Soil
transfer was performed directly at a ratio of 1:1, without storage. The main soil layers were

reconstituted in the original order. The soil surface was then compacted with a steamroller to
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limit soil expansion and oxidation of the organic matter contained therein. The steppe chosen

as the reference ecosystem almost entirely surrounds this site too (STEP2) (Figure 4.1C).
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Figure 4.1: A, Situation of the plain of La Crau in France, the abandoned orchard area (AOA
site) and the oil leak area (OLA site) ; B, Situation of plots where the founding queens were
transplanted in the abandoned orchard under different ecological restoration treatments (RZ:
rehabilitated zone, NSS: nurse species seeding, ST: soil transfer), on the boundaries (BB: broad
boundary, NB: narrow boundary) and in the steppe reference (STEP); C, Situation of lines where
the founding queens were transplanted on the rehabilitated area of the former oil leak and in
the reference steppe (STEP2).

4.2.3. Transferred biological material

The transferred biological material is the Messor barbarus ant (Linnaeus 1767)
(Hymenoptera: Formicidae). This harvester species was chosen because it occurs naturally in
the plain of La Crau, as it does throughout the north-western basin area of the Mediterranean.
According to previous studies, this species might play a key role with regard to the abundance

and the distribution of plants and the structuring and dynamics of the plant community,
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comparable to the action of centuries of sheep grazing (Henry et al. 2009, Fadda et al. 2008).
This species, which is almost entirely seed-eating, transports to its nests as much as 63% of
the total richness of flowering plant species seeds typical of the steppe (Cerdan et al. 1990).
Some of these seeds may then be lost, discarded or ejected during transportation (Detrain &
Tasse 2000; Azcéarate & Peco 2007) while conserving their capacity for germination (Bonte et
al. 2003), which in certain seeds may persist for two years (Martinez-Duro et al. 2010).
The strong polymorphism of worker ants also enables them to transport seeds from 0.2 to

60 mg (Detrain et al. 1996) over a distance of as much as 30 metres.

M. barbarus colonies are monogynous, with independent claustral foundations (Cerdan 1989).
This means that the queen breeds the first larvae alone and remains throughout her life
enclosed in a chamber that may be situated as much as 5 m deep within the nest. Nest volume
in relation to size of population is thus high (Cerdan 1989). In the plain of La Crau, since the
queen cannot be situated more than 40 cm deep due to the presence of hardened pudding
pebble, the nests spread out as much as 25m?2 over the surface. It is therefore impossible to
transplant a nest with its queen without having a major impact on the collection and
transplantation areas. This is why we chose to transplant M. barbarus founding queens
(females impregnated after the nuptial flight), which can easily be collected in large numbers
after the nuptial flight. The nuptial flight of M. barbarus occurs at the beginning of autumn
after the first late summer storms, when environmental conditions are favourable: heavy
precipitation on the day before the nuptial flight, high temperature (>20°C), clear sky, little or
no wind (Cerdan 1989; Gomez & Abril 2012). During the nuptial flight, males and females
mate and then fall to the ground, where the impregnated females (founding queens) alone tear
off their wings and begin to dig.

4.2.4. Experimental protocol for the transplantation of Messor barbarus

founding queens

4.2.4.1. Collection of founding queens

Founding queens were collected and stored in 12cm-long glass tubes with a water supply.

The tubes were then closed non-hermetically to prevent condensation while allowing aeration.

All the founding queens were collected within the natural distribution area of this species
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(Bernard 1968; Cerdan 1989). On 5th October 2010, some 600 founding queens destined for
transportation to the AOA site were collected over an area of about 100 m? by 4 people in less
than an hour. On 25th October 2011, 200 founding queens were collected for transplantation
to the OLA site.

4.2.4.2. Transplantation of founding queens to the AOA site

The plots receiving the founding queens measured 50 m x 60 m and were replicated 3
times within each restoration treatment type (nurse species seeding, soil transfer, rehabilitated
zone), as well as in the reference steppe (Figure 4.1). On both the narrow and the broad
boundaries, each plot was also replicated 3 times and the founding queens were transplanted
along a 300 m line. The 3 replicates were situated some distance apart (minimum distance
about 600m) in order to avoid spatial auto-correlation. In the vicinity of each transplantation
site we marked out a control site of the same surface area but without founding queen
transplantation so as to study, over the longer term, the impact of the ants on the vegetation in
the absence of artificial transplantation (Figue 4.1). In autumn 2010, 30 founding queens per
plot were placed in lines of six, at a distance of 10m from each other; the five parallel lines
were 10 m apart. In the boundary areas, 30 founding queens were placed in one 300 m line, at
a distance of 10 m from each other. In the narrow boundary, the 3 replicate lines of queens
were 20 m apart. The distance between founding queens was chosen as the minimum to
ensure that new colonies, once established, would not attack each other. This distance is a
compromise between the length of the columns formed by the worker ants, which may be

some thirty metres long, and the size of the smallest plots, i.e. the soil transfer plots.

In the plain of La Crau, after the nuptial flight and once they have fallen to the ground, most
founding queens settle beneath the pebbles that cover the soil surface. The transplanted
founding queen was therefore placed in a small hole in the ground and a pebble was placed
over the hole for protection from sudden variations in temperature, the pebble acting as an
accumulator of heat and subsequently restoring it to the soil. Soil was piled around the edges
of the pebbles to prevent the ants from escaping or predators such as Scolopendra
(Scolopendra cingulata) or spiders (Lycosa narbonensis), abundant in pseudo-steppe, from
entering. Each pebble was then geo-referenced and numbered.
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4.2.4.3. Transplantation of founding queens to the OLA site

In autumn 2011, 169 founding queens were similarly transplanted in three lines at a
distance of 5 m, 15 m and 25 m from the reference steppe, and 60 queens likewise in the
reference steppe (Figure 4.1C). In contrast to the AOA site, since this was carried out in April
2011 the vegetation was at a very early stage of development: it was very short and sparse,
with large stretches of bare ground; moreover, there were very few pebbles visible at the
surface because of soil compacting carried out during the restoration.

4.2.4.4. Assessment of the artificial implantations

In order to check whether the transplanted founding queens had survived, monitoring was
carried out in spring 2011 and spring 2012 at the AOA site, and in spring 2012 and autumn
2012 at the OLA site. The numbered pebbles were inventoried, lifted and quickly but
carefully replaced in order to avoid disturbing and altering the microclimate within the nest.
The presence of a vertical tunnel dug at the bottom of a small chamber excavated by the
founding queen beneath the pebble was considered a sign of successful transplantation. The
possible presence within each nest of brood, larvae, worker ants and/or a midden was also
systematically recorded (Figue 4.2).

Founding queen transplantations can be considered a success if the establishment rate is at
least as high as that of natural colonisation, but preferably higher.

142



Protocole de transplantation de fondatrices Messor barbarus

Figure 4.2: Live transplanted founding queen with its brood under the geo-referenced pebble
lifted for photography (Photo credit: Laurence Berville).

4.2.5. Monitoring of natural recolonisation

4.2.5.1. AOA site

An inventory of the nests of M. barbarus already naturally present was carried out in

spring 2011 by visually surveying the different transplantation plots and the control plots
without transplantation. These nests were either newly installed or were not destroyed by the
fruit- growing phase and during the ecological rehabilitation/restoration operations.
We located the nests by means of the foraging trails followed by the worker ants loaded with
seeds. Wherever we found disturbed soil, traces of foraging tracks without worker ants or
heaps of seed detritus, we lifted pebbles to confirm the presence of a nest. This monitoring
took about 2 hours for each plot (50 m wide and 60 m long, or 0.3 ha), with or without
transplantation, with 2 observers placed along transects 5 metres apart until the site had been
completely covered. Along the boundaries, observers were positioned on either side of the
boundary (300 m long and 5 m wide, or 0.15 ha).
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4.2.5.2. OLA site

In autumn 2011, before the artificial transplantation, we undertook an initial state survey
to determine whether natural recolonisation by M. barbarus had taken place, without
systematic measurement. In autumn 2012, after the nuptial flight, natural recolonisation was
measured as follows. 3 observers surveyed the entire surface area of the restoration site for
one day, randomly lifting pebbles on the soil surface (total 1107) and pebbles buried in the
soil (total 137) to identify the possible presence of naturally established founding queens.

Their number and location were then recorded.

4.2.6. Statistical analyses

All statistical analyses were performed using R software version 2.15.2. When the data
did not follow a normal distribution (Shapiro-Wilk test), we used the Kruskal-Wallis non-
parametric test. This test was performed to identify any significant differences in survival rate
after transplantation between the different treatment types and control periods, as well as any
significant differences in the survival rates of naturally established colonies (or founding
queens). In the case of significant differences, we used the Mann-Whitney-Wilcoxon non-
parametric test to compare the means two by two (p-value adjusted according to the method
of Benjamini-Hochberg).

4.3. Results

4.3.1. Assessment of successful transplantation of founding queens

4.3.1.1. AOA site

In spring 2011, 6 months after the transplantation of the founding queens, the overall
establishment success rate was 72.6% (348 founding queens alive for 479 pebbles found). In
all, we transplanted 540 founding queens, but 61 pebbles marking founding queens were not
found (11.3% of pebbles not found). Transplantation success rates differed for the reference
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steppe (63%), the narrow and broad boundaries (81.1% and 68.3%) and the three ecological
treatment areas: rehabilitated zone (79.8%), nurse species seeding (72.4%) and soil transfer
(70.1%) (Kruskal-Wallis test, chi-square = 11.2578, df = 6, p-value = 0.049). However, none
of the differences were significant (Figure 4.3).

In spring 2012, one and a half years after the founding queen transplantations, the success rate
was only 15.7% (74 founding queens alive for 470 pebbles found at the degraded site and in
the reference steppe) (Figure 4.3). Pebbles not found represented 13%. No significant
difference was recorded among the different transplant zones (Test of Kruskal-Wallis, chi-
square = 8.6875, df = 6, p-value > 0.05). However, 22% of the founding queens found in
spring 2011 to have been successfully transplanted were still alive.

Broods, worker ants and/or middens beneath pebbles were found at 3 transplantation locations
in the reference steppe, at 6 in the boundaries (1 in a narrow boundary and 5 in broad
boundaries) and at 10 in the AOA site (5 in nurse species seeding areas, 4 in soil transfer areas
and 1 in a rehabilitated zone) (Figure 4.3).
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Figure 4.3: Successful transplantations of founding queens in spring 2011 and spring 2012 on
the AOA site, on the boundaries and in the reference steppe. Nurse species seeding (NSS,
white), rehabilitated zone (RZ, oblique stripes 45°), soil transfer (ST, light gray), broad
boundary (BB, dark grey), narrow boundary (NB, grey); reference steppe (STEP, vertical
stripes). The percentage of successful transplantations is based on the number of founding
queens still alive in each zone. The chi-square of Kruskal-Wallis test and its p-value are
indicated above each graph. The p-value is adjusted according to the Benjamini-Hochberg
method. Error bars represent standard errors.
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4.3.1.2. OLA site

In spring 2012, 6 months after the founding queen transplantations, the survival rate for
the transplanted founding queens was 56.3% (129 founding queens alive for 229 pebbles
found). Here, all the pebbles were found. The transplantation success rate was significantly
higher at the OLA study site than at the reference steppe, respectively, 60.9% and 43.3%
(Kruskal-Wallis test, chi-square = 4.57, df = 1, p < 0.05) (Figure 4.4).

In autumn 2012, one year after transplantation of the founding queens, the transplantation
success rate had decreased to only 35.3% (79 founding queens alive for 224 pebbles found).
Pebbles not found represented only 2.1 % of the total. The transplantation success rate was
again significantly higher at the restored site than at the reference steppe (respectively 39.9%
and 23.7%) (Kruskal-Wallis test, chi-square = 4.65, df = 1, p-value < 0.05) (Figure 4.4).
65.9% of founding queens found in spring 2012 to have been successfully transplanted were
still alive in autumn 2012 (64% at the study site and 54% at the reference steppe).

We observed the presence of broods, worker ants and/or middens at only 21 transplantation

locations.
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Figure 4.4: Successful transplantations of founding queens in spring 2012 and in autumn 2012 on the
OLA site and in the reference steppe (STEP2, light grey). Percentage of successful
transplantations is based on the number of founding queens still alive in each zone. The chi-
square of Kruskal-Wallis test and its p-value are indicated above each graph. Error bars
represent standard errors. Bars with a different letter (a and b, a and B) are significantly
different (p < 0.05).
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4.3.2. Monitoring of natural recolonisation

4.3.2.1. AOA site

Spring 2011 was particularly hot and dry from April to the end of May and the M
barbarus worker ants therefore adapted their periods of daily summer foraging (from 7:00 am
to 11:00 am and from 7:00 pm until sunset).

The mean number of natural nests recorded was significantly higher at the narrow and broad
boundaries (on average 151.7 and 163.3 nests per hectare) and in the reference steppe (on
average 70 nests per hectare) than in the rehabilitated zone (average 16.7 nests per hectare)
and the nurse species seeding area (average 20 nests per hectare) (Kruskal-Wallis test, chi-
square = 22.90, df = 6, p-value < 0.05). The mean number of natural nests also differed
significantly between the boundary areas (both narrow and broad) and the soil transfer area
(average 26.7 nests per hectare). The mean number of nests was higher in the reference steppe
than in the soil transfer area but no significant difference was detected by the Mann-Whitney-

Wilcoxon multiple comparison tests (Figure 4.5).
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Figure 4.6 Mean natural nests (per hectare) of Messor barbarus already present at the site
degraded by intensive arboriculture (AOA: NSS, RZ, ST, on the boundaries (BB, NB) and in the
reference steppe (STEP2). Nurse species seeding (NSS, white), rehabilitated zone (RZ, oblique
stripes 45°), soil transfer (ST, light grey), broad boundary (BB, dark grey), narrow boundary
(NB, grey); reference steppe (STEP, vertical stripes). The chi-square of Kruskal-Wallis test and
its p-value are indicated above each graph. Error bars represent standard errors. Bars with a
different letter are significantly different (p < 0.05). (Comparison by Mann-Whitney-Wilcoxon
tests with p-value adjusted according to the Benjamini-Hochberg method; p < 0.05).
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4.3.2.2. OLA site

In autumn 2011, no new establishment of M. barbarus was observed at this site. In
autumn 2012, after the nuptial flight, a first natural recolonisation occurred. We counted 46
new founding queens after lifting 1107 pebbles (970 pebbles placed on the surface and 137
pebbles buried in the soil). These founding queens were all found under pebbles placed on the
surface. We had removed them from the ground during the transplantation operations: 4.75%
of the pebbles removed from the ground had thus been chosen naturally by founding queens.
No new establishment was detected where there were no pebbles on the ground, or when

pebbles had been buried by prior soil compacting operations during rehabilitation of the site.

4.4, Discussion

We transplanted M. barbarus founding queens onto these two sites to test the hypothesis
that the behaviour patterns of a harvesting ant could be useful for sustainable ecological
restoration following major ecological restoration operations, primarily civil engineering. We
hypothesized that this ant could in future play a role not only in the dispersal of characteristic
seeds of the reference plant community, but also in the restoration of the spatial composition
and pattern of this vegetation. With its foraging columns that can stretch as far as thirty
metres, a mean number of 8000 worker ants per nest and the polymorphism of the worker
ants, this species is capable of transporting and thus potentially of losing, discarding and/or

ejecting a wide range of seeds.

The literature mainly reports the transportation of fragments of ant nests via sampling
from the central mass with the main brood chambers, worker ants and one or several queens
(Pavan 1961; Pontin 1969; Elmes 1971; Bradley 1972; Box 1987). This transplantation
technique is generally quite successful for at least a few subsequent years. However, as well
as being lengthy and fastidious, the transplantation of nests may also have a serious impact on
the environment, since it requires excavating the soil in the donor area in order to collect the
nest and in the host area to install it (Pontin 1969; Elmes 1971). In addition, collecting what

amounts to whole nests reduces nest density in the donor area. Furthermore, it is difficult to
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ensure that the founding queen located deep down, namely around 5 metres for M. barbarus,

can be found and collected undamaged.

We therefore chose to transplant the founding queens alone, as this technique would
appear to be sustainable and realisable at a large scale. As well as being quick and easy to
achieve, the transplantation of the founding queens alone also minimises impact on the
environment since no excavation of the soil is involved. Collecting these founding queens, an
insignificant proportion of the numbers resulting from the nuptial flight (Cerdan 1989), has no
impact on the donor site. At the time of the nuptial flight, the founding queens may land on
habitats that are unsuitable for them to settle in, e.g. car parks, car windscreens or water,
and/or fall victim to heavy predation (birds, lizards, spiders, scolopendra, ants) (personal
observations; Whitcomb et al. 1973). This means that, of the thousands of founding queens
involved in the nuptial flight, very few survive: myrmecologists generally agree on a figure of
one out of 1000. By transplanting founding queens, we enable them to get through the
dispersal filter and settle in favourable micro-habitats. Nevertheless, the first year of the
founding queen’s life is the most vulnerable stage in the ant’s life (Baroni Urbani 1968;
Holldobler & Wilson 1990; Tschinkel 1992 a et b; Herbers 1993). As an example, 80% of
nests of Solenopsis invicta perish before the workers have even started to work (Tschinkel
1987). Moreover, once installed in their tunnel, the founding queens may still be exposed to
severe predation by ants, whether conspecific or not (Edwards et al. 1974; Nickerson et al.
1975; Nichols & Sites 1991, Kawecki 1992), and by other organisms (scolopendra, spiders)
(Whitcomb et al. 1973). In addition, excessive dryness or humidity can also prove fatal
(Johnson 1998). The excessive drought that we observed during the summer of 2011 may thus
be one of the reasons for the high mortality rate recorded at the AOA site. When ants have
independent claustral foundation, as with M. barbarus, the founding queens must then
succeed in laying and raising their first larvae using their own reserves (Cerdan 1989;
Hélldobler & Wilson 1990).

At the OLA site, one year after transplantation, 35.3% of transplanted founding queens
had survived; at the AOA site, one and a half years after transplantation, almost a quarter of
transplanted founding queens were also still alive. Further proof of the success of these
transplantations is that the success rate is higher at the OLA site (39.9%) than in the reference

steppe (23.7%). In addition, at both sites the founding queens were observed to have raised
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the first worker ants six months after transplantation, and small depositories had been formed

beneath the pebbles one year after transplantation.

At the AOA site, the success rate was similar throughout the transplantation areas,
including the reference steppe. Within the former orchard, therefore, the various restoration
operations did not have any significant influence on transplantation success in the short term.
In contrast, the significantly higher success rate of the transplantations at the OLA site than at
the reference steppe may be explained by greater predation in the steppe. The oil spill and the
soil depollution operations totally destroyed OLA soil organisms, and thus the main predators

of these ants.

At the AOA site, significant differences in density of natural nests of Messor barbarus
were recorded: high density in boundary situations, intermediate density in the reference
steppe, low density within the former orchard. These differences may be explained by the
negative impact of earlier agricultural practices within the orchard between 1987 and 2006,
including the use of insecticides, weeding, digging of the soil. Another explanation is the
occurrence of a more positive ecotone effect in the boundary areas, an ecotone being a
transition area between different elements of a landscape (ecosystem, plant communities, etc.)
(Van der Maarel 1990). The fact that the boundaries' soil is not compacted may also promote
the establishment of new colonies.

As natural recolonisation had already taken place before the transplantation operations, the
AOA habitat would appear favourable to new establishment, whether transplanted or naturally
settled. For example, there is the presence of pebbles on the soil surface, without which
establishment success could be compromised by predators already colonising the site.

Thus, the transplantation of founding queens can be justified where natural nest density

remains low, such as within the former orchard.

At the OLA site, natural recolonisation by Messor barbarus only began one year after our
founding queen transplantations and remains very poor, with 9.2 foundations/ha. The new
natural foundations all occurred beneath pebbles that we had removed from the ground while
transplanting the founding queens, showing that these artificial practices strongly influenced
the natural recolonisation. The OLA site represents an unfavourable habitat for the natural
return of Messor barbarous, since the pebbles there were buried by the compacting of the soil

to encourage vegetation during site rehabilitation. Recolonisation by Messor barbarus thus
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appears to be habitat-dependent. In contrast, the establishment success of ants at OLA could
be favoured by a low rate of predation, since predators colonised the site at the same time as
the new ant colonies were developing. The transplantation of founding queens thus remains a
promising method for getting past the filter of habitat conditions and the high rate of predation

that occurs during natural dispersal.

Our work will continue with the monitoring of the development of the colonies and,
longer term, the monitoring of the vegetation both close to the nests and in areas where there
are no Messor barbarus nests, in order to measure the impact of this harvester ant on the
vegetation. We hope in this way to determine whether transplanted species can have a positive
influence on the restoration of a degraded ecosystem.
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D.1. Synthése des principaux résultats de la thése

D’un point de vue fondamental, 1’objectif de ce travail de thése était de contribuer a une
meilleure compréhension du fonctionnement d’un écosystéme en étudiant les mécanismes de
régénération du sol et de la végétation aprés un important changement d’usage via une
opération lourde de restauration écologique dans une pelouse seche méditerranéenne sub-
steppique. Pour cela, de nouvelles techniques de restauration écologique ont été
expérimentées: un transfert de sol effectué sur les bases d'une ingénierie civile « écologisée »
et en complément, I’utilisation de la fourmi moissonneuse Messor barbarus comme ingénieur

¢cologique potentiel de I’écosystéme.

La premiére partie de la these, constituée par les chapitres 1 et 2, a permis d’évaluer
qu’apres seulement trois années de suivi, la régénération du sol et de la végétation peuvent
étre rapides en se réferant a certains parameétres (physiques, chimiques et biologiques pour le
sol; composition, richesse spécifique et diversité spécifique pour la végétation) mais beaucoup
plus lente en se référant a d’autres paramétres (échanges verticaux entre les horizons dans le
profil de sol; teneurs en carbone organique et azote total, structure de la végétation).

Les résultats les plus encourageants sont obtenus lorsque les trois principaux horizons
pédologiques ont été reconstitués. Au sens strict, la restauration écologique de l'intégrité de

cet écosystéme n’a cependant pas €té atteinte a court terme.

La deuxiéme partie de la these, comprenant les chapitres 3 et 4, a consisté a chercher un
nouvel outil potentiel en ingénierie écologique pour compléter le travail de restauration
écologique engagé par I’ingénierie civile « écologisée » tout en diminuant les colts
environnementaux et financiers. Nos premiers résultats montrent que la fourmi moissonneuse
M. barbarus permet de concentrer localement certaines graines et d’augmenter ainsi la
richesse spécifique de la végetation via la construction de dépotoirs dans 1’écosystéme de
référence, mais seulement lorsque ceux-ci sont naturellement détruits au cours de I’hiver.
Avec un suivi paralléle de la recolonisation naturelle de M. barbarus, une opération de
transplantation de reines fondatrices de cette espece démontre que, lorsque I’habitat n’est pas
favorable a 1’établissement naturel de M. barbarus (et notamment en I'absence de
recolonisation par les espéces graminéennes), le taux de survie des fourmis transférées est

prometteur a trés court terme (amelioré de 300 fois par rapport au taux naturel) sur des sites
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bénéficiant d’une restauration. La fourmi Messor barbarus apparaitrait alors comme une
candidate de choix pour étre utilisée en ingénierie écologique si son impact favorable sur la

végétation est bien confirmé dans quelques années.

D.2. Evaluation de la réussite d’une opération de restauration

écologique par l’ingénierie civile « écologisée ».

D.2.1. Succeés de la restauration écologique

Les travaux en restauration écologique se basent souvent sur le modele des filtres (Keddy
1992; Zobel 1997; Fattorinni & Halle 2004; Lortie et al. 2004; Guisan & Rahbek 2011) pour
comprendre les processus d’assemblage des communautés végétales et ainsi expliquer
comment elles se régénérent (Coiffait-Gombault 2011; Jaunatre 2012; Muller 2013).

Les résultats issus de la thése de Jaunatre (2012), menée dans la plaine de La Crau, ont ainsi
mis en évidence que 1’ordre d’importance des filtres pour le rétablissement des communautés
vegétales était le filtre abiotique, suivi par le filtre de la dispersion et enfin par le filtre
biotique. La prise en compte des interactions abiotique/biotique correspond alors a la premiere
étape en restauration écologique ou il est nécessaire de restaurer I'habitat, notamment un
niveau de fertilit¢ adéquat du sol, c’est-a-dire correspondant a celui de 1’écosystéme de

référence.

Comme détaillé dans I’introduction des chapitres 1 et 2, le transfert de sol est une
technique de restauration écologique qui agit simultanément sur ces trois filtres.
En effet, du site donneur vers le site récepteur, il permet de transférer des éléments physico-
chimiques, de la matiére organique, de la biomasse microbienne ainsi qu’une partie de la
pédofaune et de la flore (Clewell & Aronson 2013). Les questions qui se posent alors sont: les
propriétés du sol transférées se maintiennent-elles lors de sa translocation sur le site
récepteur ? Seront-elles suffisamment conservées dans le temps pour permettre 1’installation

et le maintien de la communauté végétale cible sur le long terme ?

Le chapitre 1 a confirme que le transfert de sol influence peu les paramétres physico-
chimiques puisque seulement quelques différences significatives subsistent encore entre le sol

transféré et celui de la steppe de référence environnante trois ans apres le transfert.
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Cela a déja été mesure apres un transfert de sol effectué dans la plaine de La Crau (Jaunatre et
al. 2014a). Cependant, des résultats contraires ont déja été trouvés dans d’autres études de
translocations d’habitat ou de mottes (Trueman et al. 2007). Dans le chapitre 1, ces
différences sont essentiellement illustrées par une baisse significative des teneurs en carbone
organique total et en azote total dans le sol de surface transféré par rapport a celui de la
steppe. Ces différences pourraient également étre dues a I'absence de correction des mesures
par rapport a la densité réelle des sols. Cette mesure étant particulierement difficile a réaliser
du fait de la forte charge en éléments grossiers des sols (impossibilité d'enfoncer les cylindres
pour échantillonner). Des essais sont toutefois actuellement en cours avec d'autres techniques
(Pothier, inédit). Des changements similaires ont également été décelés aprés un
enfouissement de canalisations dans la plaine de La Crau (Coiffait-Gombault 2011).

Sur notre site d’étude, les perturbations sur le compartiment du sol provoquées lors du
transfert n'ont toutefois pas augmenté les teneurs en nutriments, souvent responsables du
développement des espéces végétales non-désirées, ruderales et/ou compétitives au détriment
des especes végeétales steppiques cibles plutot tolérantes aux stress (Buisson et al. 2006;
Jaunatre et al. 2014a). Au contraire, le transfert de sol a bien permis le maintien d’un faible
niveau de fertilité expliquant en partie la trés faible colonisation par les espéces non cibles

mesurée dans le chapitre 2.

La biomasse microbienne n' a pas présenté non plus de différence significative avec celle

du sol de I’écosysteme de référence, ce qui appuie le fait que les microorganismes ont une
forte résilience suite a des opérations de restauration écologique affectant le sol quand celles-
ci sont toutefois écologisées (transfert direct, pas de stockage, période printaniére, ré-
ordonnancement des différents horizons) (chapitre 1; Potthoff et al. 2006).
Les conditions abiotiques nécessaires a leur rétablissement sont alors réunies car la stabilité
biologique des sols semble régie par leurs structures physico-chimiques qui agissent sur la
composition et la physiologie des communautés microbiennes (Griffiths et al. 2008, 2012).
Des résultats similaires ont été également obtenus avec les taux de minéralisation des matiéres
organiques particulaires (MOP) attestant de la bonne qualité du sol et de son bon
fonctionnement (Dick et al. 1997; Haynes 2000; Pascual et al. 2000; Franzluebbers 2002;
Chapman et al. 2007; Cristofoli & Mahy 2010) aprés sa translocation malgré une teneur en
MORP plus faible.
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Dans une prairie riche en especes, Kardol et al. (2009) avaient mesuré que, méme en
inoculant du sol ou des mottes abondantes en biomasse fongique, des différences trop fortes
entre les conditions abiotiques du milieu donneur et du milieu récepteur, n'avaient pas permis
d'aboutir au rétablissement d’une communauté végétale cible sur le site récepteur. Ces
résultats ont été confirmés par Jaunatre et al. (2014a) qui ont montré que l'inoculation de sol
d'un site donneur sur un site dégradé plus fertile (ancien verger), ne permet pas a court terme

de restaurer l'intégrité de la végétation du site donneur.

Les chapitres 1 et 2 indiquent que les conditions abiotiques nécessaires au rétablissement
de la communauté végétale cibles ont été restaurées, ainsi que les conditions biotiques du sol.
La restauration de la composition, de la richesse spécifique et méme de la diversité spécifique
de la végétation, qui ne présente alors plus de différence significative avec celle de la
communauté végetale steppique désirée (chapitre 2), le confirme.

De bons résultats sur la restauration du compartiment végétal ont également été obtenus a
court terme dans d’autres exemples de transfert de sol (Worthington & Helliwell 1987; Pywell
et al. 1995; Bullock 1998; Vécrin & Muller 2003; Kiehl et al. 2010; Jaunatre et al. 2014a).
Cependant, le rétablissement de la biomasse microbienne peut étre également attribué a celui
de la végétation comme le suggerent des études menées précédemment et qui montrent que la
communauté microbienne « suivait » et était dépendante de ce qui se passait dans le
compartiment au-dessus du sol (Harris 2003). Ces résultats soulignent donc bien I’importance
de prendre en considération a la fois les interactions abiotique/biotique et les interactions
biotique-biotique pour permettre la réussite d’un programme de restauration écologique. Cette
affirmation est appuyée par les résultats sur les respirations microbiennes ou les plantes,
présentes au-dessus du sol, influencent le catabolisme de composés dans le sol tels que 1’acide
malique et les sucres (chapitre 1 et 2). La plus faible teneur en POM dans le sol transféré, en
comparaison avec le sol de 1’écosysteme steppique de référence, est certainement
principalement engendrée par une différence dans la quantité et la qualité des nouveaux
apports en matieres organiques. En effet, la steppe intacte paturée recoit des apports réguliers
qui sont rapidement minéralisés et a nouveau remplacés (Cambardella & Elliott 1992;
Balesdent 1996, 1998; Haynes 2000) contrairement au site restauré qui n’est pas paturé.

Cela met en évidence I’'importance de I’activité pastorale pour maintenir une hétérogénéité a

la surface du sol pour que celle-ci soit a la fois constituée de patches d’espéces annuelles,
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d’especes pérennes et de sol nu (Molinier & Tallon 1950; Devaux et al. 1983; R6mermann et
al. 2005; Buisson & Dutoit 2006; Henry et al. 2010).

Le chapitre 2 indique, en effet, que la végétation a tendance a augmenter en hauteur plutét
qu’a s’étaler, ce qui freine la colonisation d’espéces végétales comme Brachypodium retusum,
espece pérenne qui se reproduit principalement par tallage. De plus, le faible recouvrement
par les espéces pérennes permet ’installation et le développement de nombreuses especes
annuelles d’ou la plus grande richesse spécifigue momentanée en espéces cibles sur le site
restauré que dans la steppe de référence dominée par Brachypodium retusum.

Les modes de gestion qui ont assuré le maintien de 1’écosysteme de référence doivent donc
étre remis en place sur le site restaureé, tel que le paturage ovin ancestral considéré comme un
régime de perturbations endogénes dans la plaine de La Crau (R6mermann et al. 2005; Henry
2010).

La réussite rapide de la restauration de la végétation steppique (chapitre 2) peut
également étre attribuée au fait que le transfert de sol a permis de dépasser le filtre de la
dispersion, qui est un facteur limitant pour la régénération de la végétation cible dans la plaine
de La Crau aprés d’importants changements d’usages des sols (Buisson & Dutoit 2004;
Romermann et al. 2005; Buisson et al. 2006; Coiffait-Gombault et al. 2011; Jaunatre 2012).
En effet, lorsque les conditions abiotiques sont rétablies, la capacité de régénération limitée
des communautés végétales est parfois expliquée par la faible disponibilité en propagules
(production, dispersion, recrutement), causée par 1’épuisement de la banque de graines
(Hutchings & Both 1996; Bossuyt & Honnay 2008), par une production et/ou une dispersion
des graines restreintes (Bakker et al. 1996), et par I’installation d’espéces non cibles (Marrs
2002; McCain et al. 2010). Le transfert du sol, sans stockage préalable, a alors sans doute
permis de favoriser la viabilité de la banque de graines steppique mais aussi le maintien de la
structure du sol et de sa biomasse microbienne (DePuit 1984; Pfannenstiel & Wendt 1984;
Dickie et al. 1988; Rokich et al. 2000; Rivera et al. 2012; Andersen et al. 2008). Des
fragments de plantes pérennes peuvent également avoir été transférés et se développer si le sol
n’est pas stocké avant son transfert. Cela peut donc expliquer la présence de 100% des
espéces vegetales de la steppe dont Brachypodium retusum sur I’ensemble du site restauré.

Le pool d’espéces régionales, présent dans I’environnement local qui entoure la communauté
végétale, est important pour permettre le développement d’une communauté cible (Tansley &

Adamson 1925; Partel et al. 1996; Alard & Poudevigne 2002; Cook et al. 2005; Jaunatre
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2012). Le succes a alors certainement été accentué par le fait que le site restauré est
entierement entouré par 1’écosysteme de référence et cela, encore sur de grandes surfaces

(parcelle relictuelle de 6500 ha).

Les chapitres 1 et 2, ainsi que des études antérieures, ont confirmé que le transfert de sol
est une technique de restauration écologique qui offre la possibilité de recréer rapidement un
habitat le plus similaire possible a 1’écosystéme de référence quand le site donneur est proche
(géographie, phytosociologie, pédologie etc.) du site receveur dégradé ou détruit (Bullock
1998; Box 2003; Jaunatre et al. 2014a). De plus, le succes de la restauration est augmenté

lorsque le sol est transféré dans de bonnes conditions, au printemps et sans stockage.

D.2.2. Importance de la reconstitution de I’horizon de surface A,

Le grand succes de la restauration du sol et de la communauté végétale cible, décrit ci-
dessus, a surtout été obtenu lorsque 1’horizon organique de surface A; (10-20 cm) a été bien
individualisé et reconstitué en surface (chapitre 1 et 2). En effet, c’est dans cet horizon
organique qu’est contenue la banque de graines, qui constitue une importante source de
propagules pour la restauration de la végeétation (Carrick & Kruger 2007; Koch 2007; Rokick
& Dixon 2007; Scoles-Sciulla & DeFalco 2009; Hall et al. 2010); la biomasse microbienne,
qui favorise D’installation des espeéces végétales (Bell et al. 2003; Jasper 2007); mais
également une grande quantité de matiéres organiques (Duchaufour 1984; AFES 2009). La
translocation de cette couche de sol maximise alors la réussite de I’opération de transfert de

sol.

Lorsque I’horizon organique n’est pas reconstitué, les résultats de la restauration
écologique sont plus mitigés. Selon les indices calculés pour évaluer le succes de la
restauration (CSllom et HAI, Jaunatre et al. 2014b), moins la complexité du sol est rétablie,
plus la communauté végétale se différencie de celle de I’écosystéme de référence (chapitre
2). Un résultat similaire avait été mesuré concernant la restauration des compartiments
abiotiques et biotiques du sol (chapitre 1). Ainsi, plus les horizons pédologiques reconstitués
en surface sont originaires des couches profondes du sol, moins ils ont hérité de la banque de
graines, de la biomasse microbienne ou des matieres organiques et plus ils ont des teneurs en

calcium et en pH élevées dues a la nature calcaire de la roche mére. Cela influence in fine la
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végétation qui s’exprime a la surface suite a leur transfert, mais aussi 1’activité microbienne,

la dynamique des matiéres organiques et les propriétés physico-chimiques du sol.

Les résultats obtenus dans 1’horizon minéral (B) se situent ainsi a I’intermédiaire entre
I’horizon organique et le cailloutis de Crau (C) quand il est remis en surface. Le cailloutis de
Crau, situé en surface, correspond & un milieu pionnier colonisé a la fois par quelques especes
végetales de la steppe environnante et par les microorganismes du sol. 1l s'enrichit également
peu a peu en mati¢res organiques. Cependant, 1’évolution a venir de ce traitement, dénué
d’horizon organique, ne peut pas étre prédite; Il pourrait ainsi évoluer vers d’autres états
alternatifs différents de 1’écosystéme de référence (Figure 1.2.). Par exemple, sa trajectoire
pourrait se diriger vers une communauté végétale qui serait dominée par une flore plus
calcicole adaptée a un sol xérique a texture trés chargé en éléments grossiers (galets) et
sableuse, pauvre en nutriments et au pH basique a I'image des communautés végeétales

pionnieres des dépdts des bords de la Durance.

Les chapitres 1 et 2 mettent alors en évidence non seulement I'importance des conditions
de transfert du sol, mais aussi de I’héritage des propriétés du sol et de la banque de graines

pour assurer le succes rapide de la restauration écologique.

D.2.3. Limites de la restauration écologique

Apres trois années de suivi, et méme avec la reconstitution de 1’horizon organique de
surface, I’intégrit¢ de la communauté végétale steppique de référence n’a pas été restaurée. En
effet, les indices évaluant le succes de la restauration de la communauté végétale (CSlHnom et
HAI, Jaunatre et al. 2013) indiquent que la structuration de la végétation est encore
significativement différente entre le site restauré et la steppe de référence, notamment en
matiére d’abondance/dominance des especes végétales. Des différences en ce qui concerne la
densité de la vegétation (recouvrement, hauteur) ont également été mesurees (chapitre 2).

De plus, méme si des résultats trés encourageants ont été obtenus en matiére de régénération
des propriétés du sol et de son fonctionnement, les descriptions pédologiques des profils de
sols ont mis en évidence de fortes différences concernant les caractéristiques physiques et
biologiques avec le profil de sol analysé dans la steppe de référence (chapitre 1). Ces

différences sont notamment I’absence de recolonisation par les vers de terre et les racines des
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plantes des especes pérennes caractéristiques de la steppe, mais aussi par I’imperméabilité des
couches de sols transférés qui semblent ne pas avoir été au contact de I'eau depuis leur
transfert pour les horizons (B) et C. Aucun échange, via I’activité biologique, ne semble donc
s’opérer depuis trois années entre les couches de sol dans ces profils pédologiques (Lavelle
1988; Edwards 2002). Cela peut sans doute s'expliquer par le fait que le sol transféré a été
plus compacté que le sol de la steppe resté en place. Le tassement des horizons transférés a de
fait impacté les communautés de vers (Radford et al. 2001; Chan & Barchia 2007), diminué la
porosité du sol (Ehlers 1975; Lin et al. 1996; Kutilek 2004) et influencé la croissance et la
distribution des racines (Unger & Kaspar 1994). La régénération du compartiment vegétal et
du compartiment du sol pourrait alors étre compromise sur le long terme notamment lors
d'importants épisodes de sécheresse estivale, la végétation du site restaurée ne pouvant avoir

acces a l'eau alors non disponible dans les horizons les plus profonds (20-40cm).

Ainsi, méme si les résultats sont meilleurs qu’en l'absence d'intervention, la restauration
¢cologique au sens strict n’a cependant pas été atteinte par I’intermédiaire d’une ingénierie
civile «écologisée ». Cette constatation a déja éeté faite par Benayas et al. (2009). La
restauration écologique telle qu'elle est pratiquée actuellement présente ainsi une incapacité a
mimer des interactions qui se sont mises en place depuis des milliers d’années, telles que les
séquences de dispersion (Fukami 2004) ou les cycles endogenes de stress et de perturbation
(Bartha et al. 2003). C’est pourquoi, dans la deuxiéme partie de ce travail de thése, nous
avons cherché a développer un nouvel outil complémentaire en ingénierie écologique via
l'utilisation d'organismes ingénieurs de 1’écosystéme (Jones et al. 1997) qui, en exercant des
interactions biotiques importantes, compléterait les opérations de restauration écologique de

maniere plus durable car sans intervention lourde supplémentaire.

D.2.4. Recherche d’un nouvel outil en ingénierie écologique

La fourmi M. barbarus a eté selectionnee pour étre potentiellement un nouvel outil en
ingénierie écologique par ses caractéristiques d’ingénieurs de I’écosystéme déja reconnues
notamment en matiére de dispersion des graines (Cerdan et al. 1990; Detain et al. 1996;
Detrain & Tasse 2000; Sanchez et al. 2006; Azcarate & Peco 2007; Arnan et al. 2010; Plowes
et al. 2013). Le chapitre 3 montre que les dépotoirs de cette espece de fourmi, entourant

I’entrée de leurs nids, affectent la viabilité et la dispersion des graines dans la communauté
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végétale de la steppe de référence en prenant en compte la dynamique annuelle de ces
dépotoirs.

En automne, nous avons pu ainsi mettre en évidence un effet d’accumulation des graines
dans les dépotoirs, comme cela avait déja été mesuré pour cette espéce dans une autre étude
(Azcarate et Peco 2007) mais aussi avec d’autres especes de fourmis granivores (Hobbs 1985;
Rissing 1986; Levey & Byrne 1993; MacMahon et al. 2000). Une large partie de ces graines
sont conservées a l’intérieur de ces dépotoirs et conservent leur capacité de germination
jusqu’au début de 1’automne, comme en témoignent la densité et la richesse spécifique des
graines viables significativement plus élevées dans les dépotoirs que dans des sols dénués
d’activité de fourmis. La composition de ces dépotoirs semble néanmoins refléter la collecte
des ouvrieres qui récoltent préférentiellement les graines des especes végétales les plus
abondantes dans 1’écosystéme (Detrain et al. 1996; Azcdrate et al. 2007). Sur un site
bénéficiant d’une restauration écologique et fortement dominé par des espéces végétales non
cibles a forte production de graines, M. barbarus serait alors susceptible d’accumuler des

graines d’especes non désirées dans ses dépotoirs !

Au printemps suivant, la densité et la richesse spécifique des plantules sont
significativement plus élevées a 1’endroit ou les dépotoirs étaient localisés en comparaison
aux zones sans aucune activité de fourmis mais seulement, si ces dépotoirs ont été détruits
naturellement au cours de I’hiver. La grande majorité de ces dépotoirs sont effectivement
désagrégés pendant la saison hivernale. Ce résultat est nouveau, car a notre connaissance,
aucune étude antérieure n’a mentionné la destruction des dépotoirs comme une nécessité pour
permettre 1’augmentation de la densité et de la richesse des germinations au printemps
suivant. Contrairement a une autre hypothése, les dépotoirs ne permettent cependant pas a la
banque de graines de type transitoire de survivre a I’hiver. La mémoire séminale de la steppe

n’est donc pas augmentée par ce phénomeéne de stockage dans les dépotoirs.

La fourmi Messor barbarus entretient des interactions biotique-biotique positives avec la
communauté végétale steppique de référence en redistribuant localement les graines et en
augmentant notamment la richesse spécifique localement via la construction de dépotoirs
quand ceux-ci sont détruits au cours de I’hiver. A une échelle plus globale, il a également déja

été démontré que cette espece préléeve 5 % a 20 % de la production totale en graines de la
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plaine de La Crau (Cerdan et al. 1990) mais cette predation serait alors compensé par une
redistribution des graines (Detrain & Tasse 2000; Azcarate & Peco 2007).

Les capacités de dispersion des graines par cette espece de fourmi pourraient alors étre
potentiellement utilisées sur des sites en cours de restauration, mais il faudrait au préalable
mesurer si cette espece aurait le méme effet positif ou si, au contraire, elle favoriserait les

espéces vegetales non cibles au détriment des espéces cibles.

Cependant, suite a une dégradation ou a une destruction de son habitat, la recolonisation
de M. barbarus peut-elle bien avoir lieu naturellement sur des pas de temps courts? Est-elle
limitée par la qualit¢ de I’habitat ou par sa capacité de dispersion? Est-il alors réellement
nécessaire de procéder a des opérations de transplantation dans le cadre d’un programme

d’ingénierie écologique? Est-il au final possible de la transplanter ?

Le chapitre 4 a permis de démontrer que la dispersion de Messor barbarus se faisait sur
des sites dégradés ou détruits mais que I’installation des nouvelles fondations n'était possible
qu'a condition que la qualité de I’habitat le permette (présence de galets et d'une végétation
herbacée), avec un taux de prédation relativement faible. Une étude a confirmé la forte
capacité de recolonisation naturelle de M. barbarus qui est trés rapidement tres abondante
dans de jeunes friches anciennement cultivées et abandonnées depuis une dizaine d'années a
condition cependant que les galets n'aient pas été retirés et que le recouvrement en especes
graminéennes (bromes, avoines, etc.) soit particulierement important (Tanet 2014). Dans le
cas contraire, la transplantation de reines fondatrices est réalisable sur plusieurs hectares, avec
un faible effort humain a fournir, et obtient d’excellents résultats aprés deux années de
transplantation. En effet, le taux de survie de ces fondatrices transplantées atteint plus de 30 %
comparé a une fondatrice sur 1000 lors d’une recolonisation naturelle (Provost com. pers.).
Les opérations de transplantations de fondatrices de M. barbarus permettent donc de leur faire
passer le filtre de la dispersion mais surtout celui de 1’habitat et des forts taux de prédation.
De plus, comparé a une transplantation de nids (Pavan 1961; Pontin 1969; Bradley 1972; Box
1987), 'impact sur le site donneur et sur le site récepteur est minimisé. Dans notre cas, la
remise en place de galets en surface aurait peut-étre alors suffit pour réensemencer
naturellement le site avec cette fourmi moissonneuse. Il aurait pu également étre envisagé de

laisser faire le temps, car avec 1’érosion de la couche superficielle du sol, des galets seraient
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réapparus en surface et auraient permis la recolonisation naturelle puisque le site est encore
entouré par 1’écosysteme de référence.

Cette transplantation de fourmis pose donc la question de la nécessité d’intervention dans
le cadre de programmes de renforcements de populations (utilité, déontologie, réglementation,
dérives, limites) (Actes du collogque Renforcement de Populations 2013). Cependant cette
opération est originale dans le sens ou elle n’a pas été effectué afin de conserver une espéce
rare ou en danger, comme c’est le cas dans la plupart des programmes de
renforcement/réintroduction, mais dans le but de retrouver au moins une fonction de
I’écosystéme (dispersion des graines par les fourmis) qui n’était alors plus assurée, méme

momentanément, sur le site restauré.

D.3. Perspectives

D.3.1. Mesures complémentaires pour évaluer le succés de la restauration

écologique

En plus des suivis & moyen et long termes qu’il est nécessaire de mener sur la
régénération du compartiment végétal et sur celle du compartiment sol, d’autres mesures
peuvent étre effectuées pour compléter 1’évaluation du succes de la restauration écologique

apres le transfert de sol.

D.3.1.1. Densité des sols

Comme énonce precédemment (Discussion générale D.1.1.), une absence de correction
des mesures en matiere de densité apparente réelle des sols peut expliquer les différences
mesurées concernant les teneurs en carbone organique et azote totaux. Il serait alors
intéressant de tenter de mesurer cette densité par la méthode des sables. Cette méthode est
d’ailleurs considérée comme la plus juste (Audry et al. 1973). Celle-ci permettrait en effet des

résultats en conformité avec la morphologie des sols (Boka 1986; Yoro 1992).
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D.3.1.2. Micromorphologie

Afin de compléter les descriptions macroscopiques sur le terrain, une étude de la
micromorphologie du profil de sol pourrait étre réalisée. Cette technique est basée sur
I’observation et la description de lames minces de sol a différentes échelles d’observations: la
coupe archéologique, la lame mince et la microscopie. Elle permet notamment d’obtenir des
informations sur la porosité (forme, densité, aire, taille, connectivité des pores), sur la texture

ou encore sur I’activité biologique du sol (Fedoroff et al. 1987; Courty & Fedoroff 2002).

D.3.1.3. Interactions mycorhize-plantes

Les interactions entre les mycorhizes et les plantes agissent également sur 1’organisation
et sur la dynamique des communautés végétales (Grime et al. 1987; Bever et al. 2001;
Callaway et al. 2001; Van der Heijden & Horton 2009). De plus, une étude menée dans la
plaine de La Crau a déja montré que les changements d’usages des sols pouvaient affecter
durablement les taux de mycorhization de certaines espéces herbacées (Jaunatre 2012). A la
suite d’une opération de restauration écologique, comme un transfert de sol, le non
rétablissement de ces interactions pourrait alors hypothéquer la restauration de la végétation

ciblee sur le long terme.

D.3.1.4. Fonctionnement macro-biologique des sols

Une grande diversité d’organismes vivent dans le sol et agissent sur son
fonctionnement et celui des communautés végétales (De Deyn et al. 2003; Kardol et al. 2007,
2009; Bever et al. 2010). Il parait alors important de prendre en compte ces organismes dans
I’évaluation de la réussite de projets de restauration écologique. A titre d’exemples, les
microprédateurs (protozoaires, nématodes) régulent les activités microbiennes par leur
prédation, les transformateurs de litiere (mille-pattes, cloportes, acariens, collemboles) créent
des conditions favorables au developpement des microorganismes en dégradant les litieres et
en créant des structures organiques, et les ingénieurs de 1’écosysteme (lombrics) jouent
notamment un role dans le recyclage des nutriments en influencant la diversité et I’activité des

autres groupes fonctionnels et des microorganismes (Jones et al. 1994; Lavelle 1997).
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D.3.1.5. Suivi de la recolonisation des arthropodes

Dans la plaine de La Crau, la recolonisation naturelle des arthropodes est trés différente
en fonction de 1’Ordre considéré. Les études effectuées sur le retour des communautés de
fourmis et d’Orthoptéres indiquent une grande capacité de recolonisation par ces organismes
aprés des changements d’usages de sols, méme si des réponses différentes au niveau
spécifique peuvent étre mesurées (Alignan en préparation; Tanet 2014). Des résultats inverses
ont cependant été mesurés concernant les Coléopteres (Fadda 2007; Alignan en préparation)
qui présentent une richesse spécifique plus forte dans les sites récemment perturbés (friches
culturales) par rapport a 1’écosystéme steppique. Il serait alors intéressant d’identifier une
espece ou un assemblage d’espéces qui permettrait d’attester de la bonne qualité de 1’habitat

restauré comparé a 1’écosystéme cible.

D.3.2. Outils en ingénierie écologique

Les chapitres 3 et 4 ont montré que Messor barbarus représentait potentiellement un bon
partenaire en ingénierie écologique. Cependant, des suivis complémentaires et a plus long
terme doivent étre menés. D’autres partenaires en ingénierie écologique pourraient également

étre utilisés.

D.3.2.1. Ingénieur de ’écosysteme - la fourmi Messor barbarus

La fourmi Messor barbarus a donc une action favorable sur la redistribution des graines
dans 1’écosystéme de référence. Il faudrait a présent mesurer si cette espece aurait le méme
effet positif ou si, au contraire, elle favoriserait les espéces végétales non cibles au détriment
des espéces cibles sur des sites dégradés (Discussion D.2.). Cela pourrait étre réalisé en
comparant la composition, la richesse spécifique et 1’abondance des germinations entre des

dépotoirs situés dans la steppe intacte et des dépotoirs localisés dans des sites dégrades.

Afin de mieux généraliser nos résultats, une analyses fonctionnelle permettrait de
mesurer les traits des graines rejetées dans les dépotoirs pour savoir si le rejet de ces graines

est le résultat d’un tri sélectif par les ouvrieres ou le reflet de leur collecte comme cela a déja
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été suggéré dans une étude précédente (Azcarate & Peco 2007). Les traits pertinents a
considérer seraient alors la taille, la dureté, la teneur en lipides des graines ou encore la

présence d’¢élaiosomes sur les graines.

La comparaison entre le nombre et la composition des graines introduites dans le nid par
les ouvriéres en comparaison a ceux des graines qui sont rejetées par ces mémes ouvrieres
permettrait également de mesurer le taux de prédation et le taux de dispersion potentiels

exerces par la fourmi Messor barbarus.

Des analyses physico-chimiques pourraient aussi étre effectuées dans le sol ou se situent
les dépotoirs, en comparaison a des zones sans dépotoirs, pour Vérifier si les changements des
propriétés du sol (augmentation des teneurs en limons, potassium, matiére organique et pH)

engendrés par ces dépotoirs (Azcarate et al. 2007) persistent dans le temps.

Apres deux ans, la réussite de la transplantation des reines fondatrices est averée. Des
suivis a moyen terme permettraient de confirmer si les colonies se développent et atteignent
leur maturité en essaimant (nid agé de cing ans environ). De plus, les premiéres ouvriéres
issues de ces colonies commencent déja a récolter, transporter et éventuellement disperser des
graines dans leurs dépotoirs. Il est maintenant nécessaire de mesurer si Messor barbarus
exerce un effet significatif et positif sur la redistribution des graines sur le site restauré, ainsi

que sur les parametres physico-chimiques du sol.

D.3.2.2. Retour du paturage ovin

Comme énoncé dans I’Introduction 1.2.2., la plaine de La Crau est paturée depuis des
milliers d’années par des troupeaux 0vins qui participent et maintiennent la structuration des
communautés végétales steppiques (Cherel 1988; Badan et al. 1995; R6mermann et al. 2005;
Henry 2009). Le paturage améliore la dispersion, le recrutement et 1’installation des especes
végetales, notamment 1’établissement et le développement de Brachypodium retusum en
stimulant la production de thalles (Coiffait-Gombault 2012). Il favorise également la
reproduction clonale de nombreuses poacees et accroit la couverture de nombreuses especes
pérennes (Hoshino et al. 2009). Ce mode de gestion permet également de réduire la hauteur,

la biomasse ou la couverture de nombreuses especes végétales (Kooijman & Smit 2001;
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Jacobs & Naiman 2008; Niemeld et al. 2008). Il maintient également une hétérogénéité a la
surface du sol pour que celle-ci soit a la fois constituée de patches d’espéces annuelles,
d’espéces pérennes et de sol nu (Discussion D.1.1.). Le retour de 1’activité pastorale sur le site
restauré (au printemps 2015) correspond alors a la prochaine étape pour continuer la
restauration écologique de la communauté végétale steppique. Son impact devra étre mesuré

par rapport aux trois premieres années sans paturage.

D.3.2.3. Autres ingénieurs de [’écosysteme: les vers de terre

Les vers de terres présentent une grande diversité fonctionnelle et sont considérés comme

des ingénieurs de I’écosystéme du sol importants ayant des rdles clefs dans la modification
des propriétés physiques, chimiques et biologiques du sol, ainsi que sur la composition des
communautés végétales (Jones 1994, 1996; Jouquet et al. 2006). lls ingerent et brassent de la
matiére organique et de la matiere minérale dans le sol. Ils participent a la formation de
macro-agrégats qui stabilisent la structure du sol. Leurs structures biogéniques (déjections,
galeries, ddmes etc.) ont aussi un impact sur la porosité et la densité du sol.
Par leurs déplacements verticaux et horizontaux, les vers de terres permettent de favoriser les
échanges entre les différents horizons pédologiques. De plus, en ingérant et excrétant des
graines, les vers de terre agissent comme des agents de dispersion des espéeces végétales
(Clause 2014).

Une étude de la recolonisation naturelle de ces organismes et de leurs actions pourrait alors

étre menée.

D.3.3. Perspectives pour la restauration écologique

D.3.3.1. Proposition de lignes directrices pour de futurs projets

Le transfert de sol nécessite la destruction d’une partie de 1’écosystéme de référence pour
aider a la restauration d’un écosystéme dégradé ou détruit (Bullock 1998; Box 2003; Vécrin
& Muller 2003). Cette opération doit étre alors choisie en dernier recours. Avec 1’incapacité
actuelle a restaurer intégralement les écosystemes (Benayas et al. 2009; Chapitre 1 et 2), il y

a donc une perte nette pendant un pas de temps qui reste encore a définir.
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Differentes lignes directrices peuvent cependant étre proposées pour optimiser les
transferts de sols dans de futurs projets:
- Sans stockage (préservation des propriétés du sol).
- Au printemps (favorisation de la reprise de la végeétation des pelouses méditerranéennes).

- Transfert d’un sol mélangé entre les horizons.

Les chapitres 1 et 2 montrent que lorsque I’horizon organique A; n’est pas reconstitué, la
restauration des propriétés du sol et de la communauté steppique n’est pas maximale.
Néanmoins, le traitement, ou 1’horizon minéral (B) est a la surface, semble quand méme étre
sur la bonne trajectoire. Le transfert d’un mélange des deux horizons serait alors susceptible
d’obtenir des résultats similaires a ceux mesurés dans le traitement ou 1’horizon organique A;
est en surface. Il serait cependant préalablement nécessaire de trouver le meilleur ratio entre
ces deux horizons pour améliorer la restauration écologique. Au final, le transfert de sol
mélangé autoriserait des transferts de sol avec des rapports plus élevés. Par exemple, 1 ha
détruit pour 2 ha restauré (voir plus) au lieu de 1 ha détruit pour 1 ha restauré.

D.3.3.2. Proposition de solutions intermédiaires

Suite a la fuite d’hydrocarbures, il était obligatoire de remettre du sol aprés 1’excavation
des terres polluées puisque le pétrole remontait a la surface de la roche mére par capillarité.
Cela a engendré 3000 rotations de camions supplémentaires, ajoutées aux 6000 rotations
effectuées lors de la phase d’évacuation du sol souillé, et détruit 4,5 ha d’écosystéme de

référence steppique (Wolff 2014).

Cependant, dans des cas ou il n’y aurait pas de remontées de pétrole a la surface, il serait
intéressant de ne pas procéder a un transfert de sol mais de répartir des petits tas de galets sur
de petites surfaces du poudingue. Les galets pourraient alors jouer le rble de piéges a
particules fines (limons éolisés, argiles transportés par I'érosion en nappe lors des fortes
pluies) et permettraient 1’établissement des stades pionniers de la végétation qui accélérerait a
son tour le phénomene de piégeage (nucleus), a I'image de la colonisation en Crau des

anciens aiguiers (Dutoit com.pers.).
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D.4. Conclusion

Ce travail de thése souligne I’'importance de prendre en considération les différents

compartiments d’un écosystéme et leurs interactions dans un projet de restauration.

Le transfert de sol est une technique de restauration écologique qui a déja fait ses preuves
pour obtenir d’excellents résultats sur la régénération du compartiment végétal et du
compartiment du sol, comme démontrés dans les chapitres 1 et 2. Sur le site restauré, le
rétablissement de 1’écosystéme steppique est alors amélioré, en comparaison a l'absence
d'interventions. La restauration écologique au sens strict n’est cependant pas atteinte et deux

secteurs de I’écosysteme de référence ont été¢ finalement détruits.

Pour continuer ce travail de restauration, 1’ingénierie écologique, par l’intermédiaire
d’organismes ingénieurs de I’écosystéme (chapitre 3 et 4), apparait comme une bonne
alternative a I’ingénierie civile. Cependant, cette ingénierie comporte des risques (invasions
d’especes etc.) et les résultats ne sont également pas encore garantis. En conséquence, il reste
donc primordial d’éviter toute destruction d’écosystémes a haute valeur écologique comme
les pelouses séches méditerranéennes, et plus particulierement la plaine de La Crau,

écosystéme steppique unigue en Europe appartenant a notre patrimoine naturel et culturel.
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Annexe 1: Productions scientifiques

Articles publiés

Revues internationales indexées

Bulot, A., Prosvot & E, Dutoit, T. (2014). A comparison of different soil transfer strategies for
restoring a Mediterranean steppe after a pipeline leak (La Crau plain, South-Eastern
France). Ecological Engineering. 74: 690-702 (Clyo13= 3.041 Q1).

Bulot, A., Prosvot, E & Dutoit, T. (2014). Transférer le sol pour restaurer des communautes
veégétales: quelles lecons pour mesurer la résilience des pelouses séches ? (Plaine de
La Crau, Sud-Est de la France). Acta Botanica Gallica - Botany Letters. 161: 287-300
(Clao13= 0.235 Q4) (Annexe 2).

Bulot, A., Dutoit, T., Rennuci, M. & Prosvot E. (2014). A new transplantation protocol for
harvester ant queens (Hymenoptera: Formicidae) to improve the restoration of species-
rich plant communities in the future. Myrmecological News. 20: 43-52 (Clyp13= 1.582

Q2).

Articles soumis

Revue internationale indexée

Bulot, A., Provost, E. & Dutoit, T. (soumis le 22/07/2014). Ants refuse piles increase seed and
plant species-richness but not the viability of transient seeds. Journal of Vegetation
Science (Clyo13=3.372 Q1).

Chapitres d’ouvrages scientifiques avec comité de lecture

Jaunatre, R., Buisson, E., Coiffait-Gombault, C., Bulot, A. & Dutoit, T. (2014). Restoring
Species-Rich Mediterranean Dry Grassland in France Using Different Species-Transfer
Methods. pp. 160-181. In: Kiehl, K., Kirmer, A., Shaw, N., Tischew, S. (eds)
« Guidelines for native seed production and grassland restoration ».Cambridge
University press, Cambridge, 301pp.

Dutoit T. & Bulot A. (2014). Restauration écologique aprés un accident technologique : de
I'ingénierie civile a l'ingénierie écologique. pp. 171-172. In: Gauthier-Clerc, M.,
Mesléard, F. & Blondel, J. (eds). « Sciences de la Conservation ». De Boeck éditions,
Paris, 346pp.
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Dutoit T., Buisson E., Fadda S., Henry F., Coiffait-Gombault C., Jaunatre R., Alignan J.F.,
Masson S. & Bulot A. (2013). The pseudo-steppe of La Crau (South-Eastern France):
origin, management and restoration of a Mediterranean rangeland. pp. 287-301. In
Traba J. & Morales M. (eds.). « Steppe Ecosystems: Biological Diversity, Management
and Restoration ». Nova Publishers, USA. 347pp.

Communications orales dans des collogues nationaux ou internationaux avec comité
scientifigue

Colloques internationaux

Bulot, A., Dutoit T., Renucci, M. & Provost, E. (2014). The harvester ant Messor barbarus as
a new tool in ecological engineering: the case oft he restoration of a dryland destroyed
by an oil leak. 2"® Conference for Young Scientists - Conservation Sciences in the
Mediterrarean Region. Tour du Valat, France, April 28 - 30 2014.

Dutoit, T., Bulot, A., Renucci, M. & Provost, E. (2013). Restoring a Mediterranean steppe by
using soil tranfert after a pipeline leak (Plain of La Crau, Southeastern France).
5" World Conference on Ecological Restoration. Madison, USA, October 6 - 11 2013.

Bulot, A., Provost, E., Renucci, M. & Dutoit, T. (2013). Soil tranfert for restoring plant
communities: which lessons to measure the resilience of dry grasslands (Plain of La
Crau, Southeastern France). 56™ IAVS Symposium. Tartu, Estonia, 26 - 30 June 2013,

Dutoit, T., Buisson, E., Jaunatre, R., Alignan, J.F. & Bulot, A. (2012). Ecological
engineering : for a sustainable ecosystem restoration ? 8" SER European Conference
on Ecological Restoration «Near Natural Restoration» (ECER 2012). Ceske
Budejovice, République Tcheque, 9-14 September 2012.

Colloques nationaux

Bureau, F., Potard, K., Bulot, A., Bérard, A. & Dutoit, T. (2014). Restauration écologique par
reconstitution pédologique : cas de la réserve naturelle des Coussouls de Crau impactée
par une fuite d’hydrocarbures. 12°™ Journées d'Etude des Sols. AFES, Le Bourget du
Lac, 30 juin - 04 juillet 2014.

Bulot, A., Provost, E. & Dutoit, T. (2014). Les dépotoirs des fourmis moissonneuses (Messor
barbarus) augmentent localement la richesse spécifique de la végétation des pelouses
séches mediterranéennes mais pas leur mémoire séminale ! Dixiéme colloque en
Ecologie des COmmunautés VEGgétales (ECOVEG10). Université de Lyon, Lyon
09 - 11 avril 2014. (Premier prix de la meilleure présentation orale pour un étudiant).

Bulot, A., Bureau, F., Bérard, A., Potard, K. & Dutoit, T. (2014). Restauration écologique par
reconstitution pédologique. Quels impacts sur le sol et la végétation trois ans apres.
Cinquiémes Journées Ateliers du Réseau d'Echanges et de Valorisation en Ecologie de
la Restauration (REVERS5). Université de Rouen, 05 - 06 Février 2014.
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Bulot, A. & Dutoit, T., Renucci M. & Provost, E. (2013). Transplantation de la fourmi Messor
barbarus comme nouvel outil en ingénierie écologique : cas de la restauratioon d’une
pelouse séche détruite par une fuite d’hydrocarbures. Renforcement de populations: une

gestion d’avenir pour les espéces menacées. CEN Picardie, Beauvais, 26 - 28
ao(t 2013,

Bulot, A., Provost, E., Renucci, M. & Dutoit, T. (2013). Transférer le sol pour restaurer des
communautés végétales : quelles lecons pour mesurer la résilience de pelouses seches
(plaine de la Crau, Bouches-du-Rhéne, France). Neuviéme colloque en Ecologie des
COmmunautés VEGgétales (ECOVEG9). Université Frangois Rabelais, Tours,
03-05 avril 2013.

Bulot, A., Provost, E. & Dutoit, T. (2012). Restauration écologique d’un chantier de dépollution
d’une fuite d’hydrocarbures (plaine de la Crau, Bouches-du-Rhone, France). De
I’ingénierie civile a I’ingénierie écologique. Rever 4 - Réver et Analyser. Université de
Lyon, Lyon 06-07 novembre 2012.

Communications par affiche

Colloques internationaux

Tanet, J., Bulot, A., Provost, E., Renucci, M. & Dutoit, T. (2014). Les fourmis Messor barbarus
sont-elles de bons indicateurs pour mesurer la résilience des écosystémes apres
perturbations anthropiques ? Le cas de la plaine de Crau dans les Bouches-du-Rhone.
Cinquiémes Journées Ateliers du Réseau d'Echanges et de Valorisation en Ecologie de
la Restauration (REVERS). Université de Rouen, 05-06 Février 2014.

Dutoit, T., Buisson, E., Coiffait, C., Bulot, A. & Jaunatre, R. (2013). Réintroductions et
renforcement de populations végétales pour la restauration écologique : premier bilan
aprés dix années d’expérimentations dans la plaine de La Crau (Bouches-du-Rhone,
France). Renforcement de populations: une gestion d’avenir pour les espéces menacées.

CEN Picardie, Beauvais, 26- 28 ao(t 2013.

Bulot, A., Dutoit, T., Rennucci, M. & Provost, E. (2012). Les fourmis moissonneuses, outil pour
une restauration écologique bio-inspirée. Recherches bio-inspirées : une opportunité pour
la transition écologique. MEDDE-MNHN, Paris 10 décembre 2012.

Bulot, A., Provost E. & Dutoit T. (2012). Premiers résultats de restauration écologique d’une
communauté végetale suite a un accident technologique: le cas d’un chantier de
réhabilitation suite a une fuite d’hydrocarbures (Crau, Bouches-du-Rhone, France).
Huitiéme collogue en Ecologie des COmmunautés VEGgétales (ECOVEGS), Université
de Lorraine, Nancy, 28-30 mars 2012.
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Bulot, A., Provost, E., Renucci, M. & Dutoit, T. (2011). La fourmi Messor barbarus, ingénieur
de la restauration écologique de la pseudo-steppe de Crau ? Rever 3 - Réver et
s’Associer. Conseil Général de la Moselle, Metz, 3-4 février 2011.

Colloques internationaux

Tanet, J., Bulot, A., Dutoit T., Renucci, M. & Provost, E. (2014). Are Messor barbarus ants
good indicators to measure the resilience of ecosystems from human disturbance? 2"*
Conference for Young Scientists - Conservation Sciences in the Mediterrarean Region.
Tour du Valat, France, April 28 - 30 2014.

Participation a des programmes de recherches ou de contrats de recherche

- Appel d’offres Interne FR CNRS- ECCOREV (2013) : « Evaluer la réussite de la
restauration écologique par une approche intégrée de la biodiversité obscure des
sols ». 6000€. (Coordinateur T. DUTOIT)

- Contrat Conseil Général des Bouches-du-Rhéne (2012 - 2015). « Réhabilitation du chantier
de dépollution de la fuite d’hydrocarbures dans les Coussouls de Crau, propriétés du
Conseil Général des Bouches-du-Rhéne ». 15 000€.(Coordinateur T. DUTOIT)

- Contrat SPSE (2011 - 2014). « Restauration de la biodiversité et des fonctions d’un
écosysteme impacté par un accident technologique : le cas de la fuite d’hydrocarbures

de ['oléoduc SPSE en Crau ». 61 000€. (Coordinateur T. DUTOIT)

- Appel d’offres Interne Fédération de Recherche ECCOREV (2011) : « L’ingénierie
écologique au service de la réhabilitation des sites naturels impactés par des accidents
technologiques : Le cas de la fuite d’hydrocarbures de [’oléoduc SPSE dans la Réserve
naturelle nationale des Coussouls de Crau. 8 000€.(Coordinateur T. DUTOIT)

- Appel d’offres Interne Fédération de Recherche TERSYS (2011 - 2012) : « Approche multi-
scalaire (flore-entomofaune) de la réhabilitation d’un site impacté par une fuite
d’hydrocarbures : Le cas de ['oléoduc SPSE dans la Réserve naturelle nationale des
Coussouls de Crau » : 1 500€.(Coordinateur T. DUTOIT)

- Programme RTP CNRS-INEE-IRSTEA « IngeCOtech » (2010-2011). « Des fourmis et des
hommes : de [’ingénierie écologique a la compensation écologique. Le cas de la
premiére Réserve d’Actifs Naturels de France (Cossure, plaine de la Crau, Bouches-du-
Rhoéne). 33 000€. (Coordinateur T. DUTOIT)
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Encadrement d'un Master 2

Tanet J. (2014). Les fourmis sont-elles de bons indicateurs de la régénération spontanée des
pelouses séches méditerranéennes aprés dégradation culturale ? (Taux d'encadrement
30% avec Adeline Bulot, Doctorante, Université¢ d’ Avignon et Erick Provost CR CNRS,
Marseille).
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Annexe 2: Bulot, A., Provost., E. & Dutoit, T. 2014. Transférer le sol pour
restaurer des communautés végétales: quelles lecons pour mesurer la résilience
des pelouses seches ? (Plaine de La Crau, Sud-Est de la France). Acta Botanica
Gallica: Botany letters.161: 287-300.

Acto Bodmaica Gollica: Botamye Letiers, HH4
Wal. 161, Moo 3, ZE7-MW0, hatp:/

L)

-
Sackre botenigue de France

Taylar &Frands
chot.org/ 1L 1SN 253R07E. 2014006920 gk & Frams g

Transférer le sol pour restaurer des communautés végétales: quelles lecons pour mesurer la
résilience des pelouses séches ? (Plaine de La Crau, Sud-Est de la France).

Transfer of soil as a toll to restore plant communities: lessons drawn to measure xeric
grassland resilience (Crau plain, south east France)

Addeling Bulot™, Erick Provost” and Thierry Dutoit®

"limrveraidd o Avignon of des P de Fawelise, ey Médvervanden o ‘Ecolople e de Paldodonlogie (IMBE — UMR CNES 7247
AR 23T TUT d Avigncn, Sie Agraparc, BP 61207, 84900 Avipaow cedex 09, Fraace, JL.l'rrJtr.u'h.u Médiservanden o Ecolagie of de
Paldadeodmgle (TMBE - UMR CVES 7260T80 2371, Aix Marseile Lintveesisd, Compus Al-Teohmopale Ariois-Wedliernmde,
Pdimgnr Fillewdn, &P &0 13545 Alv-en-Provencs oedex 4 - Franoe

(Received 10 Febraory 2004, accepied {8 Marck 2004)

Résmmé: La restoumtion éeologique pewt accélérer ka résilience des pelouses séches dégrudées. Parmi les technigues
ulilisées, le mnsfert de sol a. ainsi. déja permis deblenir des résultats encourageants pour rétablic des commanauies
vepltales riches en espéces. En revanche, il <'agit d'une mithode non dumable, car destructrice du sitle donneur. Le 07
ik 2009, une mmportante faite d'un obéoduc est survense an milie de la steppe de La Cran, En 2010, plus de 5.5 ha de
wviptation ant & détmits par excavabon € dvacuabion en déchange du sol pollug par les hydmocarbures, La restaurataon
de oo sie a, alors, €16 assockde & dillérentes expérimentabions o sty de nemase en place du sel, en Pabsence du pdturage
ovin tradisommel (exclosy, pour s Ummportance doorespect de PDorganisaison verlicale des principaus harizons
pidologigue. Apris o amnées de suivi, nos premiers resullats montrenl une fore reslienee de ks vepHabon e Lemes
de compositin ¢l & richesse spéeifique. De plus, peu desplees rudérales oml rbussn & coloniser e site sprés tramslert du
sol. Cepersdant, aveuse des modalivks de remise en place du ol 5% pas pennis de restaurer intéerte de ba communautd
vipttale stepplgue de rbftrence. [ serble, aloss, maintenant nécessaire de renerire en phace be svsidme de pdiusage ovin
areatral pour permseting la restauraton de la strocturation spatsale o de la diversind de la sbgdiation steppigue.

Muts-clé: pelouse séche: restauration écelogiques transfent de sol; résilionce; communaniés végétales

Abstruct: Ecolegical restomtion can acoclerate the resilience of degraded dry grasslands. Among the  ecological
restomation techmigues used, soil mnsfier has already given promising results for restonng species-rich plant communities
by providing the abalsty o neereate rapidly a habaat thal correspods o the relerence ecosystem (the nen disturbed dry
grasslands). However, sl tramsler i a destructive method, since it involves the wse of non-renewable resources such as
grassland sail ol the donor sites that are the prsdece of centuries of mismactions between climate, plants and animals, In
soulb-sastern Frasos, (e plam of La Craw 15 an example of Maditemanean dry prasslands whene the resilience off the
sleppe vogelation = extremely show afler lamd wse changes which bave impacted soil and vegetaion. On T Augpust
2, & magor ofl leak occurmed in the steppe center, destroying more than 13 seres of sieppe vegetstion. As a
comsequence, in 2000, the pollued soil was excavated amd evacusted in a speclalisad dump, This operatson was, then,
combined with various i sie experiments of sobl tansfer, with exclusson of traditional sheep graring maragement, 1o
st (i) dhe imponance of respecting e verical organization of the main soil herzons and (i) some epporunitics 1o
save this non-repewabbe rescarce. [n May 2001, just after the soil wamsfer {72000 toms) was achieved in Apel 2011
fromy o mearby quarry which extension hed been authorised prior to the oil beak, differe quadrats were mescerialized in
the reference steppe vegstation around and in the restoned siee, with at the seil surface: the organic bayer (top-soil,
rreatment ABC) with or without compaction (ireament ABCnc), the mineral laver (sub-sail, mearment BC) or the aliered
bedrock only (rearment C) Afier three years of vegetation monitoring, all the different trestments of soil transfer
resulied inoa rapid resilience of sieppe vegetation in terms of fogistic composition and plant species richness. Indeed, in
2003, the reatment with the tansfer of mineral bayver cnly an the soil surfice, showed o significant difference: in terms
of plant species richness with the reference steppe plant commumity, Furthermore, there was a significant higher species
richness for the treatments with the transfer of organic layer, compaceed or nat, in comparizan with the referencs steppe
plant community, In addition, between 2001 and 2013, the natural eolonisatson by some nedeml opportunistic species
was very low, Mevenheless, the reference steppe plant community arganization was nit restored for none of the different
sl tmnsfer treatments, as revealed by the caleulation of the Bray-Curtis index, In addition, species abundances i the
uncompacted organic layer, mean vegetation height and plant cover were significantly higher, than in the reference
steppe plant community, Our results show that after only 3 years, the resulls of the different soil transfer reatmens
seem very promising. I appears from this three year monitaring thet sedl transfer of a mixtore of the oreanic (top soil)
arkl mineral (sub soil) layers, withawt final compaction, could be sufficient to boest the naturl resilience of the typical
plamts of the reference steppe plant commumity. [t maght alsa be possshle o increase the surface where the soil will be
spread accondmg o oz of s 2or L e 3, instead of 1o L This method will allow the prstection of the seppe soil
that is still a soo-remewable resousce. Becawse nene of the different soil mmsfer reatments has allewed for the
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restoration of the imegral steppe plant commuity, it seems now nocssany to renstall the iraditional sheep prazing
aystem with the aim 1o increase the restoration of the reference steppe plant community spatial organization.

Keywords: dry gmssland; ecological restorniion; soil mnsfer; resilience; plant commwnity

Introduction

En Europe occidentale, les pelouses sbches possédent
géndralement une importante biodiversing (Gibson 20007,
Lorsqu'un écosystéme subit des pigimes de stress et de
perturbations sur le long terme, il préscnte souvent une
forte nichesse spécifique ainsi que des communautés
fortement structurées (Weiber and Keddy 1999; Alard
and Poudevigne 2002; Gibson 2009). De ce fait, en
Europe, les pelouses séches sont les habitats les plus
riches en espéces @ une échelle locale ef régionale
(Willemns 2001 Poschold and WallisdeVries 2002).

Drans le sud-est de la France, la plaine de La Crou est un
bon exemple de pelouse séche méditermnéenne {Molinier
amd  Tallom 1950; Devaux et al 1983 Rimermann,
Tackenberg, and Poschold 2005; Tabn et al. 2003). Sa
vegetation steppique résulte d'un regme de stress et de
perturbations particulier: interction entre wn sol mouge pew
prefomd, un chmat médiermndéen et un pastomalisme
ancesiral a &1 & Pongine de la eréation et du marmtien d'une
commumsanté végétale unique de par sa nchesse spéelique,
sa composition el sa structune (Devaus ef al. 1983; Cherel
1958 Badan, Congés, and Brun 1995; Henry 2009).

Malgré cela, depuis la deuxidme moitié du 20° sidele,
une diminution drastigque des surfaces, de la qualité des
habitats et de la biodiversité des pelouses séches a éé
mesurée (Dewonko and Loster 1998; Lee et al. 2001
Dwtodt et al. 201 1; Adriaens, Honnay, and Hermy 2006).
Les changements dusages des sols, la fragmentation du
paysage et l'invasion par des cspéces non-indigénes
(Saunders, Hobbs, and Margules 1991) en sont les
principales causes. Dés le 16° siécle, la plaine de La
Crau a, ainsi, subi d’importants changements d usages
{Masson and Estrangin 1928), dus au développement de
systémes dimigation pour agriculture et 6 la création
de prainies de fauche. A la fin des onnees 1980, une
accélémtion de sa destruction est  constobée par e
developpement de  cultures  mdusirielles  (mamichagee,
arborcultere frmtiére) et par Uinstalloton de structures
militmres et indusimelles  (Deverre  1996;  Etienne,
Mronson, and Le Floc™h 1998, Aupourd huoi, cette plane
a perdu quasiment 80 % de sa superficie onginelle,

[k nombreuses pelosses seches ont bénéficie de
mesiie conservatoares (Wells 19690 A mire d'exemple, la
pladve de La Crau est protégée en partie grice & la création,
en 2000, d'une Béserve Marelle Natiosale sur 7400 ha
{Buisaon et al. 2006). Cependant, ce tvpe d'écogystéimes a
souvent une faible capacité de eésilience et franchit des
senils de non retour sur des pas de femps  historigues
{Clewell and Aronson 2007). La « résilience naturelle » est
de fait limitée par la rémanence des effets des altérations
anciennes (Glimination des espdees clé, destruction du sal,
cte.} et de la modification de la matice paysagére
({fragmentation du paysage). La « régénération naturelle @,

aux échelles de temps historiques, est alors compromise,
méme avee la remise en place du syssitme de gestion
conservabodre ayant assurd auparavant sa pérennité. A partir
de la levée de la contraimte, ka résilience comespond 4 la
vitesse de retour d'un écosystéme 4 un éat déquilibre
antéricur & la perurbation (Holling 1973, Holling and
Gunderson 2002; Hirst et al. 2003, 2005). La restauration
de ces pelouses peut alors nécessiter des interventions
humaines (SER 2004}, comme dans la plame de La Crau
(Buisson et al. 2006; Coiffait-Gombaalt 2000: Jaunatre,
Buisson, and Dwtoit 20123, o ln vépétation steppique a
montré une  résilience  extrémement  lente aprés  des
changements d'usages (Rémemmann, Tackenberg, and
Poschold 2005; Buisson et al. 2006; Dot et al. 2003;
Dutoit, Jounatre, ond Buisson 200 3.

La restaurtion  écologique  se distingue  de Ia
rehabalitation en se fixant pour obpectls de réablie non
seulement les processus de I'écosvsiéme, sa productivité
el ses services, mais Sgalement son intégritg biotigue
préexistante en lermes de composition spécifiquee e de
atructure de la communauté (SER 2004, Clewell and
Aronson 2007), Elle permet aussi de  comprendre
I'osganisation et les mécanismes de réablissement des
communautés aprés une perfurbation, par la manipulation
des différents filires qui gouvement leurs processus de
cocxistence (Fimm 1991; Luh and Pimm 1993; Weiher
and Keddy 1999 Young, Petersen, and Clary 2005)

Parmi  les nombreases  tochniques  de  restauration
doologique iesifes, be mansfert de sol, appliqué en vrac ou en
muothes (emtiéres ou fragmeniées), a déja permis d’obtenir des
résultats  encourageants  pour  rétablir des  communaunés
vigpétales nches en espéces (Pywedl, Webb, and Putwain 1995;
Bullock 1998 Vécrim and Muller 2003; Ehiel et al. 2000;
Jaunatre, Buisson, and Dutoat 20141, En effed, eetie methode
permet d'agr @ la fois sur les filires botiques ot abiobgues qui
contmgment  Iglblissement o le  développement  des
communantes vepetales, Elle comsiste 3 déplacer v sol
préslablernent prédeve dins un site dommeur vers wme sme &
mestarer,  Sous certwnes  condions de temspon,  cette
techmigque permed alors de inmsliner des dements physseo-
chimiques (mariments, particules fings ¢ grossines, etc), de
la dnatibre organiguee (lodre, s, elc), uise paitse de la
pedotune e de la flore (grames, algues, partes de plantes,
el ), mas ausai de la hiomasse mictobienne (hacténenne,
algale et fongigue) du sol (Clewell and Aromson 20077, Les
plantes pérennes & reproduction whobtative avant des rdles
stucturants  dans  la comoumaubd,  peuvent  aussi fme
trasplantbes. Cette tochnique offre, alors, la possibilité de
recréer rapidemendt un habitat cormespondant 4 1"éoogystéme de
réfénence, & condition que be site donneur soit proche de celui
ariginellement dégradé eton détruit Cela a déja &€ démontré
pour cemaines pelouses calcaires en Angleterre pour lesquelles
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un Bl de restamstion posil a &8 meurt (Bulleck 1998,
Box 20003% En revanche, le imansfa de sol n'est absolument
pas une techingue dusable peisgue la suifce doimeuse est
détrudte pour restaurer la surface receveuse et que be sol ne
constinee pas une ressource mpidement renouvelable, Cette
techigue doit donc Sre limitde & des cas bien pamticuliers
(Bullock 1998; Bructheide and Flintop 20000, losgue la
desiruction du sol destinée au préléverent est programmés
indépendamment de la mise en place de l'opération de
transfin (Melean 2003; Viéorin and Muller 2003)

Dans la plaine de La Crau, le 7 aodt 2009, wune
superficie de 5,5 ha a totalement éé¢ détruite par la rupture
d'un oléoduc en plein cour d'une Réserve Maturelle
Mationake (Wolft 2004). La surface, le sous-sol et la nappe
phréatique ont été polleés par le déversement de plus de §
400 m' de pétrole brut, Lo réhabilistion éoologique a alors
consisté 4 excaver et 4 evacuer T2 000 hydrocar-bures
fonnes de sol polhed vers une déchorge specilisée. La
restwuration écolemque o, ensuite, 4 aide d'engins de
trvuy. publics, permis de combler | covite crée par e
transfert d'un miEme sel, avec un rapport 17, desting & ére
detruit sute @ Pextension d'une camiéns aulonisée avant
Pacerdent. Ce trmslent de <ol est irks origimal de par sem
exécution  effectuée pour  Favoriser au maxmmum e
développement d'une vigdation steppique identique & celle
détruite par la pollution aux hydsocarbures, 'excavation et
la mise en décharge du ol {Dutoit 2001).

Dans cette &nude, nous avons mesuré la résilience de la
vémbtation steppigue en fonction de différents traitements
di rernise en place du sol. Pour cela, notre premier objectif
a éié (1) de mesurer Peffet de ce transfent de sol sur la
composition, la richesse spécifique et la structure de la
vépétation en comparant la zone de restauration avec la
commumauté steppique de référence sifuée aubour du sie
restauré. Motre second objectif a &6¢ (2} de tester
importance du respect de 'organisation verticale des
principaux horizons pédologiques (A, (B}, C) pour vénher
sl est nécessaire de tous les reconstituer ou 571l est plus
pertinent de ne pas remettre |"horzon organigque A, ofin de
remdre e sol plus olipotrophe. L'hypothése est que le
trunsfert de horizon orgenkque Ay poumont favoriser
Finstallation  des  espéces  non  camackénstgues  de
I"écomystéme de référence (espéces rudimles, cosmopolites,
ubsguistes,  exoliques  envahssantes,  elc) g se
développent A partir de la bangue et de Ja ploe de graines,
ce qui permetrait & éoonomizer le sol en le transfernt i
des rapponts plus dhevés, par exemples & 102 ou 173,

Enfin, notre trossiéme objecul a éoé (1) de tesier "efMet
du compactage de la surface du sol pour favoriser
Tinstallation des espéees cibles de la restauration. Nodre
hypothise &t aloss que cela permetirait de réduire un
foisonmement du ol et une oxydation concomitante de la
matidre organigue qu'il contient. Ces processus peuvent en
cffet éme responsables fn five d'une accélération de la
minéralisation de Mazole e, done, favoriser Iinstallation
d'espices nitratophiles au détriment des espéces stress-
tolérantes, camciéristiques de la vépétation steppigue de
référence.
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Matérielk ef Méthades

Fite arelier — La plaine de La Cran

Midre énude a é1é mende dans la plaine de La Craw, localisée
dana le sud-est de la France { Bowches-du-Rhine) (Figure |
Al Cet ancien delta fossile a éé foemé par les dépdits de la
Durance pendant la période du Plésstocéne lomgue cene
rividre éait encore un fleuve qui se déversait directement
dans la mer Méditerranée (Rainaud 1893, Colomb and
Roux 1978 Devaux et al. 1983)L Sa topographic est
extrémement plate, avec une surface de sol recouvertc & plus
de 30 % par des galets siliceux chamiés depuis le massif
alpin. Entre 40 ¢ et 60 cm de profondeur dans le sol, un
poudingue, composé de galets enrobés dans une mairice de
carbonates de calcium, empéche les meines des plantes
d’atteindre ln noppe phréatique (Rainaad 18%3; Colemb and
Row 1978; Rdmermann, Tackenberg, and Poschold 2005),
Le climat meéditermancen est sec ef venteux avec un fort
ensokeillement dumnt |'année: la pluviométrie est d’environ
540 mm/an, principalement ou printemps et ook le
miestral souffle i plus de 50 km'h pendant 110 pours'an et le
soketl est prisent pendant plus de 3000 han {Devaux et al,
1983, En combinaison aves le sol et le climal, un paiurge
ovin, wilesté depuis au moins 2000 ans, parcount et fgomne
une eommuiauié vépdiale exceptionnelle par s nchesse
specifique, sa composition el sa diversite (Cherel 1958,
Badan, Congés, and Brun 1995; Henry 200/9),

La végéation qui recouvre entre 50 % et 80 % de la
surface du sol, comprend en moyenne 30 & 40 espees
vigétales par métre carré (Rimenmann, Tackenberg, and
Poschold 2005) ¢t est composée & 50 % par des esplees
annuclles. Des espéees pérenncs, telles que Brachypodist
remusiem (Pers.) P. Beauv. (Poaceac), représentant 30 % de
la biomasse herbacte estimée & 2,11 tonnes de matiére
séche'hasan, et Thywies vielgarss L. (Lamiaceae) dominent
ot structurent la communauté {Buisson et al. 2006). Les
autres espéces vipélales les plus caractéristiques sont
Aspphodelus aqyardii Jahand. & Maire ( Xanthorrhocaceae ),
Limem srigymum L. (Linaceaes) ouw encore Stipa capillata L.
{Poaceas } {Molinier and Tallon 1950; Devaux et al. [983),

Le =sol de lo steppe est un sol fersialigque rouge
méhterrannésn  trongue  {Duchsufour  1984),  encore
appele agjourd’hu Fersiasol lephgque  tromgue  (AFES
2008y, comstitue par s horzons  pédologigues
principass: un horzon organique A, comesponcdant & un
horizen mixte composé de matidre organigue (moins de
30 %) mélangde 4 de la matide minérale, €0 & une
subdivision de 'horzon A de surface; un horizon ()
comstituant  "honzon «  struciusal  » ow daleéeation,
différant de la roche-miére par son degré d'altération ples
fort (présence de Fex(y libee) et de Dhorizon A, de
surface par sa structure différente, et un horizon C,
correapondant au matériau originel aux dépens duguel se
sont formés A et (B) (Duchaufour 1984)

Nire d"énede et techniques de restanration

Motre site d'étude comespond aux 5.5 ha détruits par une
fuite de pétrole brot be 7 aodt 2009 (437 317 36777 N, 47
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Fagure 1.

A, Silustion géographigue de la plame de La Craou en France et du site ob a eu biew la fuile de pétrole; B, Schématisaton

du site restsurd (hachuresh, de la zone de passage des camalisatons (bande grise), de la steppe de réference (fond blanc) et
positionmerment des quadrats (100 m°) comespondants aux dilférents ratements de transfent sol effectuds par canvons (raitement C:
blame; trastement BC: gris clair traitement AHCne @ gris foned; horzon ABC: GRIS: sieppe de rfférence: pns inbs fonek).

Figure 1. A, Locstion of the plain of La Crau in France and bocation of the siie where there was the oil spill, B, Schema of the
restoned site (hatchwed), zone crodsing by oll pipes (gray line), reference steppe (white) and positionmg of quadests (100 m*)
coresponding 1o different teatments of sodl ransfor realized by tucks (rreatment C: whise; treatment BC: light gray: teatmsent
ABCne: dark gray: trestment ABC: pray; reference steppe: very dark gray).

53" (430" E) (Figure 1 B). Aprés excavation et
évacuation de 72 (e fonnes de terres polleées, de janvier
& avril 2011, un transfert de sol direct sans stockage a é&é
cffectud, avec un rapport 1/, 4 DMaide de camions, en
reconstituant les trois principaux horizons pédologigues.
Ce sol a été prélevé dans la steppe intacte au nivean d’une
carriére situde & quelques kilométres de distance.

Pour les quatre traftements. testés, neuf parcelles de [0
m® ont é& matérialisées avec la remise en place - (1) des
horizons C + {B) + A (traitement ABC), (2) des horizons
C + (B) + A, sans compactage en surface {trarbement
ABCnc), (3) des horizons C + (B) (fraitement BC), et (4)
seulement de "horizon C (traitement )

Apres e tonsfert duw o sol au pontemps 2001,
l'ensemble de 1o surface du site o @le compacte 3 Paide
d'un mukess  compresseur 4 Vexception des  neaf
parcelles du triterment sans compactage (Figure 2), A
cise d'un probleme ogistguee et de pluviométne, la
s en place des gquadrats du traitement C 4 (B) n'a pu
dre achevée que dews mois apris celles des auines
tritements & ko fin du mods d'aval 2001,

Awnalyses de la végdtation

Pour analyser la dymamique de régénération de la
vigétation, ncuf quadrats de 4 m® ond &é délimités au
centre des parcelles de 100 m? afin déviter fout effet de
bordure dans tous les traitements. De méme les quadrats
dans la steppe de référence ont &té positionnés a 1'ouest
du site et & au meins 20 m de la lisiére (Buisson et al.
20063}, La surface des parcelles de 100 m* a & choisie

pour Mre nettement supérieure & 'aire minimale des
formations vépétales herbacdes de la plaine de La Cran,
soit enviren 20 m’ (Devanx et al. 19831, Seule la steppe
de riffrence a ébd pdiurée au cours des années de suivi
pour assurer au maximum la régénération des espbces
vipétales sur le site restaurd en Gvitant des cffets de
surpdturage les premiéres années.

Drans chaque quadrat, la présence et I"abondance des
cepéces végétales ont & enregisirées aux mois de mai
20001, 2002 et 2003, comespondant 4 la périnde de
flormison maximale de ln wégéation de la plaine de La
Crau (Bourrely et al. 1983). Un coethicient d’abondance-
dominance de Braun-Blanguet a £t¢ defim pour touies les
espitces vegetales relevees (Broun-Blanguet ¢f al. 1952),
Celles-ci ont ensuite ehe classées comme « espéces cibles »
o eommne « gspeces non cibles o, Les espées cibles sont
les espéees les plus camclenstiques de la steppe de
réfiErence et qui repomdent & nos ohjectils de restaumation
tanchis e les esplees non oibles sont celles de tvpe
rudéranl, cosmopolites, ubiguistes, exotiques envihissantes,
ete, (Devaux et al. 1983), Le pourcentape de recoaivreisent
total de la wégdtation a && estimé wvisuellernent et la
hauteur movenne a ébé mesurée dans chague quadrat, &
'aide d'un mére pliable, afin de mesurer la densité de la
viégétation entre les zones de traitements ot la steppe de
référence. Si le taux de recouveement et la hawicur
moyenne de ba wéglétation sont significativernent supéricurs
dans les quadrats, correspondant sux  traitements  de
restauration, cela indique que la physionomie de la steppe
de référence n'est pas atteinte et gue la réintroduction du
péturage sur le site en cours de restauration est nécessaire.

205



Downloaded by [Thierry Dutoit] at 09:14 26 September 2014

Annexe 2: Bulot et al. (2014).
Acta Botanica Gallica: Botany Letters

Acta Botanica Gallica: Botany Lesters 291

Figure 2. A, Photographic du site oi a cu licu Ia fuite de pétrole aprés 'excavation du sol pollué comespondant 4 la phase de
rehabilitation &ologique (premier plan) et de la steppe de référence (arriére plan). B, Photographic représentant I collecte du sol
dans ke site donneur (4 droite) et de la steppe intacte (@ gouche); C, Photographie représentant le transfert de sol sur le site receveur
correspondant & la phase de restauration écologigue (arriére plan) et de deux quadrats pour le suivi de la végéation déja mis en place
(premier plan); D, Photographie représentant les principaax horizons pa&dologiques en cours de transfert (horizon organkjue Al
horizon minéml (B cailloutis C) et de ln roche mére R

Figure 2. A, View of the site in 2010 where the kak occured and after the excavation of the polluted soil comesponding at the
depoliution step (forefront); and view of the reference steppe (hackground): B, collecting of soil in 2011 in the donor site (at right)
and the undisturbed steppe (at left)y; C soil transfer in march 2011 on the receive site (background) and disposition of two quad
for the vegetation survey (foreground ) D, main seil layers being transferred {top soil AL, subsoil (B), altered bedrock C) and the
unaltered bedrock.

Analyses des teneurs en carbone et en azote totanux S 2 ; PR )
by I"aide des coefhewents d'abondance/dominance des espéces,

Des échantillons de sol ont ét¢ préleves et analysés juste de la diversité spécifique, de la havteur moyenne et de
aprés le transfert de sol en avril 2011 dans les traitements | estimation du recouv de Ta végétation,
ABCne, BC et C. Pour cela, cing échantillons de sols de Pour vérifier ensuite I'importance du respect de
200 ¢ ont été extraits a 0-10 cm de profondeur dans cing l'organisation  vericale  des  principaux  horizons
parcelles de 100 m* sélectionnées au hasand parmi les pédologiques, ces mémes paramétres ont &é comparés
neul parcelles de chaque traitement et dans la steppe de entre les traitements ABC, BC, C et la steppe de référence
référence, Chaque échantillon a ¢ constitué  en et entre les traitements ABC et ABCne pour mettre en
mélangeant  wois  autres  sous-tchantillons  prélevés évidence un éventuel effet du compactage de la surface du
aléatoirement dans chaque parcelle de 100 m? pour avoir sol sur le rétablissement de la végétation steppique. Pour
une meilleure représentativité. Aprés séchage et tamisage vérifier les niveaux trophiques des traitements ABC, BC,
(2 mm), les teneurs en carbone organique total (C,,) et C et ceux de la steppe de référence, nous avons comparé
en azote (N) total ont &éé mesurées en suivant des .
méthodes standards (Baize 2000) par le laboratoire lwl?_l:,:::;::nc:;uc: c;:sN :::;:m:mécs de suivi ot les
d’analyses des sols de PINRA (Institut National de la différences traitements n'a pas éé calculée. puisque les
Recherche Agronomique) d*Ams. conditions paramétriques n'ont pas pu ére validées. Les
analyses statistiques ont, donc, toutes ¢té utilisées pour
Analyses statistiques des données comparer les différents traitements entre eux au cours de
Pour tester 'effet du transfert de sol sur la régénération de la troisiéme année de suivi (2013), ou pour comparer les
la végétation du site restauré, nous avons comparé | trois années de suivi (2011, 2012, 2013) dans un méme
composition, la nchesse spécifique (totale, en espéces cibles traitement
et en espéces non cibles) et la structure de la communauté Les camcténstiques  de  la composition et des
végétale entre le traitement ABC et la steppe de référence. abondances  des  espéees  wvégetales  dans  tous  les
La structure de la communauté végétale est mesurée & traitements et dans la steppe de référence ont &é
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ordonmides & Pade  d'uve NMDS  (Non-metric
Mudtidimensioned - Sealing) hasée sur la distance  de
Bray-Curtis  pour V'swsbe 2003 {Boreard, Gillet,
Legendre 20110, La distance de Bray-Curtis {Bray and
Curtis 1957) est un index de dissimilarité utilisé pour
mesurer la distance entre les abondances des espéces
viépétales présentes dans les traitements et dans la steppe
de référence. Elle varie entre (0 et 1, 0 signifiant que les
abondances  des  espéoes  wigétales sont  sirictement
identigues ¢t | signifiant gu'elles sont  sirictement
différentes entre les traitements et la steppe de référence.

La diversité spécifigue a & caleculée grice aux
indices de Shannon et d"Equitabilité qui renseignent sur
la distnbution des espéces dans chague traitement.
L'indice de Shannon est &gal 4 #éro lorsque la population
esl représemtée par une scule espéce et devient maximal
lorsque la populstion est répartic de maniére homogéne
entre towtes les espéces, Llindice d Equitabilité, basé sur
indice de Shannon, varie entre O et 1 Sa valeur est
maximale lorsque la repartinon de la population est
homogéne entre toutes les espéces ef elle est mimimale
lorsgu une espécs doming (Fielou 1969),

Pour  comparer e recouvrement et la hauteur
movenne de la végéation, les richesses spéoiliques, les
indices de Shannon et d'Equitabilih, les distances de
Bray-Curtis, ainsi que les tengurs en O, et N totaux,
nous avons wiilisé un test ANOWVA lorsque les données
anivaient une loi normale (Test de Lilliefors), suivi par
des tests  post-hoc de Tukey quand une  différence
significative ¢ait détectée et un test non-paramétrique de
Kruskal-Wallis lorsgue les données ne suivalent pas une
loi normale, suivi par un test non-paramétrique  de
Mann-Whimey-Wilcoxon, dans lequel la valeur de p
était ajustée selon la méthode de Benjamini-Hochberg
(Benjamini and Hochberg 1995} quand une différence
significative énit détectée.

Toutes bes analyses statistiques ont éé effectuées en
utilisant ke logiciel R version 2152, (The B Foundation

for Statistical Compreting 2002) avec ses packages pour

les pnalyses univandées, et les packnges additionnels aded
(Chessel, Dufour, amd Thwoulouse 2004; Dray  ond
Drufinsr 2007} et vegan (Oksanen et al. 2003) pour les
amalyses multivariess,

Risultats
Efffer du reansfert de Dindgralind du sol

Sur I"'ordination NMDS, le traitement ABC se distingue
nettement des relevés de la steppe de référence. Celle-ci
est caractérisée par lo dominance de Mespéce pérenne,
Brackypodivm retusum (Pers.) P Beauv. (Poaceae) et par
la présence despéces annuelles telles que Asferolinos
fimm-stellasum (L.) Duby {Primulaceae), dira cupanaria
Guss. (Poaceac) ou encore Asphodelus ayaraii Jahand &
Muire (Xonthomhoeocene), Le traitement ABC est, quant
@ lui, coractérisé par de nombreuses espéces cibles telles
que Neptastema aprium (L) LM, Johnst, (Bomginacene),

Evar ppmaca (L) Brol, (Asterscese) ou encone
Plantago bellardii All. (Planaginaceae), mais egalemant
par quelguees  esploes  noi-cibles telle que  Crmodan
deaetton (L) Pers, (Poaceae), De ples, ke brachypode le
plus comélé & ce iraitement est 'espéce  annuelle
Brachypodivm distacinr (L) P Beauv. {Poaceae) et non
'espbee pérenne Brackypodiion retison (Pers.) P Beauwy.
{Poaceac) (Figure 3-A).

Lizs trajectoines des harycentres montrent que la steppe
a eu une dynamigue assez lente de 20011 & 2013 avec trés
peu de changements dans =a  composition et les
abondances des espéces vépétales, tandis que le traftement
ABC a eu une forte dynamigque de 2001 4 2012 et une
dymamique plus lente de 200012 4 2013 (Figure 3-B).

Sur le traitement ABC, la richesse spécifique totale
de la vépétation a significativement augmenté entre 2011
ot 2002 (Figure 4-A), du fait de Pougmentation du
nombre d'espéces cibles (Frgure 4-B1 of de la diminution
du mombre despéces non cibles (Figure 4-C) En
revimehe, dans  ln steppe de reference, o nchesse
spestfique  tedale  me présentant pas de difference
significative emire 2001 e1 2003, méme 51 un nombre
dlespiees significativernent plus élevé a ¢¢ mesuré en
212 (Figure  4-A) Sur le tmikement ABC, e
pourceniage  de  recouvrement  de  la vépdation a
également angmenté de fagon significative de 2011 &
2013, alors gque celui de la steppe de référemce ne
présentait pas de différence entre les anndes 2011 et
2001 3, mais éeait plus faible en 20102 (Figure 4-D). Enfin,
entre 2011 et 2002, la hauteur moyenne de la végétation
a significativement augmenté sur le traitement ABC ainsi
que celle de la steppe de référence, mais celleci a
ensuite dimimeé entre 2002 et 2013 (Figure 4-E).

Au printemps 2013, sur le traitement ABC, la richesse
spécifique en espéces cibles et non cibles, les indices de
Shannon et d’Equitabilité, ainsi que lo hauteur moyenne
de la vépétation éaient significativement plus élevés que
dans In steppe de rétérence. Cependant, il n™y avait avcune
différence significotive concernant ke pourcentoge de
recouvrement de bn végétation (Tableau 1)

Tmportance du respect de Povganisation verticale des
Tarizoms pédelogignes

En 2011, les taux de C total et de N total mesurés ne
sont pas significativement différents entre le traitement
ABCnc et o steppe  de  reference, mais  sont
significativement plus faibles dons le tranement BO ot
encore phes faible dans ke traitement C (Tableaw 25,

Sur 'ordination MMDS, les ratements ABC et BO
soni extrémement proches; 15 sonl comelés aux memes
espices en lermes e composibon @ d'abondance,
Cependant, le tmitement C se distingue neltement des
autres traiements el de la steppe de néference, 11 est
carscterise par des espéoes cihles telles que Petrorbagia
peodifera (L) PW, Ball & Heywood (Carvophyllaceas),
Silevie (Carvophyllaceas) ou  encore
Cerastiven glomieranst Thuill. (Caryvophyllaceas), mais

nmocturme L,
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Figure 3. Analyse de la composation et des ahondances des espe égétales de chag i et de la steppe de référence par
une ondintion NMDS basée sur 45 échantillons de végétabon au pri ps 2013, Le graphxjue A les échantillons de 2012

regroupés par traitement 3 asde de polygones: traitement C (Trat C, blanc), traitement BC (Trait BC, gns clair), traitement ABCine
(ABCne, gns fonce), traitement ABC (Trait ABC, gns) et la steppe de référence (Steppe de référence, gns tnés foncé). Pour plus de
clarté, seules les espéoes wépllabes les mieux corrélées sont linéral Le graphxque B fa dynamigue de ks
végéation pour chaque modalisg, selon s positon de leur barycentre. Les lignes pointllées repeésentent la succession de
végétation de 2011 & 2012 et Jes fléches repeésentent b succession de la végétation de 2012 & 2013,

Figure 3. Composition and abund analyses of plant species in cach and m the reference steppe with a NMDS
ordination based on 45 vegetation samples. The A plot shows only the 2013 samples grouped by treatment with polygons: treatment
C (Trait C, blanc), treatment BC (Trait BC, gnis clair), treatment ABCnoe (ABCne, gns foncé), trestment ABC (Trait ABC, gris) and
the reference steppe (Steppe de référence, gris rés foncé). To clanfy, only the most correlated plant species, st two first axes, are
literally inscesbed. The B plot shows the vegetation dynamic for each treatment, according the position of their barycenter during the
tree years of the vegetation survey,

également par quelques espéces non cibles telles que Les trajectoires des baryeentres des traitements BC et
Salsola kali L, (Caryophyllaceae) et Diplotaxis tenvifolia C montrent une forte dynamigue de Ja végdlation au
(L.} DC. (Brassicaceae) (Figure 3-A), cours des rois années de suivi, mais plus élevée entre
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Figure 4, Moyennes ¢t erreurs stanklards de In nchesse spécifique totale (4 m?) (A), de In richesse spécifigue en espéoes cibles (¢m)
(B), de ln richesse spécifique en espéoss non cibles (4 m?) (C), du recovvrement (%) (4 m?) (D) et de ka hawseur moyenne de la
végétation (E) au cours des trois annédes de suivi (2011, 2012 et 2013) pour chaque modalité de traitement de transfent de sol ¢ pour
la steppe de référence: tmitement ABCne (Trait ABCne, gns foncé), traitement ABC (Trait ABC, gris), tmitement BC (Trait BC, gris
clair), traitement C (Trait C, blanc) et la steppe de référence (Steppe, gris trés foncé), Les valeurs de F, de X7 et de p des ANOVAs
ou des tests de Kruskal-Wallis appliguées pour comp chaque moxdalité entre années sont reportées au dessus des barres, A
Tintérieur de chague modalité, les barres partageant une lettre commune ne montrent aucune différence significative selon les tests
post-hoc de Tukey ou de Mann-Withney-Wilcoxon,

Figure 4. Means and error stundards of total species richness (4 m®) (A), target specifies nchness (4 m?) (B), non-arget species
nchness (4 m) (C), vegetation cover (%) (D) and mean height (cm) (E) durmg three vears of vegetation survey (2011, 2002 et 2013)
for each treatment in spring 2013: treatment C (Trast C, white), treastment BC (Traxt BC, light gray), treatment ABCne (Trait ABCnc,
gray). treatment ABC (Trast ABC, dark gray) and the reference steppe (Steppe, very dark gruy). F and p values of ANOVA tests or
X7 and p values of Kruskal-Wallis tests, performed within each treatment, to compare years, are reported above each bar. Within a
treatment, bars sharing common letters don’t bave sigmficant differences sccording to Tukey post-hoc test or Mann-Withney-
Wilcoxon test
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Tableau 2. Analyscs chimigues des feneurs en carbone orgamique total ¢ en azote total dans trols tradtements et dans la sweppe de
réftrence juste aprés be ransfen de sol en avril 2000 ¢ traivemert O (Trait ©), oraitemnent BC (Trait BC), traitement ABCne {ABCnc),
traitement ABC (Trait ABC) et la steppe de référence (Steppe de référence). Les valeurs mesurfes comespondent & la movenng +
Iermeur standard; df, F, X%, p comespondent su degré de libenié, & la waleur de F. & la valewur du chi-camé et & la valeur de présultant
du sest ANOVA ou du test de Kruskal-Wallis testant effet de chaque modalied sur chaque variable, Dans une méme rangée, s cises
pariageant une letire commune ne montrent aneuns différence significative de leurs valeurs selon Je test post-hos de Tukey ou de
Marmn-Withney-Wilcoxom,

Tahle 2. Sail analyses of todnl organic carbon and toinl nitrogen coments for each reatment just ofter the soil mansfer in apel 2001:
treatment C (Troit CJ, treatment BC (Trait BCL trentment ABCne (Trit ABCnc), treatment ABC (Trait ABC) and the reference
steppe (Steppel. The measured values are means + standard ermors; df, F, X%, p commespond o the degree of fresdom, the F value, the
X7 value and the p value resalting from ANOWVA besis or Kruskal-Wallis tesis 10 dest the effect of each treatment on each variable,
Within & row, two cases with o common letter hove significamly different values acconding o Tukey post-hoc tests or Mann-
Whitnezy - Wilcoxon lests.

ANOVAKruskal-Wallis C BC ARCne Sbep

Total srganic carbon igkg ') df = 4 159+ 04 G4+ 2b 14,006 + 3a 15,96 + 4a
F = 1882
< Do)

Total nifregen (gks '} df =4 019+ 0 105 0.2k 147 £03a 1.5+0.3a
F =21.85
P < .01

200101 et 20012 pour le traitement BC ot entre 2002 ot Effer du compacrage de fn surfoce di ol

2013 pour le traitement C {Figure 3-B). Sur l'erdination NMDS, le traitement ABCne se
Sur le tritement BC, o richesse spécifique totale a superpose aves be tritement ABC. Ces deux traitements
significativement augmenté cntre 2001 ot 20012 du fait sont done également exirémement proches en matiére de

d'un nombre plus  élevé d'espéces cibles. Pour e composition ¢ d'abondances des espéces  végitales
traitement ., elle n'était pas significativement différenie (Figure 3-AL Les dyvnomigues de lo wégéation révélées
entre 2001 et 2013, mai=s elle émit plus faible en 2012 par la position de leurs barycentres éoient également
(Figure 4-A et 4-B). Le pourcentage de recouvrement et similwires entre 2001 et 2013, mais lo végétation ovait une

lo houteur moyenne de la vépétation ont eu la méme dymamiue plus forte entre 2002 et 20013 sur le traitement
evolution sur les mitements BC et ADBC, avec une ABCne que sur le traitement ABC (Figure 3-1),

asgmentation significative entre 2001 et 2002, mais sur La richesse spécifique totle a  significativement
le iraiternent C, ils ont augmenté seubement entre 2012 et augmenté entre 2001 et 2002 sur be tratement ABC dii 4
2013 (Figure 4-13 a1 2-E, un nombre plus élewve d'especes cibles, puis elle s'est

Auw printemps 2005, par mpport &k sleppe de stabilisbe entre 2012 et 2013 aloss que celle sur le
réfirence, la richesse spheifique totale sur le tritement raitement ABCne diminuait de maniére significative 4
BC n'émait pas significativement différente, méme si le canse d'une perte d'espbees cibles (Figure 4-A et 4-R).
nombre d'espéees non cibles dtait supdnear. Sur le Le nombre d'espéces non cibles n'a pas  changé
traitement BC, la richesse spécifique en esplees cibles significativement entre 2001 et 2013 sur les traitensents
Ctaient significativement plus faible que celle sur le ABCne et ABC, alors qu'il a diminué entre 2001 et

fraitement ABC mais similaire 4 celle de la steppe de 2012 (Figure 4-C1. La hauteur movenne de la végdtation
réftrence. Les indices de Shannon et d'Equitabiliié a eu la méme évolution sur ces deux traitements, cest-i-
ainsi que Ja hautcur moyenne deolaovéglation 06 gipe une augmentation significative de 2011 4 2012, puis
montraient pas non plus de différence significative  yne subilisation entre 2012 ¢t 2013 (Figure 4-E). En
avee  la steppe  de  référence.  En revanche, e revanche, le  pourcentage de  recouvrement de la
pouscentage de recowvrement e la végitation dail végétation n'a cessé daugmenter enire 2011 e1 2003 sur
significativement plus faible. le traitement ABCne, alors quiil s’est maintznu entre
Ces mémes paramétres étaient significativement plus 02 et 2003 sur le troitement ABC,

faibles sur le tritement C comparés & lo steppe de Au printemps 2003, ascune différence significative
réference, mais également oux traitements BC ot ABC, n'n été détectée entre le tmitement ABCne o e
Seule la houteur moyenne de ln vépétion nélait pas traitement  ABC  pour tous bes pammétres de ln
significativement  différente de celle mesurée dans la végétation mesurés (Tableau 1),

steppe de référence, ot I richesse spécifique en espéces
nom cibles bt silinre & celle mesurée sur les putres

traitements, Le taiterment © avanl une dissimilaritg ples Discussion
dlevée aves la steppe de rélerence que ke aitement BC Dans ce tavail, nous avons teste effet d'un ransfert de
{Takvleau 11 sl printanier, sans stockspe, sur ko regénération de o
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wigitation  steppique dans  la plame  de La Craw,
Lronginalite de ce ransfert réside entre autres dans la
venfication de importance du respect de "organisation
verticale des principaux horzons pédologigues (A, (B),
C) et de la néoessité de compacter le sol afin de choisir
le meilleur compromis  entre  efficacité  de  cene
technique de restauration écologique et sa  durabilité
Geologique, en économisant le sol et en limitamt le
nombre de passages des enging de travaux publics.

Effet du transfert de sol

Le transfert de sol a permis d'obtenir sur le count terme
des résultats trés encourageants sur le réablisscment de
la communauté végétale steppique. Mous obtenons un
toux de tronsfert de 100 % des espéces vépétales de ln
steppe deux ons seulement aprés la fin des trovaux. En
Grande-Bretagne, apres un transfert de mottes dans des
pelouses seches, sur |8 expérimentations Bullock et al,
(1958, ont ebtenu un tox de mmsfert de 54 % a %1 %
apres trois @ sept ans, et Trueman, Mitchell, and
Besenoeer (2007) ont stteint 100 % mads seubement aprés
cimg années,

[ans notre cas, aprés rois années, ln communaté
viépitale restaurte est constituée 3 plus de 30 % par des
espiees annuelles, comme dans la steppe de référence
(Molinier and Tallon 1950; Devaux et al. 1983
Riomermann, Tackenberg, and Poschold 2005) La
grande richesse spéeifique de la communawté restaurée,
compoade & 84 %W par des espéoes cibles, pewt dmre
cupliquée  par la  germination de grines  viahles
contenues dans la bangue de graines du sol transfénd.
Contrairement & un premier transfert de sol réalisé dans
la plaine de La Crau, le suceés de cette opération réside
éealement dans le fait que pew d'espéces mon désinées,
par rapport 4 nos objectifs de restauration, se sont
installées.  Jounatre, Buisson, and Dutoit (2004} ont
mesuré que le transfert de sol n'avait pas affecté les
feneurs du sol en éléments nuintifs, contrairement 4 ce
qui peut étre obfenu aprés un transfert de moties
{Trueman, Mitchell, ond Besenyed 2007) On peut, done,
supposer dans notre cas que e mansfert de sol n'a pas
mgpmente  suffisamment sa fertlitg  (notamment  par
oxydation de la matiére organigquel pour  permetire
I"installation d'espéces nitrtophiles dans ce fraitement,

La diversité spécifiquee, bien que supérienre 4 celle
de la steppe de référence, reste relativernent faihle, En
effer, la communmaud végéiale du site restauré semble
moins hétdrogéne que celle de la steppe, et légpérement
mieux répartie entre les eapéees. Cela peur s'expliquer
par be fait gque Despéce structurante de la steppe,
Brochypodien retinon (Pers) P Beauv. (Poaceae), ne
domine  foujours  pas 4 Dissue  des  observations.
Cependant, les abondances des espéees végétales ne sont
pas dissimilaires & celles de la steppe de réfiérence, ce
qui représente un résultat innovant comparé & oun
transfert de sol par épandage selon un rapport 173 sur
une friche dans la plaine de La Crau od les abondances

Acta Botanica Gallica: Boiany Letiers 7
des esplees vépltales se sont révélées nés différentes de
celles de écosystéme de méfénence méme rois ansg aprés
la fin des travaux (Jaunatre, Buisson, and Dutodt 2004}

Le pourcentage de recouveement de la végdtation,
hien qu'bguivalent & celui de la steppe de péférence en
20013, n'a cessd d'angmenter significativement au cours
dies trois années de suivi. De plus, la végétation posséde
également une hauteur moyenne bien supéricure & celle
de la steppe de référence. La wégltation serble donc
suffisamment régénérée pour permettre le retour d'un
systéme de gestion qui maitrisera son développement. Le
retour du piturage ovin est done nécessaire (Gibson and
Brown 1992; Bullock 1998; Stroh et al. 2002; Henry
200, Mous fwisons, en effed, hypothése que les
différences mesurées entre 2001 et 200122013 dons la
steppe de  référence somt dues  aux  varations
interanmuelles de pression de piturnge,

Tmportance du respeet de Povganization verticale des
horizons pedologiges

A printemps 2003, avee b reconstitution des horizons
pedologiques C et (B (eransfent des homeons C et (B))
qusgqud o serface du osol, la commuemauté végétale
présente un taux despéces cibles inférieur de 20 % 4
celui de la steppe de référence. Méanmoins, la proportion
dis espéees cibles par rapport an nombre despdees wotal
atteint quand  méme 84 % Lossque les  horizons
pédologiques (B et A, ne sont pas remnis en place, la
richesse apéeifique de la végétation reste plus faible que
celles des traitements BC (transfert des horizons O et
(B et ABC (transfert des horizons C + (B) + A}, avec
respectivement 28 %% et 56 % d'espléces en mains.
Cependant, 73 % des espéees identifiées sur le traitement
C sont des espéces cibles.

En ¢e qui conceme la composition spécifique, le
traitement C ({transfert seul de "honzon C) se distingue
netiement des traitements BC (transten des homzons O ot
(B)) et ABC {transfert des horizons C + (B) + A, par la
présence d'espéces pionnieres telles que Petrorbogia
prodifera (L) PW, Ball & Heywood (Carvophyllaceae)
ou Sifere nocirma L. (Caryophyllacene).

Les umalyses des teneurs en carbone orgamicue total
el en azede wolal mdigquent que les imitements © et BC
somt momns fertiles gquee e tmatement ABCoe {transfen
des horizons C + (B) + A sans compactage en surface)
el que Je sol de lasteppe de réfrence. Bien que nayant
pas permis le développement d'espéces nitratophiles, le
carsctére oligotrophe du iraitement B (tansfert des
horizons C et (B)) @t le carsctére encore plus oligotrophe
du traitement C (transfert seul de Mhorizon C) ont limité
le développement d'autres espéees ciblea. En effer, dans
les sols fersialitiques, ¢'est surtout Uhorizon Ay qui est
riche en matidres organiques, carbone, azote ef en auires
Gléments minéraux comme le potassium, par excmple
(Duchaufour 1984; AFES T0DE).

Laugmentation trés rapide du nombre d'espéces
mesurée entre la premiére of o deuxiéme année sur le
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trzitement  BC (ransfert des honeons © et (B))
cormespandrail plutdl & un anéfact, puisque la végétation
ne &'y bt pas encose développée entie la fin de la mise
en place des quadmis du traitement BC (tranafent des
hosizons C et (B)) {aveil 20017 et les relevis de la
viégétation (mi-mai 20017,

Sur les fraitements C et BC (transfert des horizons C
ct {B)), la diversité spécifigue est similaire 4 celle de la
steppe de référence, mais Iindice de Bray-Curtis indique
une dissimilarité significative avec celleci en ce qui
concerne I'abondance des espéces vépétales. Cependant,
le traitement ABC (transfent des horizons C + (B} + Ay
ne présente pas cette  dissimilarié. Cela peut  étre
cupliqué par la dominance des graminées telles que
Avena  barfbara Poit ex Link (Ponacese), Sromes sp.
(Poaceac). Lotium rigidum Gaudin (Poaceae) ou encore
Hovdewm ppivinem L. (Poaceae) sur ces tmitements, oo
méme titre que | steppe de référence est domings por
Brachypodivm vetusim (Pers ) P Beauv, (Poacene),

Entre ln deusiéme el la trosiéme annde de suvi, le
pemreentige de recouvrement ¢f lo hateur movenne de
I wégdtation augmentent  significativement, mas e
pourcentage de recouvrement reste encore trés faible sur
le wmaitement O (transfent seul  de homeon ),
cerainement & cause du caractére trés stressant de ce
miliew, Sur le traitement BC (ransfert des horizons C et
(B, au contraire, la vépdation semble se stabiliser entre
la deuxidme et la roisidme année, méme en "absence
de plturage. En effet, le pourcentage de recouvrement et
la  hauteur moyenne de  la viéglélation  coessent
d'augmenter et deviennent semblables 4 ceux de la
steppe de référence.

Le retour du pdrage ovin ancestral peut  ére
envisagd sur le tratement BC (transfert des horizons C
et (B}) pour conserver, i long terme, des espaces de sols
nus favorables au développement des espéces cibles
iokéramtes aux stress (Gibson and Brown 1992 Bullock.
19980 e sur ke traitement C (transtert seul de "horizon
)., pour maitriser la houteur de la vépétation.

Ejffet du compactage de la surface du sol

Méme sl vepdtation o eo une dvnamegee différente
entre les  trois années, au o printemps 2003, ascune
différence  significative  n'a @& détectés  emre les
irxitements ABC (transfert des horizons O + (B} + Ay
aver compactage en surface) el ARCne (transfert des
hosizons C + (B) + A sans compaciage en surface).

L compactage du sol ne semble done pas angmenter
ou accélérer le succds du mansfernt dans cet dcosysbdime,
hien qu'il paraisse ralentir ka fermeture et la colonisation
du miliew. En oeffet, un an apeés le transfent de sol, le
pourcentage de recouvrement est de 20 % contre 40 %
sans compactage du sol. 11 faut noter, cependant, que le
retour duo paturage ovin pourrait avoir le méme rile
(Gibson and Brown 1992; Bullock 1998; Stroh et al
2002; Henry 20641,

Conclusion

A la suite du ransfert de sl sows avons pu mesurer
une tris forte résilience de la végdlation steppique en
matiére de composition et de rchesse spéeifique. Ces
premiers nésultats sont en accord avee ceux d'éudes
précédentes mendes dans des prairies tempénées (Bullock
1998; Good et al. 1999 Box 2003; Troeman, Michell,
and Besenyei, 2007; Eichberg ot al. 20010) ou dans la
plaine de La Cran (Jaunatre, Buisson, and Dutoit 2014).
Les meillewrs résultats ont &é obtenus avec le transfert
de sol dans lequel les trois  principaux  horizons
pédologiques ont ébé reconstitués, méme en matiére
d’abondance  des  espéces  wépétales.  Cependant,
éventuellement méme lorsque 'horizon organigue A,
n'est pas reconstitug, les résuliats sont Gpalement trés
prometieurs, Un transfert de sol por 'épandapge d'un
melange organc-minéral, sans compactage final, pourrant
atre alors suffisant pour obtenir des résultsts  aussi
rapidement.  Cela  pourrait permettre d’augmenter  la
surface sur lequel pewt étre épandue le sol transférd avec
un étalement selon des mpports 172 ou 173, De plus, le
transfert d'un volume de sol selon un mapport 101
n'entraine pas un gaim du point de vee de la restauration,
Pour cela, le mnsfert de plagues. qui pennet une
recolonisation dans le site receveur @ une ciealrisation
dans le site donneur, constitue aussi une piste technique
& explorer dans un cadre de recherche de durabilivd des
pratiques,

Le compactage du sol ne semble, done, pas
nécessaire. De plus, cela induit des émissions de CO;
supplémentaires ef un colt de opération plus éevé.

Au final, aucun traitement n'a cependant penmis de
restaurer Uinbégrité de la communauté végétale steppique
de  référence, notamment en matiére  d’abondance!
dominance des espéces wégétales mais également en
matiére de densité de la végéation. Aujourdhui, il
semble nécessaire de remettre en place le systéme de
paturnge ovin ancestral (Gibson and  Brown 1992
Bullock 1948; Stroh et ol 2002) dont les actions de
prélevement, pictnement o dispersion {endoroochons,
exozoocheric]  devraient  permettre d'secélérer a
restauration de la structaration spatiale de la vepétation
steppigue

Bren gquiobtenant des résultats nés prometiours pour
restauner des communautés végétales 4 fore nehesse
specifique (Pywell, Webb, and Putwain 1995 Bullock
1908, Giood et al. 1999 Box 2003, Vicerin and Muller
2003; Truwernan, Mitchell, and Besenyei 2007 Eichherg
et al. 2000, Jaunatre, Buisson, and Dutoir 2004), le
transfert de sol est wwe méthode de restauration
Gcologique qualifide de non-durable car  destructrice
d'une ressource non renouvelable, le sol. De plus, le
tramsfert de sol véhiculé est une méthode polluante
(ermissions de CO-, MOy, hoiles, ete.) ot utilisant des
énergics non-renouvelables. Elle ne doit donc en aucun
cas représenter un substitut & une conservation dn site
(McLean 2003}
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CHAPTER 4.3

RESTORING SPECIES-RICH MEDITERRANEAN
DRY GRASSLAND IN FRANCE USING
DIFFERENT SPECIES-TRANSFER METHODS

RENAUD JAUNATRE, ELISE BUISSON,
CLEMENTINE COIFFAIT-GOMBAULT,
ADELINE BULOT AND THIERRY DUTOIT

Abstract

Mediterranenn dry grasslamds are charactenzed by high bodiversity,
which is threatened by significant changes in land-use in recent centurics.
The La Craw area is the only Fremch Meditermanean steppe located in
south-eastern France. Of the 45,000 ha present in the Voth century, only
11,5000 ha currently reman, Maoreover, numerous studies have shown that
this vegetation tvpe exhibits very low resilicnce o major disturbances,
such as cultvation, even followmng recovery periods of as much as 150
years. This stresses the impomance of conserving remnant intact patches of
the origimal plamt community and restoring degraded  areas, Several
cxperiments testing species-transfer methods have been camried out in the
Inst decade, In 2002 the transplantation of two dominant perennial targel
species, Ty wdgoeds and  Brachvpodien vetuisun,  inte fonmer
cultivated fiekis showed that their establishment was successful 1f the
stome cover had beon previously restored. The transfor of wacuum-
harvested hay was assessed i 2007 on an ares disturbed when a pipeline
was buried. This method produced a plant composition close 1o that of the
reference commumity, with many targed annual species, but without the
dorminant percnnial species succesafully ransferred by transplantation in
the first experiments. In 2009 o muolb-treatment  experiment  wis
implerented on a larger arca disturbed by intense peach cultivation where
hay or soil transfer (e the translocation of the whole habatat: soil,
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propagules and associated micro-organisms), alone or combined with
topsoll removal were tested. The best results were obtmned when abiotic
conditions were restored (topsoll remaoval, which removes the nutrient-rich
soil layer, transfer of a nutnent-poor sl layer) and species were
transferred. In 2001 large-scale soil transfer with or without soil
compaction were implemented on an oares degraded by an ol spll
followed by polluted soil excavation. In the very short tenm, soil transfers
produced a species-nch community composed of numerous farget species,
Results from these ten yvears of experiments and monitoring highlight the
difficulties of restoring this umigue habitat. Nevertheless they provide
insights in possibilities for approaching the target communitics, especially
when the transfer of the whole community through soil or hay tramsfer 15
combined with the restoration of appropriate abiotic conditions {bow s0il
frtility through topsoil removal or soil transfer) and transplantation of the
perennial dominant specics that provide strocture in the  reference
herbaceous plant community.,

Conservation and restoration issues of a Mediterranean
dry grassland

Dry grasslands are among the most diverse and species-rich ecosystems in
Europe {Hutchings & Stewart 2002). While they have bean widely studied
in northwestern countries (Tansley 1939, Hillier et al. 19940, Dutoit &
Adard 1995, Willems 2001, Poschlod & WallisDe'Vries 2002), they remain
less known in the South, although some studies have been corned ot
pecently (Puerto et al. 1990, Buisson & Dutoit 2006} Although the
structure of these communities is more or less similar in the North and the
South, there are significant differences in patterns of plant succession due
to the Mediterranean climate i the South. Drymess and heat could lead to
very different vegetation dynamics,

Mediterranean dry grasslands are charactenzed by very show recovery
after changes in land use, especially afier the sbandonment of cultivation
phases (Blondel & Aronson 1999, Romermann et al. 2005). Despite the
fact that the Mediterronean Basin s one of 25 muin hotspots of
biodiversity (Medail & Quezel 1997, Myers et al. 2000}, its ecosvstems
appear amaong the natural areas that have undergone the largest changes n
land-use in recent centuries (Groves & Di Castrn 1991, Pausas & Vallejo
1999, Blondel et al. Z0O10).

L1/



Annexe 3: Contribution dans un chapitre de livre
Jaunatre et al. (2014)

164 Chapser 4.3

Mediterrancan dry grasslands and steppe ccosystems are among the
most  threatened  ecosystems due o mtensive  cultivation,  grazing
abandonment, urkan development or increased fire frequency (Russi ¢t al.
1992, Nov-Meir 1995, Bonanomi et al, 2006), According to the Forage
and Grazing Terminology commitice, a steppe is “'a scrmi-arid, sparse 1o
relling  grassland  charsctenized by short to medium-height  grasses
occurring with other herbaccous vegetation and occasional shrubs™ {Allen
et ul. 20013, The designation “steppe” 15 usually attributed when the ongin
of these ccosystems is driven by climatic conditions. Steppes receiving a
mean anmeal rnfall between 100 and 400 mm are designated and or
semi-arid steppes (Le Howéroun 200017, When other factors, such as
pgricultural practices (e.g. grazing), are as important as climatic factors
with regard to plant community origin, the word “pscudo-steppe”™ s
usually preferred.

The total surface aren of Mediterranean steppe has  considerably
declined in recent decades and now covers only 3,7000,00 ha in the
Eurcpean part of the Mediterranean Basin and 63,000,000 ha m Morth
Africa (Le Houdrou 1995} The La Crawr area is the former Durance River
delta (45,000 ha) located in southeastern France (43°33°N, 4°52°E), which
has been shaped by millennia of interactions between soil, climatic
conchitions amndd sheep grazmg, The 40 cm deep soll contains  50%
silicaceous stones and lies on a calecareous conglomerate, which cannot be
penetrufed by plant roots {Devaux et al, 1983),

The climme 15 Mediterranean, with high imter-annual variability, an
average of 540 mm yearly precipitation, falling mainly in spring and
sutumn, and 110 days per year with wind speed exceeding 30 km'h
(Devaux et al. 1983). Extensive sheep grazing has occumred in the Lo Cran
area for more than 2000 years (Bodan et al. 1995, Henry et al, 2010}, as
has occurred in many typical Mediterrancan rangelands (Le Houwérou
1995, This ecosvstem s related o ecosystems of Defexas i Span (3
million ha) and Movesrale in Portugal (700,000 ha). [ts unique species-rich
plint community 15 dominated by Brochypodiem refusim (Pers) P
Beauy., Asphiondeties avardil Jahand., & Maire, Thymas wielgeris L. oand
Stipa capiflatg L. (Deveux et al, 1983 The community 15 also
characterized by a high number of annual species, such as degilops ovala
L., Asterofiron limmm-stellatien (L) Duby, Ewplorbio exigna L., Evay
pygaea (L) Brot, Filage gallice L, Limew telgvmen L, Planiage
beffardii AllL, Salvia verbenoca L., Taewiathernm capai-medusa (L)
Mewski, Filpior spp., etc. Because discontinuitics in vegetation cover
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disappear when sheep grazing is removed from the Lo Cran ccosystem
[ Fuclda 2066}, the proper term for desenbing the Lo Crow plant community
would be “pseudo-steppe™. However for the sake of clarity, the word
“steppe” will be used hereafier, becanse it has alrendy been widely used in
La Cran-related literature, and becawse sheep grazing is the traditional and
historical land-use (Devaux et al, 1983),

CH the 45,000 ha ecosystem created by the former delta of the Durance
River 10,000 years ago, only 11,300 ha remained in the carly 2000s,
Cultivation {e.g. hay meadows, market gardenng or infensive  frunt
cultivation), gquarrics, military activitics and industrialization occurring
from the early 20th century to the present day, have all contnbuted to the
decline of the eriginal steppe arca {Deverre 1996, Gaignard 2003, Buisson
& Dutoat 2006} Aleng with implementation of conservation actions 1n the
La Crau arca (Buisson & Dutoit 2006), several research guestions have
been addressed, mamly dealing with vegetation dynamics after disturbance
and the potential for restoration of these disturbances (Dutodt of al. 201 1),

Cme of the first studies highlighted the very slow recovery of the
steppe plant community 25 vears after the end of exogenous disturbances
such as cultivated phases (Romermann et al. 2005). Buisson et al. (2006}
whentified two main barners to spontancous plant recolonization: 1) the low
number of target species in the internal species pool, Le. the sced bank was
depleted by the stufied disturbances (Hutchimgs & Booth 1996, Buisson of
al. 2006, Bossuvt & Honnay J008), and the low dispersal potential of the
target species {Bakker et al, 1996, Minzbergova & Herben 2005, Buisson
et al. 2006); and ii) the high dispersal and establishment potential of non-
target species, 0 particular due o increased fertility i the formerly
cultivated areas (Marrs 2002 ).

Such disturbed ecosystems reguire active restoration which should
focus on these thresholds, Dispersal has been wentified as a major imiting
factor for spontancous succession of farget communities (Hutchings &
Booth 1996, Bischoeff 2002), and strengthening dispersal of propagules 1s
becoming a major togic in coological restoration (Kichl 2000, Kichl et al.
2000, Hélzel et al. 2002, OF all the expenments carmied out in the La Craw
area to assess the efficiency of restoration methods, we present here three
that ivolve species transfer: 1) tramsplantation or seeding of structuring
species, i) hay transfer and iii) soil transfer. These experiments have been
implemented in four different contexts (Table 4.3-1, Fig. 4.3-1) two
former cultivations where soils were ploughed and fertilized: 0T flelds,
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which had been melon fickds established in the steppe in the 1970s and
were abandoned m the 1980s (Romermann et al, 2005} and Former
orchard, which was a 357 ha orchard cultivated intensively from 1987 to
2006 and rehabilhitated o0 & steppe habitat in 2008 (Jaunatre et al. 2002); »
Pipellne which was buried in 2006 resulting in destruction of the
vegetation and physical soil disturbance (Coaffant-Gombault et al, 20126);
and one O spdll caused by a 20060 break in an old pipeline where the soil
wins excavated and then rehabilitated in 2001 (Dutoit 2001 ) Some of these
cxperiments were carried owt with and without sheep grazing because
grazing can enhance dispersal and mduce changes in micro=environmental
conditions for seed germination {e.g. light) and in plant interactions, such
s competition or fscilitation (Fischer et al, 1996, Dobarro ef al, 2010),

Table 4.3-1: Characteristecs of the four different experimental contexts (DHn
indicates the sumber of vears atber last disturbance; Btn mdicates the oumber of
years of monitoring nfier restoration implementation].

Site Twpe of Date of last  Restoration Last
M disturbance disturbance

LM Formser melon 206 S sowing 2009
Jrelds fields (ploughed, (D43, R43)

fertilized) 1975 Seedling trans- 2004
plantation (D23, R+2)

Farmer  Former infensive 2006 Hay transfier 2002
arciiard orchard (ploughed, G, By

fertilized) 20 Soil transfer 2012
{6, B+3)

Pipelines Pipeline burying 2006 Hay transfier 2009
(phasecal (O3, B3

disturbance]

CRETHT ) (il spill (smoil il Soil transfer 2012

gacavation im 2000 {2, R+1)

Frg. 4.3-1 (mext page): Location of the Lo Crow ans in soulheastern France,
distribustion of sbudy sibes and experimemal designs.
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Frg. 4.3-2: The La Craw area steppe ocosystemn (A and dopersal strengthemng
restoration methods: seadling transplantation with stone cover restormation (B, sead
gathering for hay transfer with & leal vacuum, manual 1C) or tuck operated (D),
ard soal transfer speeading (E).
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Transplantation and seeding of structuring species

Plant communities determine the ecological value of the habitat and thus,
by incorporating the structure of the plant commumities inlo restoration
designs, we can start o create sysiems which serve an intended function as
well as replace some of the ecological value bost dunng disturbance
(Crrson 1996 ), With this aim, we tried to reintroduce some of the steppe-
structuring species to areas disturbed by culuvation. Three species were
used: B retnsem and T vidparis are two of the few perennial species of
the steppe and are also dominant species, and Frifolinm subterranemm 15 a
native clover which provides pood ground cover. Two experiments were
conducted on former mebon felds (O Felds, Fig. 4.3-1, Table 4.3-1) in
order to reintroduce 1) structuring plant species  using  seedling
transplantation (8, retesin and T vwdgaris, Buisson 20050 and 1) the
same two species and T swbierraneus by seeding (Coiffait-Gombault et
al. 201 2a),

Ome-vear old seedlings of B, retesror and T, valgariy were manually
transplanted in a8 multi-factonial experiment testing the effect of grazing
and stone cover restoration (Fig. 4.3-10 Buisson 2005), Because large
stomes (15 cm to 30 cm diameter) that cover about 50% of the ground in
the steppe had been removed for celtivation, we tested stone cover
restoration to 50% vs. non-restored stone cover (<50% composed of
pebbles; Fig. 4.3-28), Resulis showed that exclusion of grazing i the first
vear led to a better establishment of seedlings, but that grazing had to be
reintrodduced  later 10 prevemt competitive  species  from  reducing
colonization of target species (Henry 2005). Restoration of the stone cover
allowed for better establishment of ransplanted species. Stones may cause
significant changes in microhabitat conditions, by altering micro-climate,
allowing root developrment (Steinberger 2001, Elmarsdottir et al, 2003),
limiting the proximity of potential competifive species and providing
prodection from graeers, The ideal combination of treatments for B,
refusum and T, vulgaris seedling transplantation included the removal of
grazing duning the first year and restoration of the stose cover (Buisson
2005).

Although this first experiment was successful, transplantation is
expensive and labour-intensive and therefore canngd be implemented on a
large scale. We therefore tested seeding of B, revisnm and T, vulgaris on
large areas (Coiffai-Gombault er al, 2002a), T, swbferramenm was added
to the seed mixture because we expected it to grow and cover the ground
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quickly and thus to reduce non-target establishment. The seed mixture was
composed of 47 kg'ha of 8 refesais, 13 kg'ha of T subrerranenm and 3
kg'ha of T. valgaris. Two vears after sowing, the three species were well
established, and covered more than 20% of the ground. Contrary to the
transplantation experiment, sheep grazing appearcd important even the
first year as it hmated clover competiveness and increased the cover of
perennial specics (Bork et al. 1998, Hoshino ot al. 2009, in particular B.
refusum. Sowing seed had o opositive effect on plant  community
composition. It eliminated or reduced some non-target  specics
establishment (e.g. Cenfmrea solfticialis, Sromus madritensis), and
increased the cover of target forbs and grasses (e.g. Aivg cupariana,
Euphorhio exigwa, Dacivlis glomerata, Corffut-Gombault e al, 201 2a).

The presence of structunng species may have improved target species
csfablishment by improving soil moisture and preventing herbivory and
desicention (Hutchings & Booth 1996, Puhlla & Pugnmre 20065 An
additional experiment was conducted to determine if sowing structuring
species cun be beneficinl to other steppe species. The establishment of four
additionally sown farget steppe species  (Asplodelus avardti, Evax
pyimeae,  Limaw stricium and  Taewiatherum  capur-mediisae)  was
surveyed. L. seebcrum and AL averdll survived betier where structuring
species were sown and sheep grazing oceurred (Corffan-Gombaule et al,
2002a). Despite  these encouraging resulis, successional  processes
remained slow and community  composition and  structure were  not
restored after two years, Species composition 18 still different from the
reference ecosystem, suffering from a lack of most annual target species,

These transplanting and  sowing restoration  techniques  involved
significant energy, financial and human costs, mainly because the target
species are seldom available from commercinl seed vendors and they do
not produce large amounts of seed in the wild (especially 8. retision,
Caturla et al. 2000, Coffant-Gombault et al, 200115 Although  the
reintroduction of these species can improve the establishment of target
species, 1t does not accelerate  their dispersal amd  therefore  their
colonization, highlighting the need to develop restoration techniques that
incresse the dispersal of larger numbers of local target species ot relatively
bow cosls.
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Hay transfer methods

As commercial regional seed mixtures arg rarely available for species-rich
communities (Jongepierova et al. 2007), the reintroduction of propagules
gathered from the reference ecosystem can provide a very useful
substitution (Kiehl et al. 20003, The transfer of seed-containing hay i3 a
traditional technique used in agriculture to improve grasslamds (Bonn &
Poschlod 1998), It is now used for ecological restoration of various
grasslands (Riley et al. 2004, Kichl & Wagner 2006, Rasran et al. 2006,
Edwards et al, 2007, Gral & Rochefort 2008, Hokzel e al, 2012,
particularly those wath limited dispersal capacity (Holzel & Odte 2003,
Domath et al. 2007, Kighl et al. 2000, Klimkowska et al, 2000} Gathered
hay contains vigble seeds from a regional species pool, allowing their
reestablishment (Rasran et al, 20060, Although this method is commonly
used in temperate ecosystems, its use in Mediterranean dry grasslands has
been poody documented. Transfer of hay harvested from the steppe
reference ecosystem was tested, first at high concentrations on small scales
(@ few square meters in the Pipeline experiments) then at lower
concentrations on large scales (20 ha in the Former archard expeniments).
The low vegetation height and the high stone cover in the reference
ecosyvstem do not allow harvesting by mowing as is done in temperate
grasslandds, The hay gathenng technique was therefore adapted 1o thiz
particular environment.

It was performed wsing a leat vacuum, which is usually used to gather
beaves (Fig. 4.3-2C & D). The relatively high grazing pressure on the
steppe tends to lower the pofential for gathering seeds. Thus in both
experiments hay was gathered in areas where grazing was very low or
ghsent for several years, but which exhibited a similar vegetation
composilion and structure e the reference area, Moreover, the donor sites
had been connected and grazed by sheep from MNeolithic times until the
esfablishrment of cultivation in the La Cran area in the 1970 {Fabre 1997)
(Fig. 4.3-1).

The experiment carmied out on the Pipeline site was implemented in
2006, Hay was manually mown and gathered in an exclosure during the
seed production peak in July, stored at 3°C and spread after the first
autumn rns in September, Hay was spread at 700 g'm® on d0xdicm
quadrats and monitored beginning 6 months and continuing to three years
alter wransfer, Species richness started o mcrease 6 months afler hay
transfer and continued fo increase throughowt the three vears of surveys,
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At the end of this peniod, the restored community composition was close
to that of the reference community with 65% of the target species present.
Most of these were stress tolerant species, such as Aegllops ovada, Psilris
incurvis,  Vaeniotherum  caput-medusae o Brackvpodivm  distachvon
(Coiffait-Gombault et al. 2001y which do not colonize spontancously by
natural dispersal processes, Despate the estabhishment of most reference
community species, we noted the absence of a characteristic dominant
perenmal species of the reference ecosystem: B, revusumr. Grazing only
had an effect where hay was transferred: it increased its effectiveness by
imcreasing species-richness, Grazing may have himied competition and
created additional safe gites for germination of the transferred species, thus
improving hay transfer results as mowing or sheep grazing did in another
hay transfer experiment (Kichl & Pfadenhawer 2007).

The experiment carried out on the Former orchard site was
implemented in 2009, Hay material was gathered i summer u=ing a leaf
vacuum truck at a donor site located less than 3 km away from the
restoration site (Fig. 4.3-1, Fig. 43200, The matenal was then spread
over two 10 ha arcas in the rehabilitated orchard (trees removed and soils
bevelled) with a 1:3 ratio; gathering seeds on 1 ha, then spreading them on
Jha, which represented 1.5 kg'ha. The community created in year n+1 was
not sigmificantly different from the area where no hay was spread, but the
trend was promising because we observed germination of some steppe
species  such as  Trifeliom  angustifolinm, Comeolvilns  cantabrico,
Sherardia arvensis, Planfage lagopus and Cafapendlivm rigiohene (Jaunatre
et al. 20023, However after three vears, hay transfer the vegetation showesd
very few changes compared to first year results. Species-richness was not
significantly higher than without hay transfer, Although it exhibated some
target forbs, such as P o Jagopus, 5. arversis or 85 afropaeparea, the
community was dominated by Bromus spp. and was, therefore, very
different from the reference community. These resulis contrast with the
imcrense in target species nehness and abundance thit was observed in the
siall-scale hay transfer experiment at the Pipelide site {see above).

The two hay transfer experiments exhibited contrasting results: the
Pipelines expeniment resulted in establishment of a greater number of
target  species  than the Former orchard  experiment.  Three main
differences in expenment  mmplementation could be  hypothesized 1o
cxplain these results: i) hay quantity, i1} hay gathering date and §ii)
environmental conditions, Lower hay quantity and the later gathering date,
which could have resulted in a loss of some early fruiting species. canmot
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be wvalid explanations for the relative failure of hay transfer in the Former
orchard expenment, In an additional experiment i Farmer orchard, the
same hay was spread with the same ratio (1:3) after topscil removal and
this treatment was equally successful as the Pipeline expenment (Jmmatre
et al. 2013). Environmental conditions in the Forweer orchard experiment
without topsoil removal (1e. higher nutnent content due to cultivation
remnants, insufficient grazing pressure and a greater number of non-target
species 1 the seed bunk) may, therefore, be the best explanstion. The
transferred seeds of target species had to face a dense cover of competitive
species (manly Srows spp.) favoured by high nutnent avanlability and,
therefore, failed to germinate or esiablish in the restored area.

In both cases the dominant species of the reference community, B,
refusam, wis absent, This species colomizes by vegetative reproduction of
rhizomes and has a limited capacity to produce seeds (Caturla et al. 20040).
A tmansfer method which allows gathering not only seeds produced by
sexual reproduction, but alse propagules, such as rhizomes produced by
psexual reproduction, may allow the transfer of a more representative
number of target species, especially for dominant perennials,

Soil transfer methods

Soil transfer, a more powerful, but also more destructive restosation
miethod than hay transfer can be used to increase the dispersal of a large
number of species from a regional species pool. The technique involves
gathering soil from a donor site and depositing it on the restoration area.
This method has proven successful for recreating species-rich plant
communities  in - mesophilous  grasslands, calcareous grasslands  and
heathlands (Pywell @ al. 1995, Bullock 1998, Good @ al. 1999, Box 2003,
Véorin & Muller 2003, Trueman et al. 2007, Eichberg et al. 20100,
allowing the restoration of a plant community similar o that of the donor
site. Although this technique requires destruction of the donor area. it is a
very efficient means of transferring nod only seeds from the seed bank, but
also clonal material of species that reproduce primarily by vegetative
means, S0l transfer 18 also expected 10 provide habatat similar o that of
the reference site as it contains soil microorganisms from the donor site. 1
15 also expected 10 lower nutnent content by mixing soil from the
reference ecosystem with that from the degraded site. Several methods can
be used: transfer of raked plant material and hter wcluding few sml
particles, soil spreading or turf transfer (Kichl et al. 2000} Gathering soil
m bulk = ::hea.p-Er el easier and 2ol a.‘prﬁ-ding has pr-:_‘wi:‘lﬂd similar
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results to whole furf transfer for restoring species nichness and composition
of herb-rich mesic prasslond communities (Good et al, 1999)

The soil spreading method has been tested twice 0 the La Cran area
with the steppe plant community as a donor site and henee as the reference
area, The first expenment was conducted on Former archard while the
second experiment was conducted on the E8 spdll (cf Table 4.3-1). The
donor site for both experiments = a future quarmry located less than 2 km
from the restoration sites, which had the permission to exploit soil
underneath the steppe plant community, thus cousing 115 destruction (Fig,
4.3-1). The topsoil was gathered at the bocation of the future gquarry,
trumsported and transferred on Forsrer archard site, The transfer ratio was
I:3 (ie. one gathered hectare transferred on three hectares) on Formier
orchard and 1:1 on O6F spill, The gathenng of =01l in bulk, transport, and
spreading were carried out within a maximum of two days in early
September, o few days before first significant sutumn rinz. Topsol donor
sites amd restored sites were connected and grazed by sheep from Neolithic
times until the establishment of cultivation i the La Crau aren in the
1970 (Fabre 1997),

The Former orchard soil transfer expenment was implemented in
2009 on three 1 ha aress and was monitored for three years, Species
richness recovered in the first year, and did nod significantly change after
that {Jaunatre et al. 2014). Although the restored vegetation included many
target spocics, vegetation structure remained slightly different from that of
the steppe. The target species abundances did not sigmficantly change
during the three years while the density of some species which are not
dominant in the reference area increased with time, Grsses, such as A,
harhata and Browwus spp., are becoming dominant and may represent a
threat to the success of these restoration experiments. It was expected that
the cover produced by these grasses would be managed by sheep grazing.
Mevertheless, the results scarcely reached these expectations, most likely
due to a combination of 1) two years out of three with greater than average
rainfall, 1) the presence of fertilizer remnants in the sol, and )
difficulties encountered by sheep herders in increasing their flock size.

The €W spdll soil transfer was implemented after an oil pipeling broke
in 2008, which led to a 5.5 ha terrestral o1l spill on the steppe vegetation
(Fig. 4.3-1). The polluted soil was excavated and the resulting hole (5.5 ha

x 40 cm average depth) was filled m 2000, Among the different fill
ruaterials tested, one was composed of topsoil from the donor site (e as
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described for the Forser ovchard soil transfer but at the 1:1 ratio). In
order to prevent the transferred soil from being colonized by a dense cover
of non-target grasses, a soil compaction treatment was also  tested.
Compaction was accomplished with a steamroller and was expected 1o
kower root penetration efficiency and hence, growth of plant species. After
two years of monioning, numerous fargel species were successfully
catablished on both types of soil transfer: compacted or not compacted.
Surprsingly, in both soil transfers, the density of non-target species was
very low and not significantly different. Although species richness and
composition were not affected by compaction, target species abundance
was  significantly  lowered. Compaction can, therefore, not  be
recommended for improving soil transfer success m this habit

Expenments af Former erchard and O spill showed that soil transfer
accomplished by soil spreading allows rapid restoration of species richness
and composition of o target community n o Mediterranean  steppe
vegetation context. These very positive results, even in the short-tenm, are
in accordunce with previous experiments m more temperate grasshinds
(Bullock 1998, Good et al. 1999, Box 2003, Trueman of al. 2007, Eichberg
et al. 20100, Previous soil transfer expenments have shown that maimtsinmg
such high conservation value is not always possible due to unsuitable
maniggement practices {Bullock 1998, Box 2003), In the experiments
presented, the future dynamic will depend at least panly on maintenance
of the traditional management practice, grazing, which = known to
ruaintain a relatively low density of the most competitive species and
allow low competitive, stress-tolerant target species to persist (Gibson &
Brown 1992, Stroh et al. 2002) Despite the high restoration success
potential of soil transfer, 8 major drawback has o be highhghted: ths
miethod is based on the destruction of a portion of the reference area, and
therefore cannot be a substitute for jr sife conservation (MeLean 2003,

Conclusions

The experiments conducted in the La Crau area to restore the steppe plant
community show that the three methads desenbed each have pros and
cons (Fig. 4.3-3). The transplanting or sowing of structuring species
allows restonng one attnbute of the reference community, the presence
and abundance of its dominant species. This method has, however, severe
drawbacks: i) less dominant species are lacking, despate the fact that ther
presence is important to charactenze the steppe plant community; i} it is
expensive and hardly achievable due w the low availability of the species
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Fig. 4.3-3: Summary scheme of resulis obtained depending on changes of ahiotic
conditions before restoration and on depersal strengtbenmg metbod used for
restoration. Darker backgrounds within the table indicate more succesful results,

in commerce; and i) the sown species issued from cultivated varieties
that could have been selected Tor specific traits such as productivity amd,
therefore, could have different functional attiibutes that could alter the
expected dvnamics of the restored commumity (Chapters 2.1 & 2.2), Hay
transfer seems to be a promising method for restoring  community
composition, This method, however, does not allow recolonization of the
dominant species (B retesiom) oand has low efficiency when abiotic
condinons have been severgly maodified by previous cultivation and
nutrient availaibility s not reduced. On the comtrary, the transfer of
nutnent-pocr soil from reference sites allows the near complete restoration
of plant community composition and species-richness, although the
communily structure remains shightly different, Nevertheless this method
requires the destruction of an intact reference ecosysfem arca and s,
therefore, more a rescue method than a restoration method,
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These three methods can serve different goals in Mediterrancan steppe
restoration depending on the degradation level, spatial scales, abiotic
conditions and on the restoration objectives, which could be the
rehabilitation of a steppe hike habitat, the restoration of a B refwsenr
dominated community, or restoration of a specics-rich plant community
contwining many annual farget species, The question of tme 15 very
imgeortant. Some characteristics of the community may recover ragadly,
while other charactenstics may recover sponfancously only after long
pericds of time. Soil transfer allowed for restoration of 50% of the
reference commumity composition within m a few years, which accelernted
the recolonization of these species comparcd to what is observed in
spontanecus succession, However this did not include 8. retwsim, As B,
refusumt docs not disperse seeds, soil transfer would not be effective for
establishing this species.

In the short-term, transplantation or sowing of structunng species
albows restoration of only a low percentage of the community cormposition,
but 1t does permit estabhshment of the domimant species. As it 15 known
that previously cultivated arcas spontancously recover 30% of their
species composition, but not B refisen, 0 40 years it could be expected
that arcas where structuring species have been sown or transplanted would
exhibat good results after 40 vears. A larpe percentage of target species
composition would spontansously recolonize and 8 retision would be
present as the dominant species, Another way o optimize the efficiency of
these restoration methods would be to combine them. In formerly
cultivated areas, reducing fertility by topsol removal enhances the effects
of other restoration technigues, such as hay transfer (Kichl et al. 2010,
Jounatre et al. 2003), Moreover, delaying hay transfer untl nutrient
availability has spontancously decreased (Semelova et al. 2008) or afier
the dominant species have been remntroduced offers alternative means of
optimizing restoration of the whole plant community.
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Abstract

The Crau plain in the Bouches-du-Rhéne county, between the cities of Arles, Salon-de-Provence and
Fos-sur-Mer in south-eastern France, is considered as a Mediterranean steppe in Western Europe. In a
landscape covered by short herbaceous vegetation (Coussouls de Crau), this ecosystem displays an
exceptional range of biodiversity with regard to vegetation and fauna. Resulting from particular climatic and
soil conditions, but also from the centuries-old practice of itinerant sheep grazing, this original ecosystem is
also considered such as the grazed pastures in Western Iberia as outposts in the northern part of the
Mediterranean Basin of North African semi-arid steppe. Its area has been reduced by more than 80% as the
result of military, industrial and agricultural intensive land-use since the 16™ century. Since 2000, major
research programs have been undertaken with the aim of, (i) identifying the impact of land-use changes
(intensification of agricultural practices) on biodiversity; (ii) identifying the original and reference
ecosystems; (iii) setting up ecological restoration operations. Our results based on field and lab experiments
show that despite the progress made in ecological rehabilitation, the existing knowledge and techniques in
ecological engineering are still inadequate to restore the integrity of the destroyed ecosystems.

Keywords: herbaceous plant communities, coleoptera, orthoptera, biodiversity, palaeoecology, plant
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Introduction

The Mediterranean basin has been identified as one of the 34 ‘hotspots’ of biodiversity worldwide
(Médail & Quézel, 1997). This high level of biodiversity may be correlated with a particular development
of Mediterranean flora and fauna, but the diversity of the landscapes and ecosystems found there
cannot be explained without reference to thousands of years of interaction with man. These interactions
have been the cause of the creation and maintenance of highly original ecosystems (Grove & Racham,
2001) whose natural capital has been in some cases maintained to a greater or lesser extent by millennia
of sustainable agricultural practices (Blondel et al., 1996) but have also sometimes generated severe
degradation in terms of loss of biodiversity and functions of some ecosystems.

This is particularly the case for the Plain of Crau in the county of the Bouches-du-Rhone in Provence, in
the south-east of France (Buisson et al., 2009). This plain, with a surface area of 600 km?, forms an
isosceles triangle whose side measure is 30 km, between the cities of Arles, Salon de Provence and Fos-
sur-Mer. It is situated between the Alpilles to the north, the Berre Lagoon to the east, the Camargue
wetlands to the west and the Mediterranean Sea to the south (Figure 1). The vegetation that
characterizes the plain over more than 100 km?, is a short herbaceous plant community, with numerous
patches of bare soil, with neither trees nor bushes. Called Coussouls or Coussous (from lat. cursorium,
the place one tramples underfoot), this vegetation is made up of more than 50% of annual species and
may be related to the vegetation of the semi-arid steppe of North Africa, of which La Crau constitutes an
isolated ‘outpost’ on the northern shore of the Mediterranean.

The Coussoul is composed of the unique phytosociological association Asphodelletum fistulosii (Devaux
et al., 1983) found nowhere else in Europe, and also holds a quite remarkable avifauna, including the
little bustard (Tetrax tetrax), the pin-tailed sandgrouse (Pterocles alchata) and the lesser kestrel (Falco
naumanni), as well as numerous insect species, some of them endemic such as Prionotropis hystrix
rhodanica and Acmaeoderella cyanepennis perroti.

The biological spectrum of this vegetation is also related to the vegetal formations of the Dehesas in
Spain (3 million hectares) and the Montado in Portugal (700,000 hectares), but with differences in
floristic composition. The absence of trees throughout the centre of the plain, the maintenance of
herbaceous vegetation leaving bare patches of soil and the ubiquity of sheep grazing over a period of at
least 2000 years (Badan et al., 1995) have favored the use of the term ‘steppe’ to refer to this vegetation
(Devaux et al., 1983). We prefer however the term ‘pseudo-steppe’ since in the phyto-geographical
sense, the climatic conditions and in particular the average rainfall (545 mm/year) do not justify
classifying this dry grassland vegetation with the semi-arid steppe of North Africa which is rather
characterized by average rainfall values between 100 and 400 mm/year (Le Houérou, 1995).
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Figure 1. Localization of the La Crau plain in South-Eastern France.

It is only over the past thirty years or so that awareness has developed of the exceptional biodiversity of
this area and of the threats that it has faced since the conversion from the 16™ century of its steppe-type
vegetation to hay meadows, vegetable crops, cereal production or orchards after the construction of
submersion irrigation networks. To these changes in agricultural uses were added military and industrial
installations favored by the low demography of the area. This development resulted in the destruction of
over 80% of the pseudo-steppe in four centuries, with a marked acceleration in the 19" and 20"
centuries (Buisson & Dutoit, 2006).

Although there has been research on Crau since the beginning of the 19" century, this was initially of
naturalistic and agronomic character, and it is only since 1975 that there has been research applied to
the conservation of species and ecosystems in parallel with the introduction of different levels of
protection. Protection was established in 2001 (74 km?) to preserve the last remaining patches left over
from the fragmentation of the pseudo-steppe. The first research program was undertaken to rehabilitate
and/or restore this ecosystem in 2001, although the impact of the changes in land-use on the flora and
fauna was the focus of research since the early 1980s (Devaux et al., 1983).

Since 2001, the relict and degraded areas of pseudo-steppe in the Crau Plain have been a real workshop
for research in restoration ecology. Ecological restoration was initially undertaken at experimental
spatial and time scales. Nevertheless, only the acquisition of knowledge and of techniques in ecological
engineering has made possible the application of operational ecological restoration. These operations
concern several hundred hectares scientifically monitored over a period of at least 30 years (Dutoit et al.,
2013).
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A survey of our results from experimental researches in community ecology (vegetation and insects),
population ecology (plants) and palaeoecology (wood charcoal analyses) will be presented here on the
basis of the three axes which have provided the basic structure of our research in this area over the past
ten years: (1) identification of the human-generated degradation of biodiversity and the pseudo-steppe
dynamics; (2) research on the original and reference ecosystem or ecosystems with a view to (3),
designing operations aimed at rehabilitating certain functions of the ecosystem or orienting it towards a
trajectory that will enable it in the shorter or longer term to recover the state prior to disturbances and
its place in the traditional sheep breeding sector.

Methods

Since the beginning of the 21° century, our research has been carried out mainly on patches of pseudo-
steppe and degraded areas nearby, but where the level of ecological disturbance had not been enough
to cross thresholds of irreversibility, which can be defined as levels where ecosystems cannot be
restored from their natural resilience, precluding the rehabilitation and/or restoration of the reference
pre-existing ecosystem. If many such thresholds have been crossed, it becomes no longer viable from the
biological or socio-economic points of view to return to an earlier ecosystem. In such case it may be
preferable the neo-formation of a new ecosystem, also known as re-allocation (Muller et al., 1998).

In order to select areas to apply restoration management, we have consulted aerial photographs taken
since 1944. The maintenance of steppe patches can be confirmed on more than 10 000 ha of the 55 000
ha potentially existing originally, and for more than 1 500 ha of fallow land resulting from the
abandonment of vegetable crops between the 1960s and the1980s. These fallow areas were chosen for
the restoration of the pseudo-steppe since they presented no major changes in the substratum
(preservation of the layer of conglomerate composed of pebbles embedded in a matrix of calcium
carbonate at an average depth of 40 cm) and were all to a greater or lesser extent implanted in a
landscape matrix still including patches of pseudo-steppe that had not been destroyed by cultivation.

In order to measure the impacts of land abandonment on vegetation and coleoptera assemblages, we
select 6 sites distributed at random throughout the plain, in which we performed soil analyses (particle
sizes, major chemical elements, organic matter, pH, etc.), vegetation sampling (10 x 4m? quadrats
sampled on a presence-absence basis in 25 40 x 40 cm sub-quadrats) and coleopterans catching with pit
fall traps (3 pit fall traps arranged in a triangle with 1m sides at random in the fallow land with
repetitions in three representative fallow areas; traps were sampled every 15 days from April to
November). These experimental designs were undertaken to measure the impact of the early cultivation
phases on the composition and richness of the plant communities and of the assemblages of terrestrial
coleopterans compared to the non-destroyed neighbouring patches of pseudo-steppe. This monitoring
procedure was also applied every meter on 10 m transects placed perpendicularly (3 transects replicated
within each plot with a 10 m space between each on three plots of different fallow areas with
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contrasting cultivation histories) at the edges of the fallow areas limiting with patches of pseudo-steppe
in order to measure possible edge effects (Buisson & Dutoit, 2004).

There is a consensus on the choice of the pseudo-steppe as reference ecosystem, based on the strong
socio-cultural references linked to migratory sheep raising (transhumance), the maintenance of the local
breed (Mérinos d’Arles) and the tourism attraction of this area. Nevertheless, knowledge on the original
ecosystem (prior to the first significant human impact) was insufficient as a basis for determining
whether the restoration should be passive (via natural reconstitution or resilience) or whether it should
be active (with human intervention, Etienne et al., 1998 ; Molinier & Tallon, 1950).

In order to identify the origin of the ecosystem at a scale compatible with the existence of steppe
vegetation, we have chosen to sample wood carbon contained in the soil (Thinon, 1992). In order to
improve our chances of finding carbon in soils that had experienced at least 2000 years of sheep grazing,
major groundwater and wind induced erosion, we carried out sampling within the undisturbed steppe
vegetation and also beneath the foundations of old sheepfolds . In all, 14 pits were dug, enabling the
sampling of 60 layers of soil between 0 and 40 cm depth, or a total of 900 litres of soil sampled, from
which were extracted 597 wood carbon samples, of which only 23 could be identified and dated (Henry
et al., 2010).

Restoration operations have consisted in forcing of the processes of dispersal by transfer of hay in
exclosures (areas fenced off to prevent sheep grazing) installed in patches of pseudo-steppe without
destruction in order to maximise the harvesting of seeds produced (Coiffait et al., 2011b). Because of the
presence at the surface of large stones, this harvesting of hay is carried out by aspiration in undisturbed
patches of the reference steppe and the hay thus harvested is spread over the soil at a rate of 700g/m?
in quadrats (3 repetitions of 4 pseudo-repetitions of 40 x 40 cm) in presence or absence of grazing. As
control, this operation was also carried out in the pseudo-steppe vegetation. In all, there were thus 48
quadrats with spreading of hay and 48 quadrats without spreading of hay that were monitored over
three years (2007 — 2009). Since the seeds of the perennial species which dominate the steppe, namely
the ramose false brome (Brachypodium retusum) and the common thyme (Thymus vulgaris), are very
rarely produced and are thus scarcely represented in the hay, they were directly sown mixed with
common commercial seeds of subterranean clover (Trifolium subterraneum). The mixture is composed of
73% of ramose false brome (47kg/ha), 20% of subterranean clover (13 kg/ha) and 7% of Common thyme
(4 kg/ha). The hypothesis behind sowing these species is that they will produce a drop in the density of
the weeds and an increase in safe sites favourable for the establishment of species typical of the pseudo-
steppe when this mixture is grazed.

Twelve repetitions of 12.5 x 25 m were sown with this mixture, half of them accessible for grazing and
the others not accessible. Monitoring was carried out over a period of two years (2008 — 2009) using 3
guadrat (1m?) pseudo-replicas in each treatment, 72 quadrats per year. In addition, comparisons were
made with three quadrats in the control pseudo-steppe and the three quadrats in the fallow area
without treatment but with traditional grazing for these last two lots (for more details on the
experimental design, see Coiffait-Gombault et al., 2012b.
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In order to measure the effects of restoration treatments on Coleoptera assemblages, small areas (1,5 x
3m) randomly distributed were again covered with stones with or without the exclusion of grazing in
order to assess their importance with regard to the distribution of Coleoptera in a fallow area (12
repetitions of each treatment). This protocol was also carried out in the relictual pseudo-steppe in order
to measure the impact of withdrawal of the stones and of grazing (also 12 repetitions of each
treatment). Ninety six quadrats were monitored over four years after finishing the rehabilitation
protocol in order to avoid the negative impact of the disturbance due to its application. The Coleoptera
were trapped using the same method as that described for measuring the impact of degradations.

Finally, as part of a conservation operation following the construction of a logistical platform, the steppe
vegetation and its soil were removed from the surface layer to a depth of between 10 and 20 cm,
depending on the technical capacity of the mechanical digger. In spring 2009, the soil was transported
and spread the same day onto the soil of fallow area resulting from the uprooting of an intensive orchard
area abandoned in 2006. In all, 3000 m? were removed and transferred from the donor site and spread
over 9 000 m? on the receiver site.

In all, 600 m* of soil were spread, on a ratio of one to three, which corresponds to what is generally
recommended for the restoration of dry grassland by soil spreading (Kiehl et al., 2010). Monitoring has
been done one year after soil spreading on three pseudo-replica quadrats of 4m? sampled on a
presence-absence basis with attribution of a cover coefficient for each species. They were compared
with 18 quadrats positioned in the control pseudo-steppe and 18 in the fallow area without soil
spreading.

All the data were analysed using ANOVA tests after verification of the standardisation of the data
(Shapiro-Wilk test) and the homogeneity of variance (Levene test, calculation statistics version R
3.0.1.2005). Different post-hoc tests were used as a posteriori tests. More details on data analyses can
be found in our references cited in the bibliography.

Results

Our results showed that even 30 years after its cessation, cultivation still has a significant impact on the
plant species composition, structure and specific richness in plant species of fallow areas compared to
the pseudo-steppe (Figure 2). In particular, a significant drop in the specific richness of fallow areas was
apparent, whether they were cultivated for the production of melons or of cereals, along with a drastic
change in floristic composition, which became commoner than the heterogeneous composition of the
steppe vegetation in relation with a north-south climatic gradient (Rémermann et al., 2005). The most
typical species of the pseudo-steppe (dominant species and characteristic species) disappeared in favour
of a flora composed of weeds from cultivated areas (Romermann et al., 2005). This strong persistence of
the effects of cultivation was more marked when the cultivation phase was long, but the date of
abandonment of the fallow land had little influence on the current floristic composition (RGmermann et
al., 2005). This impact on the vegetation may also be explained by changes in the soil chemistry of the
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formerly cultivated areas which still possessed levels of total phosphorus, potassium, calcium and
calcium carbonate contents that were significantly higher than in the soils of the pseudo-steppe
(Romermann et al., 2005). These changes should be related to the impact of cultivation practices,
including the presence of relictual fertilization (phosphorus, potassium in particular) and the raising of
carbonates resulting from deep ploughing, that also caused an increase in pH, admittedly of only 0.5 of a
unit, but which was enough to transform the pH of the pseudo-steppe from slight acidity to neutrality.
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Figure 2. Species richness (mean + SE) of the original steppe area, cereal fallow and melons fallow in the La Crau plain,
South-Eastern France. Different letters for ANOVAs with subsequent post-hoc LSD tests (least significant difference)
indicate a significant difference for p < 0.001 (N = 60) (Rémermann et al. 2005, modified).

The sampling of the seed rain and the permanent and transitory seed bank of the soil showed that the

seeds of species typical of the pseudo-steppe were rarely wind-dispersed and are of poor viability in the
soil, in contrast with the results obtained for the seeds of weed species (Buisson et al., 2006).

For the Coleoptera, the results obtained were quite the opposite, showing greater richness of Coleoptera
in the old abandoned cultivated areas compared to the relictual pseudo-steppe (Fadda et al., 2007 ;
Fadda et al., 2008b).

For the edges, we did not record any significant increase in plant species richness and terestrial
coleopterans assemblages along the transect in relation with the distance from the edge (Buisson &
Dutoit, 2004; Fadda et al., 2008a). For the vegetation, an edge effect was only apparent in the first three
meters of the transect.
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Considering the origin of the steppe, of the 23 carbon samples identified, none corresponded clearly to
the dominant species of old forests (> 200 years) under Mediterranean climate (Quercus ilex) in
situations without trace of human occupation. At the end of the Neolithic Age, an increase in the
frequency of fires may be noted, probably correlated with more widespread human exploitation (Figure
3).

Considering restoration experiments, from the first year of monitoring, our results showed a significant
increase in the species richness of the quadrats (Coiffait et al., 2011a) where the hay was spread. A
change in composition was also measured that allowed the establishment of numerous pseudo-steppe
species (Figure 4).
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Figure 3. Temporal distribution of 14C dates for the 23 charcoals sampled in the steppe of La Crau, South-Eastern France
(Henry et al. 2010, modified).
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Figure 4. Species-richness (mean + SE) one year after steppe hay transfer in a former cultivated land for its restoration in
the La Crau plain, South-Eastern France Different letters for ANOVAs with Bonferroni tests indicate a significant
difference for p < 0.001 (N = 12) (Coiffait et al., 2012b, modified).
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Figure 5. Cover of Brachypodium retusum (mean £SE) cover one year after it has been sowing in a former cultivated area
for its restoration in the La Crau plain, South-Eastern France. Different letters for ANOVAs with Bonferroni tests indicate
a significant difference for p < 0.001 (N = 30) (Coiffait et al., 2012b, modified).

However, if these results were particularly encouraging for the annual species, this was not the case for
the dominant perennial species (ramose false brome and common tyme in particular) which were not
transplanted by this method because of insufficient production of seeds accessible at the time of
collection by the aspirators (beginning of July 2006 during the peak fructification of the steppe species).
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Consequently, these two dominant species were sown mixed with the subterranean clover. From 2008
to 2009, our results showed that these sown species were indeed implanted in the fallow areas. In
addition, grazing had a favourable impact on ramose false brome that covered more soil compared to
the non-grazed exclosures (Figure 5). The action of mixture sowing did not have any significant effect of
on the richness of species present spontaneously in fallow land as compared with the ploughed area
without sowing treatment. However, a significant increase in plant species richness was recorded when
mixture sown areas were compared to control areas with grazing only.

With regard to the composition, the areas grazed and sown with the mixture differed from other
treatments. In particular, they presented plants from the family Poaceae also present in the pseudo-
steppe (Lolium perenne, Catapodium rigidum, Bromus hordeaceus, Taenatherum caput-medusae), which
thus proved capable of spontaneously colonising these areas under the influence of structuring sown
species and of grazing (Coiffait et al., 2012b).

In relation to coleopterans, the reestablishment of the stone cover and the exclusion of grazing in the
fallow land resulted in a significant increase in the density of the Coleoptera especially Asida sericea
(Figure 6) but not in their overall species-richness (Blight et al., 2011; Fadda et al., 2008a).
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Figure 6. Abundance of Asida sericea (mean £ SE) on formerly-cultivated field subplots, ungrazed (thick line) and stone
(dash area). Different letters for ANOVAS with subsequent Tukey post-hoc test indicate a significant difference for p <
0.001(N=12) (Blight et al., 2011, modified).
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Figure 7. Plant species-richness (mean * SE) one year after soil spreading of the soil from the original steppe into a former
cultivated fallow for its restoration in the La Crau plain, South-Eastern France. Different letters for ANOVAS with
subsequent Tukey post-hoc test indicate a significant difference for p < 0.001 (N = 18) (Jaunatre et al., 2012, modified).

For the transfer of soil carried out in the spring of 2009 (Jaunatre et al., 2012; Jaunatre et al., 2013;
Jaunatre et al., in press a), the measurements taken a year later showed a significant increase in species
richness compared to the control fallow land without spreading and also in relation to the control steppe
(Figure 7).

Discussion

Our results have evidenced the undeniable impact of the phases of cultivation on plant species-richness
and composition of the steppe vegetation. Thirty years after the abandonment of cultivation and even
after the immediate reintroduction of grazing, the vegetation of the formerly cultivated areas remains
poor and less heterogeneous than that of the pseudo-steppe. The assemblages of terrestrial
coleopterans show the inverse result for the species richness. These results show the interest of
monitoring several biodiversity compartments with a view to achieving a better assessment of the
responses of living organisms to disturbances.

These results also show the very low natural resilience of the steppe vegetation after a phase of
cultivation. Even if such a phase resulted in an increase in the fertility of the soil, that is still apparent 30
years after the abandonment of cultivation (phosphorus and potassium content, in particular). This low
resilience might also be explained by the strategies of the species that make up the steppe vegetation
(Saatkamp et al., 2010). We would offer here the hypothesis that it is the tolerant species, adapted to
stress (water deficiency) and to recurrent intermediate disturbances (itinerant sheep grazing) but are
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poorly productive that have seeds that remain poorly viable in the soil and are little transported by the
wind. This hypothesis however would now need to be tested by experiments involving burial and aerial
traps for seeds. The presence of a matrix of pseudo-steppe vegetation and / or patches of relictual
pseudo-steppe is of little use for speeding up regeneration of the steppe vegetation and of its
entomofauna. It would require at least several tens of years before even half of the steppe species
colonise solely the edges of the formerly cultivated areas (Buisson & Dutoit 2004 ; Buisson et al., 2006).

The very low resilience of certain plant communities has however already been identified for the forest
communities (Plue et al., 2008) and also for the pseudo-steppe of Crau where the impact of sheep
breeding practices during antiquity and in particular the concentration of flocks in sheep folds is still
perceptible in the chemical composition of the soil, its seed bank and the vegetation that grows 1500 to
2000 years after they were abandoned (Henry et al., 2010). Our investigations in paleoecology confirm
the ancient origin of the herbaceous vegetation of the pseudo-steppe type which may date back at least
to 5 000 to 6 000 years BP and result from the exploitation of a Matorral type of vegetation at the end of
the Neolithic period. This very early origin exacerbates the fragility of the vegetation with regard to any
disturbance other than that with which it has ‘co-evolved’ (sheep grazing for at least 2 000 years).
Although the physiognomy of this vegetation has remained herbaceous over the centuries, its
composition has probably changed, enabling the constitution of ancient meadows or mature meadows.
These are composed of numerous annual species but dominated by a perennial, the ramose false brome
which here takes the place in the dry grassland Mediterranean ecosystem of the trees known as ‘climax’
(Q. ilex, Q. pubescens) for the Mediterranean forest ecosystems (Gaillard et al., 2009).

Like many semi-arid steppe areas in North Africa (Le Houérou, 1995), the vegetation of the plain of Crau
is not an original or ‘climax’ ecosystem, which explains even further its low natural resilience which
would not lead spontaneously to the chosen reference ecosystem. This corresponds rather to an old
agro-ecosystem which has evolved under the recurrence of sustainable traditional grazing practices,
since the current grazing pressure is comparable to that practised by Roman shepherds two thousand
years ago (Badan & Brun, 1995). The Crau pseudo-steppe also constitutes a culture-based ecosystem in
the sense of Clewell & Aronson (2013) which therefore requires the application of active rehabilitation
and / or restoration operations in order to set it on a trajectory that would enable it to recover its former
ecological integrity.

The main thresholds of irreversibility for the natural resilience of the steppe vegetation after phases of
cultivation consist in the destruction of this vegetation over large areas (1 500 ha in all), an increase in
the chemical fertility of the plots but also the colonisation of these areas by numerous common species
of weeds. The restoration of the pseudo-steppe vegetation, or of the Coleoptera assemblages, would
therefore require the forcing of the process of dispersion in order to bring the seeds and the clones of
the steppe species to the formerly cultivated areas (transfer of hay or soil), and also the limitation of the
cover of weed species from formerly cultivated areas by the sowing of covering species. The transfer of
soil and the transfer of hay give very good results for the restoration of part of the plant composition
typical of the pseudo-steppe, in particular for the annual species. These results have however been
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obtained over a very short term and regular monitoring surveys should now be carried out at least every
five years.

The transfer of soil is not however in itself a restoration operation since the pseudo-steppe of the donor
site is destroyed. What remains to be studied is the possibility of transferring slabs or mats of different
sizes and spacing in order to test their role as ‘graft’ or ‘nucleus’ via spontaneous colonisation starting
from the edges of the transplanted mats. But it is also necessary to study the ‘scarring’ at the places
where the mats of pseudo-steppe have been removed. This technique is based on the results of the
reintroduction of small areas covered with stones at sites that had initially been cleared of stones for
cultivation, and which showed an increase in the density of Coleoptera four years after the application of
the experimental protocol. It is thus possible to envisage restoration operations on small areas that are
spatially functional in order to reduce the cost of this kind of operation.

The operations of soil transfer or of mats of steppe of course involve a high cost, and should only be
envisaged for the restoration of small areas of an agro-ecosystem of high patrimonial value, as in the
case of a technological accident following the leakage of an oil pipeline, for example. Such operations
cannot of course be transposed to the restoration of large areas of the semi-arid steppe of North Africa
(Aronson et al., 1993; Pontannier et al., 1995) where as shown by our results, it would be preferable to
the transfer of hay from non-degraded areas and the sowing of covering species, if possible the perennial
species dominating the non-degraded steppe. Finally, it appears to be the combination of these two
practices that would offer the best results, both with regard to rehabilitation of part of the specific
composition of the steppe vegetation (in particular annuals) but also to its structuring through the
implantation of the dominant species (Coiffait et al., 2012b), and would be capable of creating micro-
sites favourable for the establishment of other steppe species via their transport in the fleece or the
digestive system of domestic herbivores used for itinerant grazing. Our first results from the sowing of
Brachypodium retusum confirm the feasibility of its implantation by mechanical means but its impact in
terms of facilitating the colonisation of fallow lands by species typical of the pseudo-steppe seems to
require several years. In order to speed up this process, operations of soil removal and transfer (to
reduce the fertility of the soil and the stock of seeds of weed species) of the soil were carried out in 2009
as well as hay transfer operations where the Brachypodium sown seemed to be already well implanted
(Jaunatre et al., 2012; Jaunatre et al., in press b). Our first results show the undeniable impact of soil
transfer on the reduction of the number of weed species issuing from the ground seed bank (e.g.
Chenopodium album) but the role of the Brachypodium facilitating the implantation of seeds transferred
by the hay still requires confirmation in the medium term (Coiffait et al., 2011a; Coiffait et al., 2011b).

Conclusion

Ten years of research on the pseudo-steppe vegetation of the plain of Crau have enabled us to identify
the major impact of its degradation by phases of cultivation and the origin of the development of this
ecosystem and provided encouraging results in terms of restoration. In addition to numerous
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complementary studies, notably on the role of landscape aspects in the spontaneous dynamic of the
vegetation of formerly cultivated areas and of the combination of certain restoration practices (sowing
of dominant perennial species, then spreading of hay several years later), the validation of these results
will require the long term monitoring of the protocols tested and their transfer during operations of
rehabilitation or restoration over large areas with the necessary ecological engineering methods adapted
to use in developing countries. This should be the role of a workshop site established in the plain of Crau,
a real experimental platform for research on the rehabilitation and restoration of Mediterranean steppe
rangelands.
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Restauration écologique aprés un accident
chnologique : de l’ingénierie civile &
ingénierie écologique

> Dutoit et A. Bulot

e 07 aotit 2009, la rupture d’une canalisation enter-
rée a entrainé le déversement de 4 700 m® de pétrole
brut au coeur de la Réserve Naturelle des coussouls
de Crau (Bouches-du-Rhéne, France). Du fait de la chaleur
estivale méditerranéenne et malgré la mise en place d’opé-
rations de pompage en surface, la majorité des hydrocar-
bures se sont infiltrés trés rapidement dans le sol et le sous-
L (conglomérat de galets indurés a partir de 40 cm de
ofondeur) atteignant la nappe phréatique. La pollution
esiduelle des sols par le pétrole (10 % du volume dans
quinze premiers centimétres et 3 % entre 15 et 40 cm)

a alors entrainé l’excavation de 72 000 tonnes de terres
polluées sur une surface d’environ 5 ha. Ces sols ont été
transférés sur le site de la décharge de Bellegarde (Gard)
a 30 km du lieu de Iaccident ou ils ont été en partie re-
cyclés en remblais dans la décharge méme (80 % du total
excavé) ou orienté vers un enfouissement en décharge de
classe 1 (pour les déchets industriels spéciaux présentant
un caractere dangereux pour le milieu naturel ou les étres
vivants) également sur ce site (20 % du total excavé). Cette
solution a été retenue car méme aprés traitement biolo-
gique des sols sur le lieu de 'accident ou en alvéoles (piles
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biologiques) sur le site de la décharge, la quantité résiduelle
de pétrole dans le sol aurait encore dépassé les normes ad-
mises pour le retour du paturage ovin. En conséquence, cet
accident a créé un espace d'une superficie de 5 ha totale-
ment dénudé au sein de la végétation de type pseudo-step-
pique de la plaine de Crau « les coussouls », habitat d’in-
térét communautaire prioritaire (Dutoit, 2009, 2010, 2011).

Les objectifs de la restauration écologique de la bio-
diversité de ce site ont donc été de reconstituer au mieux,
avec les connaissances scientifiques du moment, la compo-
sition et la richesse de cette formation végétale et de son
entomofaune associée sachant par ailleurs ses faibles po-
tentialités de résilience naturelle. Cette faible résilience de
la végétation des coussouls de Crau aprés un remaniement
du sol avait d’ailleurs déja été mesurée précédemment
suite a la mise en place de canalisations enterrées (Coiffait-
Gombault et al., 2012). Dans l'impossibilité de laisser évo-
luer la végétation spontanément a partir du substrat géolo-
gique mis a nu (du fait de la présence résiduelle de taches
d’hydrocarbures apres chaque précipitation, le conglo-
mérat agissant comme une éponge vis-a-vis des hydro-
carbures résiduels) ; il a donc été décidé de recourir a une
restauration écologique active. Une opération de recouvre-
ment intégrale a donc été retenue a partir d'un sol iden-
tique (Figure 3.4). Le transfert de foin a partir de l'aspi-
ration de la végétation en bon état avait démontré, quant
a lui, ses limites pour l'installation des especes pérennes
(Coiffait-Gombault et al., 2011).

Le sol a été prélevé a quelques kilometres de la sur le
site d‘une carriere dont l'extension avait été préalablement
autorisée aux dépens de surface de coussouls non intégrées
dans la Réserve naturelle ou dans la zone Natura 2000. Les
objectifs de cette opération étaient donc de transférer non
seulement un sol identique mais surtout la majorité de ses
composantes biotiques (champignons, bactéries, pédo-
faune, graines, etc.). Cette opération a donc été menée en
flux tendus, c’est a dire sans aucun stockage des terres sur
plusieurs journées, et en reconstituant a I'identique la suc-
cession des horizons pédologiques au cours d'une période
propice a la reprise de la vie en région méditerranéenne
(début printemps 2011).

(©s. Masson / UMR CNRS-IRD IMBE.)

Les tous premiers résultats montrent une reprise de la
majorité des especes annuelles caractéristiques de la végé-
tation des coussouls mais surtout 1’absence de colonisation
spontanée par des especes végétales cosmopolites et oppor-
tunistes, qu’elles soient d’origine locale ou exotique. La re-
prise du paturage ovin traditionnelle devrait ensuite agir
comme un filtre supplémentaire orientant la dynamique
de la végétation reconstituée vers 1'écosysteme pseudo-
steppique de référence non seulement dans sa composi-
tion mais aussi dans sa structuration. Ce processus pour-
rait cependant prendre de plusieurs dizaines a plusieurs
centaines d’années au regard de la lente dynamique de suc-
cession des parcours méditerranéens soumis a des pertur-
bations récurrentes, notamment le paturage et les incendies.

Cette opération illustre les actuelles limites de nos sa-
voir-faire en matiére de restauration écologique qui ont
dans ce cas nécessité la destruction de superficies iden-
tiques sans pour autant garantir leur restauration intégrale
méme a long terme (Dutoit et al., 2011). Pour cette raison,
cette opération a été accompagnée d’expérimentations en
ingénierie écologique consistant notamment en l'implan-
tation de reines fondatrices d’une espece de fourmi mois-
sonneuse Messor barbarus tres commune dans la végé-
tation steppique de Crau, avec une estimation d‘un nid
par 100 m? Ces reines ont été réimplantées en périphérie
du site restauré afin qu’elles soient en mesure de rétablir
le flux de graines d’especes caractéristiques de la pseudo-
steppe. Il est attendu que les graines, stockées aux bords de
leur piste ou refusées dans les dépotoirs a I’entrée de leur
nid, accélerent non seulement la résilience de la végétation
en terme de composition mais également la structure. Les
fourmis semblent en effet jouer un role dans la redistribu-
tion des graines d'une végétation composée a plus de 50 %
d’especes annuelles. Il faudra bien évidemment attendre
quelques années (5 a 10 ans) avant de pouvoir mesurer des
résultats tangibles. Cependant, un premier pas a été franchi
car apres un an cette transplantation artificielle montre des
taux de réussite déja 500 fois supérieurs a l'implantation
naturelle. Ceci est dti au fort taux de prédation au sol des
reines fécondées en conditions naturelles et a la création
d’un habitat favorable lors de leur implantation artificielle.

Figure 3.4. Remise en place des
différentes couches de sol (cailloutis,
horizon minéral et horizon organique)
au printemps 2011 apres le retrait
du sol pollué par les hydrocarbures.
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Annexe 6: Abondances moyennes de chaque espéce végétale identifiée aux
printemps 2011, 2012 et 2013 sur le site restauré par un transfert de sol.
Les valeurs correspondent aux abondances moyennes + écart-type. Les noms des
especes sont donnés dans la premiére colonne, le nom de la famille dans la seconde
colonne et la classification en espéeces cibles de la restauration (YES) ou non (NO) dans
la troisieme colonne. Les valeurs correspondent aux abondances moyennes + écart-
type sont données pour chaque traitement de reconstitution de [’organisation
verticale du sol: transferred altered bedrock (AB), transferred subsoil (SS),
uncompacted transferred topsoil (UTS), compacted transferred topsoil (TS) and the
reference steppe (Step.).
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Annexe 6: Liste des espéces végétales identifiées - chapitre 2

2011 2012 2013
] Target AB ss uTs TS Step. AB ss uTsS TS Step. AB sS uTs TS Step.
Species .
Species
Aegilops ovata L. Yes 0.30 % 0.02 £ 0.18 £ 0.13 £ 233t 0.80+ 007+ 091+ 069+ 0.78+ | 1.00+ 080+ 122+ 058+ 0.71%
0.27 0.07 0.07 0.10 1.00 0.40 0.10 0.27 0.47 0.44 0.50 0.40 0.44 0.50 0.44
. . .. 0.13 + 0.02 £ 0.02+
Aegilops triuncialis L. Yes 0.10 0.07 0.07
Alra cupanania Guss. Yes 0.16 = 0.11 £ 0.02 £ 1.22+ 0.13 0.02+ 031z
0.09 0.10 0.07 0.44 0.33 0.07 0.40
. . 0.02 + 0.02 £ 0.13 % 0.02+ 0.11+ 0.02%
Ajuga iva (L.) Schreb. ves 0.07 0.07 0.33 007 033 007
. 0.02 +
Allium sp. Yes 0.07
0.09 £ 0.04 +
Amaranthus sp. No 0.10 0.09
. . 0.02 0.07 +
Anthemis arvensis L. No 0.07 0.10
. I 0.02 ¢
Andryala integrifolia L. Yes
0.07
Arenaria leptoclados Yes 0.02 + 0.04 + 0.11 + 0.04+ 0.02%
(Rchb.) Guss. 0.07 0.09 0.33 0.09 0.07
Artemisia campestris L. No 0.02
0.07
Asphodelus ayardii Jahand Yes 0.02 £ 0.2+ 0.04 £ 0.04 + 0.20 0.04 £ 0.11+
& Maire 0.07 2.94e-17 0.09 0.09 0.32 0.09 0.10
Asperula cynanchica L. Yes 100+
0.73
Asterolinon linum- 0.56 £ 0.58 + 0.89 +
Yes
stellatum (L.) Duby 0.73 0.50 0.33
Aster squamatus (Spreng.) No 0.04 +
Hieron. 0.09
Avena barbata Pott eLink Yes 0.20 = 0.02 £ 0.09 £ 0.18 + 1.22 0.60+ 053+ 089+ 038+ 100+ | 1.00+ 089+ 1.11# 1.00+ 1.11+
2.94e-17 0.07 0.10 0.07 0.68 0.48 0.67 0.33 0.47 0.00 0.00 0.60 0.33 0.00 0.33
Bellis sylvestris Cirillo Yes 0.07 £ 0.16 £ 0.20 1.78 £ 0.09+ 0.18+ 031+ 0.02+ 004+ 0.16x 0.24%t
0.10 0.09 2.94e-17 0.44 0.10 0.32 0.40 0.07 0.09 0.33 0.30
, .. 0.02 + 0.16 £ 0.07 £ 0.02 + 0.22 +
Bidens bipinnata L. No 0.07 0.09 0.10 0.07 0.44
Bothriochloa ischaemum Yes 111+ 0.02 0.11# 0.44+ | 007+ 0.09+ 0.07 034+ 0.18%
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(L.) Keng 1.27 0.07 0.33 0.53 0.10 0.10 0.10 0.37 0.32
Brachypodium distachyon Yes 0.02 £ 0.20 £ 0.18 £ 224+ 0.02+ 109+ 100+ 089+ 1.02+ | 0.29+ 133+ 1.56% 1.22+ 080t
(L.) P.Beauv. 0.07 2.94e-17 0.07 1.26 0.07 0.90 0.00 0.33 0.45 0.41 0.71 1.13 0.67 0.40
Brachypodium retusum Yes 0.02 £ 0.18 + 0.02 £ 3.89+ 1.00+ 0.24t 367% 038+ 0.13+ 356+
(Pers.) P.Beauv. 0.07 0.07 0.07 0.60 0.00 0.66 0.87 0.69 0.33 0.88
. . 0.07 £ 0.11 £ 0.02 £ 0.11+ 0.02%
Bromus diandrus Cortis No 0.10 033 0.07 0.33 0.07
Bromus hordeaceus L No 0.18 + 0.02 £ 0.13 ¢ 0.18 + 1.00 + 0.13+ 0.13+ 033+ 080+ 033+ ] 022+ 0.29+ 080 091+ 031t
: 0.07 0.07 0.10 0.07 0.50 0.33 0.33 0.50 0.40 0.50 0.44 0.41 0.40 0.57 0.40
0.07 £ 0.16 £ 0.09 £ 0.11 +
Bromus lanceolatus Roth No 0.10 0.09 010 033
Bromus madritensis L Yes 0.04 £ 0.18 + 0.16 £ 0.02+ 011+ 047+ 018+ 004+ ) 047+ 047+ 073 058+ 029t
: 0.09 0.07 0.09 0.07 0.10 0.51 0.32 0.09 0.51 0.51 0.40 0.50 0.41
Bromus rubens L Yes 0.20 0.02 + 0.13 ¢ 0.04 £ 157+ 0.09+ 002+ 033+ 0.67+ 0.16% | 024+ 040+ 044+ 080 038z
. 2.94e-17 0.07 0.10 0.09 1.33 0.10 0.07 0.50 0.50 0.33 0.43 0.46 0.53 0.40 0.47
- 0.11+
Bromus sterilis L. No 0.33
Carlina corvmbosa L Yes 0.04 = 0.02 091+ 0.04 + 002+ 0.11+ 0.02z% | 0.02+ 033+ 0.11%
y . 0.09 0.07 0.57 0.09 0.07 0.33 0.07 0.07 0.50 0.33
Carlina lanata L v 0.09 £ 0.02 £ 0.24 + 0.02+ 011+ 0.02% ] 0.02 £ 033+ 0.11%
: e 0.10 0.07 0.43 0.07 0.33 0.07 0.07 0.50 0.33
Carthamus lanatus L Yes 0.18 + 0.02 £ 0.20 £ 0.18 + 111+ 0.20+ 036+ 100+ 078+ 058+ ]| 009+ 051+ 100+ 067+ 058+
. 0.07 0.07 2.94e-17 0.07 0.78 0.32 0.62 0.00 0.44 0.50 0.10 0.47 0.00 0.50 0.50
Capsella bursa-pastoris (L.) No 0.02 +
Medik 0.07
Carduus niarescens Vill Yes 0.04 £ 0.18 + 0.09 £ 0.22 + 0.84+ 011zt 0.07+ 009+ 0.49% 0.28%
9 ’ 0.09 0.07 0.10 0.44 0.58 0.33 0.10 0.10 0.49 0.41
0.07 = 0.02 £ 0.22 ¢ 0.11+ 0.02%
Carduus pycnocephalus L. Yes 0.10 0.07 067 033 0.07
Catapodium rigidum (L.) Yes 0.11 + 0.11 + 0.11 + 0.02+ 007+ 0.02+x 0.18% 0.07+ 047+ 049+ 0.18f 0.04%t
C.E.Hubb. 0.10 0.10 0.10 0.07 0.10 0.07 0.32 0.33 0.51 0.49 0.32 0.09
. 0.02+ 0.11+
Centaurea calcitrapa L. Yes 0.07 033
Cerastium glomeratum No 0.22 0.02 + 0.02 + 0.02 + 0.22+ 004+ 0.02+ 0.16%
Thuill. 0.44 0.07 0.07 0.07 0.44 0.09 0.07 0.33
. . . 0.13+ 0.02%
Cerastium pumilum Curtis Yes 033 0.07
. . 0.02 £ 0.02 £ 0.02+ 0.02
Centaurea melitensis L. No 0.07 0.07 0.07 0.07
e s 0.11+ 038+t
Centaurea solstitialis L. Yes 0.33 0.69
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Chenopodium album L.
Cichorium intybus L.

Cirsium arvense (L.) Scop.

Clinopodium nepeta (L.)
Kuntze

Convolvulus cantabrica L.
Conyza sp.

Crucianella angustifolia L.
Crepis bursifolia L.

Crepis foetida L.

Crepis micrantha Czerep.

Crepis sancta (L.) Bornm.

Crepis vesicaria L.

Cynodon dactylon (L.)
Pers.

Daucus carota L.
Dactylis glomerata L.

Diplotaxis tenuifolia (L.)
DC.

Dittrichia viscosa (L.)
Greuter

Echium asperrimum Lam.
Echium vulgare L.

Eryngium campestre

No

No

No

Yes

Yes

Yes

Yes

Yes

No

Yes

No

No

Yes

No

No

Yes

Yes

Yes

0.04 +
0.09
0.04
0.09
0.02 +
0.07
0.16 +
0.09
0.20 +
2.94e-17
0.16 =
0.09
0.04 + 0.07 £
0.09 0.10
0.02 + 0.02 +
0.07 0.07
0.11 % 0.20£
010 2.94e-
’ 17
0.02 +
0.07
0.11 %
0.10

0.18 +
0.07

0.04 +
0.09

0.16 £
0.09

0.16 £
0.09
0.16 +
0.09

0.29 +
0.27

0.62 +
0.45

0.20
2.94e-17
0.04 £
0.09

0.18 £
0.07

0.18 +
0.07

0.02 +
0.07

0.11+
0.10
0.18 +
0.07

0.18 +
0.07

0.16 £
0.09

011+
0.10

0.11+
0.10

0.13

0.33

0.38 +

0.47

0.11+

0.33

122+

0.67

122+

0.67

0.13
0.33

0.02 £
0.07

0.16 +
0.09

0.13 %
0.10

0.36
0.37

0.18 +
0.07

0.07 =
0.10

0.04 +
0.09

0.22 +
0.67

1.69+
0.65

0.02 +
0.07

0.02 +
0.07
0.16 +
0.33

0.02 £
0.07
0.40 +
0.46
0.11+
0.33
0.07 +
0.10
0.11+
0.33
0.60
0.69

1.00 £
0.50

0.16 £
0.33

022+
0.44

0.24
0.30

0.13
0.33
0.04 +
0.09

0.18 +
0.32

0.11
0.10

0.56 +
0.88

0.69 +
0.69

1.24+
0.80

0.02 +
0.07
0.18
0.32

0.02 +
0.07

0.04 +
0.09
0.02 £
0.07
0.69
0.47

0.29
0.41

0.11
0.33

111+
0.60

1.00 =
0.50

0.02 +
0.07

0.09 +
0.10

0.27
0.28
0.02 +
0.07
0.02 +
0.07

0.44 +
0.53

0.89 +
0.33

0.04 +
0.09
0.11+
0.33
0.02 +
0.07
0.80 =
0.40

0.51+
0.47

0.07 £
0.10
0.24
0.43

1.00
0.00

0.13 %
0.33

0.78 +
0.44

0.58 +
0.50
0.11+
0.33
0.09 +
0.10
0.02 +
0.07
0.89
0.33

0.27 £
0.42

0.02 +
0.07

0.40 =
0.46

091+
0.27

0.20 +
0.32
0.02 +
0.07
0.13 +
0.33

1.00 £
0.00

0.36 =
0.49

0.07 +
0.10

0.51+
0.47

0.02 £
0.07

0.02 +
0.07

0.02 +
0.07

0.73 £
0.40

0.20 £
0.32
0.02 £
0.07

1.00 £
0.00

0.11+
0.33

0.82 £
0.35
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Erodium cicutarium (L.) Yes 0.02 £ 0.18 £ 0.16 £ 0.67 = 0.02+ 022+ 053+ 053+ 002+ ] 051+ 062+ 0.82+ 073 0.56=*
L'Hér. 0.07 0.07 0.09 0.5 0.07 0.31 0.44 0.44 0.07 0.47 0.45 0.35 0.40 0.53
Erucastrum incanum (L.) No 0.02 £ 0.80 £ 0.18 £ 0.02+ 051+ 051t 047+ 022+ 042+ 053%
W.D.J.Koch 0.07 0.40 0.07 0.07 0.47 0.47 0.51 0.31 0.44 0.45
. .. 0.11+ 0.02%
Euphorbia cyparissias L. Yes 033 0.07
Euphorbia exigua L. Yes 1.11+ 0.20t 0.04 + 111+ 0.07+ 071+ 042+ 089+ ]| 0.18x 0.29+ 069+ 091+
0.33 2.94e-17 0.09 0.33 0.10 0.44 0.44 0.33 0.33 0.41 0.47 0.27
Euphorbia falcata L. Yes 0.02 + 0.07 £ 0.02 + 0.02+ 011+ 0.11# 0.11+ 020 022+ 047+ 1.00%
0.07 0.10 0.07 0.07 0.33 0.33 0.33 0.32 0.31 0.51 0.00
Euphorbia seguieriana Ves 0.11¢+ 0.11 +
Neck. 0.33 0.33
Evax pygmeae {L.) Brot. Yes 0.33+ 0.20 = 0.09 = 0.33 0.07+ 051+ 022+ 0.16+x 058+ 0.24+
0.50 2.94e-17 0.10 0.50 0.10 0.47 0.31 0.33 0.50 0.30
Filago gallica L. Yes 0.16 £ 0.09 £ 004+ 078+ 064+ 038+ ] 0.18x 062+ 0.18+ 0.62%
0.09 0.10 0.09 0.44 0.42 0.47 0.32 0.45 0.32 0.45
Filago minima (Sm.) Yes 0.02+ 0.82%
Dumort. 0.07 0.35
Filago pyramidata L. Yes 0.02 £ 0.02+ 0.02t 004+ 022+ 0.13+f 0.02t
0.07 0.07 0.07 0.09 0.44 0.33 0.07
oS Yes 0.09 + 0.07 £ 0.02+ 0.04+ 0.16% 0.02+ 0.13+ 038z
0.10 0.10 0.07 0.09 0.33 0.07 0.33 0.47
Galactites elegans (All.) Yes 0.18 + 0.02 0.18+ 0.02
Soldano 0.33 0.07 0.32 0.07
. 0.02 + 0.11 + 0.11+ 007+ 0.11%
Galium murale (L.) All. Yes 0.07 0.33 0.33 0.10 0.33
Galium parisiense L. Yes 0.78 + 0.09 £ 0.78 £ 0.02+ 0.16% 056+ | 0.02+ 0.02+ 0.11% 0.78 £
0.44 0.10 0.44 0.07 0.33 0.53 0.07 0.07 0.33 0.44
Gastridium ventricosum Yes 0.24 +
(Gouan) Schinz & Thell. 0.43
Geranium molle L. Yes 0.04 + 0.02 £ 0.16 0.13+ | 0.02¢ 0.13+ 004+ 036t
0.09 0.07 0.33 0.33 0.07 0.33 0.09 0.49
. 0.04 £ 0.09 £ 0.24 + 0.02 £
Glaucium flavum Crantz No 0.09 010 0.66 0.07
Hedypnois cretica (L.) Yes 0.07 = 0.16 £ 0.16 £ 0.78 £ 0.04+ 091+ 040+ 058+ | 013+ 0.58+ 089+ 071+ 0.80%
Dum.Cours. 0.10 0.09 0.09 0.44 0.09 0.27 0.46 0.50 0.33 0.50 0.33 0.44 0.40
Helictochloa bromoides
(Gouan) Romero Zarco Yes 0.02 £ 0.02
0.07 0.07
Hordeumn murinum L. Yes 0.04 £ 0.18 £ 0.16 £ 0.07+ 036+ 122+ 1.56 + 0.11+ 060+ 1.78% 1.00+ 0.02t
0.09 0.07 0.09 0.10 0.37 0.44 0.73 0.33 0.50 0.97 0.00 0.07
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Hypochaeris glabra L.
Kali soda Moench
Lactuca serriola L.
Leontodon tuberosus L.
Linaria arvensis(L.) Desf.
Linum strictum L.

Linum trigynum L.

Lobularia maritima (L.)
Desv.

Lolium rigidum Gaudin.

Lysimachia arvensis (L.)
U.Manns & Anderb.

Marrubium vulgare L.

Medicago minima (L.) L.

Medicago monspeliaca (L.)

Trautv.

Medicago rigidula (L.) All.

Medicago sativa L.

Medicago truncatula
Gaertn.
Neatostema apulum (L.)

.M. Johnst.

Onopordum illyricum L.

Petrorhagia prolifera (L.)
P.W.Ball & Heywood

Yes

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

0.16 +
0.09
0.11+
0.10
0.11+
0.10

0.04

0.09

0.56 =
0.53

033+
0.50

0.02 £
0.07

0.02 £
0.07
0.11 +
0.10

0.02 +
0.07

0.11+
0.10
0.13 %
0.10

0.16 +
0.09
0.47 £
0.40
0.18 +
0.07
0.07 £
0.10
0.09 +
0.10
0.09 +
0.10
0.07 +
0.10

0.02 +
0.07
0.09 +
0.10

0.09 +
0.10

0.04 +
0.09

0.02 +
0.07

0.11+
0.10
0.07 £
0.10

0.02 +
0.07
0.04 +
0.09
0.18 £
0.07
0.18 +
0.07

0.02 +
0.07

0.09 +
0.10
0.02 +
0.07

0.04 +
0.09

0.11+
0.10

0.80 +
0.40

0.11+
0.33
033+
0.50
133+
0.50
0.56 £
0.53

033+
0.50

0.02 +
0.07
0.16 £
0.33
0.02 +
0.07

0.02 +

0.07

0.29 %
0.41

0.16 =
0.33

0.09
0.10
0.16 £
0.33

0.02 +
0.07
0.75 %
0.61
0.58 +
0.64

0.07 £
0.10
033+
0.39
0.02 £
0.07

0.13 %
0.10

0.16 +
0.09

0.11+
0.10

0.04 =
0.09

0.13
0.33

0.04 +
0.09
091+
0.27
111+
0.33

0.73
0.40
0.82 +
0.35
0.11+
0.33

1.00+
0.00

0.80 +
0.40

0.04 +
0.09

0.71
0.44

0.04 +
0.09
0.16 £
0.33

0.04 +
0.09

1.13 +
0.75
1.02 +
0.45

0.11
0.33
0.24
0.43
031+
0.40

0.60 £
0.48

0.53 +
0.45

0.47 £
0.40

0.07 =
0.10

0.13
0.33

0.07 £
0.10

0.60 +
0.48

0.56 +
0.53
0.64
0.42
0.11+
0.33

0.22
0.31

0.11 +
0.33
1.00
0.00
0.13 +
0.33

0.04 =
0.09
0.02 +
0.07

0.02 +
0.07

0.82 +
0.79

0.29
0.41
0.04 £
0.09

0.04 +
0.09

0.80 £
0.40
0.91+
0.27

0.22 £
0.44
0.80 +
0.40
0.16 £
0.33

0.51+
0.47

0.24 +
0.30

0.53
0.45

0.38 £
0.47

0.67 +
0.5
0.02 +
0.07

0.13
0.33
0.02 +
0.07
0.13 +
0.33
0.73
0.40
136+
0.97

0.44
0.53
0.73
0.40
0.27 £
0.42

0.89 +
0.33

0.58 +
0.50

0.44 +
0.65

0.24
0.43

0.76 +
0.53
0.02 +
0.07

0.18 =
0.32
0.89 =
0.33
122+
0.44
0.11 %
0.33
0.02 +
0.07
0.49 +
0.49
0.38
0.47
0.18 +
0.32

091+
0.27

0.80 +
0.40

0.62
0.45

0.18 +
0.32

0.78 £
0.44

0.27 +
0.42

0.80 +
0.40
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Annexe 6: Liste des espéces végétales identifiées - chapitre 2

Plantago bellardii All. Yes 0.44 + 0.02 £ 0.13 ¢ 0.11+ 0.44 + 024+ 0.04%t 036+ 0.16+ 0.27%
0.73 0.07 0.10 0.10 0.73 0.43 0.09 0.49 0.33 0.42
Plantago coronopus L. Yes 0.02 £ 0.02+ 011 0.02+ 0.04%
0.07 0.07 0.33 0.07 0.09
Plantago lagopus L. Yes 0.02 + 0.02 £ 0.47 0.20 0.11+ 071+ 111+ 133+ 044+ )] 011+ 089+ 069+ 089+ 0.78%
0.07 0.07 0.40 2.94e-17 0.33 0.66 0.78 0.71 0.53 0.33 0.33 0.47 0.33 0.44
0.56 = 0.13+ 044+ 0.44 0.04 £ 0.02 £
Plantago lanceolata . No 0.53 033 053 0.53 0.09 0.07
0.02 £
Poa annua L. No 0.07
Poa bulbosa L. Yes 0.13 £ 0.13 £ 1.22+ 0.07+ 091+ 0.71+ 111+ | 0.11+ 1.00x 0091zt 1.00+ 1.00%
0.10 0.10 0.67 0.10 0.27 0.44 0.33 0.33 0.00 0.27 0.00 0.00
Polycarpon tetraphyllum Yes 0.02 0.13 + 0.11+ 033+ 0.16% 0.11%
(L)L 0.07 0.33 0.33 0.50 0.33 0.33
. 0.11+ 0.04 =
Polygonum aviculare L. No 010 0.09
Psilurus incurvus (Gouan) Yes 0.09 £ 1.22 + 004+ 002+ 031+ 067+ ]| 024+ 040+ 058+ 036+ 0.89%
Schinz & Thell. 0.10 0.83 0.09 0.07 0.40 0.50 0.43 0.46 0.50 0.49 0.33
Ranunculus paludosus Yes 0.04+ 0.07%
Poir. 0.09 0.10
Reseda phyteuma L. Yes 0.11+ 0.02 £ 020t 040+ 040t 0.18+ 0.02+ 0.04+
0.10 0.07 0.32 0.46 0.46 0.32 0.07 0.09
Reichardia picroides (L.) Yes 0.07 = 0.16 £ 0.11 + 144 + 0.04+ 002+ 033+ 0.11+ 091+ | 007+ 0.02+ 020+ 0.07+x 091t
Roth 0.10 0.09 0.10 0.73 0.09 0.07 0.20 0.10 0.27 0.10 0.07 0.32 0.10 0.27
Rostraria cristata (L.) Yes 0.02 + 0.02 + 0.09 + 0.09 + 0.11+ 0.04+ 002+ 0.16% 0.20+ 0.29+ 0.38% 058+ 0.13%
Tzvelev 0.07 0.07 0.10 0.10 0.33 0.09 0.07 0.33 0.32 0.41 0.47 0.50 0.33
0.02 + 0.02 +
Rumex pulcher L. Yes 0.07 0.07
. 0.02 £ 0.02+ 0.02%
Sagina apetala Ard. Yes 0.07 0.07 0.07
Salvia verbenaca L. Yes 0.20 £ 0.20 £ 0.67 = 0.02+ 0.16+t 060+ 0.33% 0.02+ 011+ 0.11+ 049t
2.94e-17 2.94e-17 1.00 0.07 0.33 0.48 0.39 0.07 0.10 0.10 0.49
Sanguisorba minor Scop. Yes 0.02 £ 0.67 £ 0.02+ 016+ 047% ] 004t 0.11+ 011+ 042+
0.07 0.50 0.07 0.33 0.51 0.09 0.33 0.33 0.44
. 0.13 + 0.16 + 0.02 +
Scabiosa atropurpurea L. Yes 033 033 0.07
Scorzonera laciniata L. Yes 0.02+ 011 002+ 002+ 038+
0.07 0.33 0.07 0.07 0.47
. . 0.02 + 0.02 +
Scandix australis L. No 0.07 007
Scolymnus hispanicus L. No 0.02 +
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Annexe 6: Liste des espéces végétales identifiées - chapitre 2

0.07
, . 0.02 £
Scorpiurus muricatus L. No 0.07
Senecio vulgaris L. No 0.11+ 0.18 + 0.11+ 022+ | 0.04+ 0.02+ 004+ 0.02+x 0.04%
0.10 0.07 0.10 0.44 0.09 0.07 0.09 0.07 0.09
Sherardia arvensis L. Yes 0.02 + 0.02 £ 0.13 £ 0.02 £ 0.33 ¢ 0.09+ 100+ 062+ 0.02+ | 009+ 0.22+ 060+ 091+ 0.16%
0.07 0.07 0.10 0.07 0.50 0.10 0.00 0.45 0.07 0.10 0.44 0.48 0.27 0.33
silene nocturna L. Yes 024+ 0.11% 056+ 024+ 0.02+ 0.11+ 0.11%
0.66 0.33 0.53 0.66 0.07 0.33 0.33
, . 0.73
Silene gallica L. Yes 0.40
sideritis romana L. Yes 0.11+ 0.06 £ 0.88 £ 0.18+ 0.07t 0.11+ 004+ 029+ 029t 089t
0.10 0.10 0.33 0.32 0.10 0.33 0.09 0.41 0.41 0.33
sonchus asper (L.) Hill No 0.04 £ 0.07 £ 0.11+ 0.13 0.16+ 0.16x 020+ 0.02%
0.09 0.10 0.33 0.33 0.33 0.33 0.32 0.07
Sonchus oleraceus L. No 0.13 £ 0.04 £ 0.24 0.16+ 0.16+ 051+ 042+ 0.04%
0.10 0.09 0.43 0.33 0.33 0.47 0.44 0.09
Solanum nigrum L. No 0.04 + 0.04 + 0.16 + 0.13 + 0.02
0.09 0.09 0.09 0.10 0.07
Spergula diandra (Guss.) Yes 0.02 +
Murb. 0.07
Stpalcapillatallt Yes 0.04 + 0.04 + 0.27 = 0.02 + 0.58 + 0.02+ 0.02%
0.09 0.09 0.42 0.07 0.50 0.07 0.07
Stellaria media (L.) Vill. No 0.02
0.07
Taeniatherum caput- Yes 0.17 £ 0.09 £ 0.13 029+ 002+ 047% 0.16+ | 0.33+ 038+ 0.13+ 0.36+ 0.36%
medusae (L.) Nevski 0.07 0.10 0.33 0.41 0.07 0.51 0.33 0.50 0.47 0.33 0.49 0.49
Taraxacum officinalis No 0.02 +
F.H.Wigg. 0.07
Tesermlchanaedys Il Yes 0.04 £ 0.04 + 0.22 + 0.11 + 0.11 +
0.09 0.09 0.67 0.33 0.33
Thymus vulgaris . Yes 0.07 £ 0.07 £ 0.04 + 0.56 + 0.49+ | 0.02+ 0.24
0.10 0.10 0.09 0.53 0.70 0.07 0.43
. 0.67 = 0.07+ 0.02+ 011z 0.13 +
Tolpis barbata (L.) Gaertn. Yes 050 0.10 007 033 043
Tragopogon porrifolius L. No 0.02 £ 0.02 £ 0.02 + 0.07+ 0.02%
0.07 0.07 0.67 0.10 0.07
ey 0.11 + 0.11
Trifolium arvense L. Yes 033 033
Trifolium campestre Yes 0.04 £ 0.04 + 0.22 027+ 022+ | 0.02+ 0.11+ 011+ 0.27f 0.36%t
Shreb. 0.09 0.09 0.44 0.42 0.44 0.07 0.33 0.33 0.42 0.49
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Trifolium glomeratum L.

Trifolium stellatum L. Yes

Trifolium suffocatum L. Yes

Tyrimnus (Cass.) Cass. Yes

Verbascum sinuatum L. Yes

Valenarialla sp. Yes

Populus nigra L. No

0.02 +
0.07

0.20
2.94e-17

0.11+
0.10

0.02+
0.07
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0.11+
0.10

0.02+

0.07

0.16
0.09

0.07 +
0.10

0.07 +

0.10

0.09+
0.10

0.11+

0.78 =

0.22 +
0.44

0.04 =
0.09

0.16 +
0.09

0.22
0.31

0.40+
0.46

0.11+ 0.13 0.27
0.33 0.33 0.42

0.04+ 0.11+ | 0.04+ 002+ 069+ 036+
0.09 0.33 0.09 0.07 0.47 0.49

0.11+
0.33

0.67 + 0.16+ 0.16+ 0.02%*
0.50 0.33 0.33 0.07

0.02+ 0.02%
0.07 0.07

0.04 +
0.09
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Annexe 7: Abondances moyennes de chaque espéce végétale identifiée en automne
2012 et au printemps 2013 a I’endroit des dépotoirs et dans des zones sans activité de
fourmi. Les noms des espéces sont donnés dans la premiére colonne et le nom de la
famille dans la seconde colonne. Les valeurs correspondent aux abondances moyennes =
écart-type. Pour la banque de graines d’automne, la banque de graines du printemps et les
analyses des germinations au printemps sur le terrain, les différences significatives sont
annotées avec des astérisques (* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001) entre
les dépotoirs and les contrdles pour 70 cm?, les dépotoirs and les contréles pour le volume
total, et entre les dépotoirs tamisés et les controles.
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Annexe 7: Liste des espéces végétales identifiées - chapitre 3

Autumn seed banks

Spring seed banks

Spring seedlings

70 cm3 i total volume 70 cm3 i total volume
-------------------- — i e ] .
: Sieved
| |
Species Refuse Control : Refuse  Control | Refuse Controls : Refuse Controls refuse  Controls
P piles s i piles s pile i piles piles
| |
P | 1.0+ i 01+ | 01+ 072
2t : ! 011 ! 011 | 004 017
, 0.1% 0.2+ 0.1+ |
Allium sp. 0.10 | 020  0.10 :
Aira cupaniana Guss 0.1% . 02z | 0.5%
. : 0.10 | 0.20 : 0.15
Lo 0.1+ 01+ : 032 0.4+ : 0.7+ 0.7+
Ajuga iva (L.) Schreb. 010 010 | 0.22 0.21 i 0.13 0.17
""""""""""""""""""" I |
At i At
Amaranthus retroflexus L. : % - : % 1
; . . .
Asphodelus ayardii Jahand & i i 0.2+ 0.1+
Maire : 5 0.06 0.04
Asterolinon linum-stellatum (L.) 0.6+ 04+ | 07z 0.8+ i
| |
Duby 0.60 0.16 ; 0.33 1.03 i
Aster squamatus (Spreng.) : :
Hieron. i i
. 01+ . 0.2% 0.2% :
Avena barbata Pott eLink 010 | 020 0.20 i
| |
. P 0.1+ ¢ 04 £ : 0.1+ 0.2+
Bellis sylvestris Cirillo 010 : 0.30 : 0.04 0.09
Brachypodium distachyon (L.) 4.1+ 41+ i 110z 8.0t i 1.7+ 33+¢%
P.Beauv. 1.14% 3.57 : 7.01* 2.39 : 0.32 0.90
Brachypodium retusum (Pers.) i i 0.3 0.7+
P.Beauv. | | 0.13 0.17
Bromus hordeaceus L | : 1.0%
; i i 0.23
52¢ ' !
Bromus s 0.81%* 0.3+ : 205+ 0.8+ : 0.6+
P- < 015 | 3.50%** 034 ; 0.19
I [}
Carthamus lanatus L. : : 03z
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Cerastium glomeratum Thuill.

Chenopodium album L.

Crassula tillaea Lest.-Garl.

Annexe 7: Liste des espéces végétales identifiées - chapitre 3

140+
14.0

0.1+
0.10

336
33.6

0.3+
0.13

Crepis pulchra L.

0.4+

Crepis vesicaria L.

Diplotaxis tenuifolia (L.) DC.

Erodium cicutarium (L.) L'Hér.

09+

Euphorbia cyparissias L.

Euphorbia falcata L.

0.4+
0.16

0.1+

0.10

0.2+
0.20

Rk
0.41**

03+
0.21

0.4+
0.40

270

0.1+
0.04

0.2+
0.06

0.1+
0.04

0.1+
0.04

0.2+
0.06
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Filago gallica L.

Filago vulgaris Lam.

Galium murale (L.) All.

Geranium molle L.

Hypochaeris glabra L.

Linum strictum L.

Lobularia maritima (L.) Desv.

Lotus corniculatus L.

Medicago monspeliaca (L.)
Trautv.

13+
0.61

0.2+
0.13

15+
0.48**
*

o
-
+

o
[
[N

0.4+
0.30

05+
0.31

0.2+
0.20

0.2+
0.13

11.8+
3.49

39+
1.20

0.1+
0.10

0.1+
0.10

03t
021 !

29+
1.03*

51+
1.42%*

1.1+
0.79

23+

I 0.40%**

0.2+
0.20

0.1+
0.10

03+
0.21

0.4+
0.27

0.2+
0.20

0.4+
0.22

03+
0.95

0.4+
0.30

0.4+
0.22

05+
0.25

1.0+
0.11
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57+
1.15

09+
0.31

0.2+
0.09

1.0+
0.22

11+
0.17

15+
0.67

0.4+ 25+

0.23*

09+
0.20




Annexe 7: Liste des espéces végétales identifiées - chapitre 3

Neatostema apulum (L.) I.M.
Johnst.

! ! 03+ 0.1+
0.09 0.04

Plantago bellardii All.

Plantago lanceolata L.

0.1+
0.10

0.1+

Poa annua L. 0.04

4.4+ 0.1+
2.34* 0.10

20+ 0.1+

Polycarpon tetraphyllum (L.) L. 0.36* 0.04

0.7+ 0.1+

Reichardia picroides (L.) Roth 0.27 030 | 0.06

0.13

0.2+

14+ 0.1+ 0.1+ 01+ 0.1+

Sanguisorba minor Scop. 0.52* 0.10 011 011 0.04

0.13

0.1+
0.04

Scorzonera laciniata L.

0.1+
0.10

14+ ; 01+
1.08* i 0.04

Silene nocturna L.

272



Annexe 7: Liste des espéces végétales identifiées - chapitre 3

Sherardia arvensis L.

Solanum nigrum L.

Trifolium campestre Shreb.

Trifolium scabrum L.

Trifolium suffocatum L.

Urtica urens L.

Verbena officinalis L.

2.7+
0.86

1.0+
0.33

07+ | 85% 19+

0.33 |

0.1+
0.10

1.1+
0.31

0.22

2.70 0.69

0.2+
0.20

6.8+ 29+
1.84 0.71

0.1+
0.10

0.2+
0.20

0.1+ 0.8+
0.10 0.44
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04+ 1.0+
0.10 0.24

0.1+ 0.2+
0.04 0.06
1.7+ 0.7
0.09 0.15







