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Abstract

Abstract

Extensive green roofs are increasingly used and generate a growing interest due to
their capacity to provide ecosystem services. However, these services are rarely
optimized and in line with the surrounding environments. This thesis explores the use
of the habitat analogous hypothesis to select appropriate species in order to improve
the services provided by extensive green roofs.

The main objective is to understand the temporal evolution and dynamics of the
taxonomic and functional composition of plant communities selected based on the
habitat analogous hypothesis, as well as the influence of functional traits of these
species on water runoff from extensive green roofs. These two objectives are divided
into two parts.

The results of this thesis have identified species from (semi-)natural habitats whose
green roofs are analogous, their vegetation dynamics from both a taxonomic and
functional perspectives, and the influence of microenvironmental conditions. The
habitat analogous hypothesis was confirmed through the study of extensive green
roofs and experiments. Plant communities can be composed of local species from
(semi-) natural habitats that share similar abiotic conditions as extensive green roofs,
such as shallow substrate depth, water stress conditions, and high sunlight exposure.
However, these plant communities evolve over time, and spontaneous species that
dominated the seed bank can become increasingly dominant in the vegetation over
time if significant disturbances destroy the established vegetation. These plant
communities are also influenced by environmental conditions at the roof scale, such
as sunlight exposure, variations in substrate depth, and soil nutrient composition.

The analogous habitat hypothesis is complemented by the functional traits of plant
communities and their CSR strategies. We found that stress-tolerant (S) strategies
dominate the plant communities, especially in the most stressful zones on the roof.

We were also able to determine the functional plant traits of these local species that
influenced water runoff. Aboveground biomass and vegetation height have the most
significant influence on water runoff compared to other functional vegetative traits
but their influence is only apparent within a certain range of low rainfall. However,
substrate moisture, precipitation quantity, temperature and substrate type are among
the factors that have a greater impact on water runoff from extensive green roofs than
vegetative traits. Overall, extensive green roofs retain half of the precipitation over a
one-year period.

Therefore, the selection of species for an extensive green roof should be based on
the analogous habitat hypothesis, coupled with functional traits and CSR strategies.
In temperate Europe, xeric habitat species and stress-tolerant (S) strategy species can
form the basis of plant communities, and species with higher aerial biomass and
vegetation height should be prioritized to optimize the regulation of water runoff. The
implementation of zones with different microenvironmental conditions allows for the
development of heterogeneous plant communities across the green roof, thus
increasing the support service for floristic diversity.



Toitures vertes analogues

This thesis provides a better understanding of green roofs as analogous habitats to
(semi-)natural and pioneer environments, their vegetation dynamics, and the influence
of environmental parameters. The results allow for a more efficient use of floristic
diversity in the context of extensive green roofs to improve water regulation services
and promote better integration of green roofs into their environment.
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Résumé

Les toitures vertes extensives sont de plus en plus utilisées et suscitent un intérét
croissant en raison de leur capacité a fournir de nombreux services écosystémiques.
Cependant, ces services sont rarement optimisés et en adéquation avec les milieux
environnants. Cette these explore I'utilisation de I'hypothése d'habitats analogues et
des traits fonctionnels pour sélectionner des espéces appropriées dans le but
d'améliorer les services rendus par les toitures vertes extensives.

Les objectifs principaux sont de comprendre I'évolution temporelle et la dynamique
de la composition taxonomique et fonctionnelle des communautés végétales
sélectionnées sur base de I'hypothése d'habitat analogue ainsi que I’ influence des traits
fonctionnels de ces espéeces sur 1’écoulement de 1’eau des toitures vertes extensives.
Ces deux objectifs sont répartis en deux parties.

Les résultats de cette thése ont permis d’identifier des especes de milieux (semi-)
naturels dont les toitures vertes sont analogues, leur dynamique de végétation tant d'un
point de vue taxonomique que fonctionnel ainsi que l’influence des conditions
microenvironnementales. L'hypothése de I'nabitat analogue a pu étre confirmée grace
au suivi de toitures vertes extensives et d’expérimentations. Les communautés
végétales peuvent étre constituées d’especes locales de milieux (semi-)naturels qui
présentent les mémes conditions abiotiques qu’une toiture verte extensive : faible
profondeur de substrat, conditions de stress hydrique, ensoleillement important, etc.
Ces communautés évoluent cependant au cours du temps et des especes spontanées
qui dominent la banque de graines peuvent devenir de plus en plus dominantes dans
la végétation si des perturbations importantes viennent a détruire la végétation en
place. Ces communautés végétales sont également influencées par les conditions
environnementales retrouvées a 1’échelle de la toiture telles que I’ensoleillement, les
variations de profondeur de substrat, la composition en nutriments du sol. L hypothése
de I’habitat analogue est complétée par les traits fonctionnels des communautés
végétales et leur stratégie CSR. Nous avons pu mettre en évidence que les espéces de
stratégie de tolérance au stress (S) dominent les communautés végétales, surtout dans
les zones les plus stressantes.

Nous avons également pu déterminer les traits végétaux liés a ces especes locales
qui influencent I’écoulement de 1’eau. La biomasse aérienne et la hauteur de
végétation influencent le plus 1’écoulement de 1’eau comparé aux autres traits
fonctionnels de la végétation, mais leur influence n’est marquée que dans une certaine
gamme de faibles précipitations. Cependant, I’humidité du substrat, les quantités de
précipitations, la température et le choix du substrat sont autant de facteurs qui
influencent de maniére plus importante cet écoulement de I’eau des toitures vertes
extensives que les traits de la végétation. De maniére générale, les toitures vertes
retiennent la moitié des précipitations sur une période d’un an.
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La sélection des especes d’une toiture verte extensive doit donc se baser sur
I’hypothése de I’habitat analogue couplée aux traits fonctionnels et aux stratégies
CSR. En Europe tempérée, les especes de milieux xériques et les espéces de stratégies
S peuvent constituer une base aux communautés végétales et les espéces de plus
grande biomasse aérienne et de hauteur de végétation sont a privilégier pour optimiser
le service de régulation du ruissellement de I’eau. La mise en place de zones avec des
conditions microenvironnementales différentes permettent de valoriser des
communautés végétales hétérogenes sur 1’ensemble de la toiture et donc d’augmenter
le service de support a la diversité floristique rendu.

Cette these offre une meilleure compréhension des toitures vertes en tant qu'habitats
analogues de milieux (semi-) naturels et pionniers, de leur dynamique de végétation
et de l'influence des parametres environnementaux. Les résultats permettent
d'envisager une utilisation plus efficace de la diversité floristique dans le contexte des
toitures vertes extensives pour améliorer le service de régulation de I'eau et favoriser
une meilleure intégration des toitures vertes dans leur environnement.
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Chapitre 1 Introduction, objectifs et stratégie scientifique

1. Introduction

1.1. Des toitures vertes comme infrastructures vertes urbaines
1.1.1. Histoire de la nature en ville

Au cours de I’histoire, la place du végétal en ville a évolué, changeant de role et
d’importance selon I’époque. Outre D’intérét ancestral de I’homme pour la
végétalisation de son environnement avec des exemples bien connus tels que les
jardins de Babylone (Dusza 2017), plus récemment, depuis I’industrialisation du
X1Xéme siécle et la minéralisation massive de la ville, les citadins se sont concentrés
en ville, se privant et se déconnectant de 1’acces a la nature (Agulhon et al. 1998). Des
architectes et urbanistes tels qu’Eugeéne Hénard en France en 1903 ont proposé des
solutions d’introduction de parcs et jardins en ville pour permettre cette reconnexion,
développant ainsi les premiéres prémices du concept « d’espace vert urbain » (Mehdi
et al. 2012). Quelques années auparavant, cette pensée de rétablir la connexion entre
les citadins et la verdure a amené certains urbanistes et architectes paysagistes a
considérer les espaces végétalisés comme fondement de I’aménagement urbain. La
création du Central Park de New-York en 1873 est un exemple trés parlant de cette
pensée (Mehdi et al. 2012).

Ces espaces verts urbains ne sont alors essentiellement présents que pour des raisons
esthétiques, leurs intéréts écologique et environnemental n’étant pas considérés
(Merlin Pierre 1988). Ce n’est que dans les années 1990, avec le développement de la
pensée d’urbanisme durable qu’émerge 1’idée des autres bénéfices et services
potentiels de ces espaces verts (Cormier and Carcaud 2009). Il faudra attendre les
années 2000 pour voir émerger les premiéres notions de parc naturel urbain, d’éco-
guartier ou encore de coulée verte (Figure 1-1) et de percevoir les espaces verts
urbains comme de potentiels écosystémes naturels (Arrif, Blanc, and Clergeau 2011).
En plus de leur intérét esthétique longtemps matérialisé au travers des espéces
horticoles ou exotiques, d’autres services sont maintenant valorisés, changeant ainsi
toute leur conception. Les espaces verts s’integrent alors dans 1’infrastructure urbaine
et leurs places évoluent, passant de grands parcs de loisir a des éléments
d’infrastructures urbaines apportant d’autres fonctions (Mehdi et al. 2012).
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Figure 1-1 : Perspective originale de la coulée verte René Dumont (Paris)
©Philippe Mathieux

De nos jours, les espaces verts urbains tendent a devenir multifonctionnels grace au
développement du concept d’Infrastructure Verte Urbaine, développant ainsi des
nouveaux modes de gestions écologiques et intégrés ainsi que de multiples typologies
d’espaces verts (Mehdi et al. 2012). Les infrastructures vertes sont définies par la
Commission Européenne (2013b) comme “un réseau constitué de zones naturelles et
semi-naturelles et dautres éléments environnementaux faisant I'objet d'une
planification stratégique, congu et géré aux fins de la production d'une large gamme
de services écosystémiques. Elles intégrent des espaces verts (ou aquatiques dans le
cas d'écosystémes de ce type) et d'autres éléments physiques des zones terrestres (y
compris cotiéres) et marines. Sur terre, I'infrastructure verte se retrouve en milieu rural
ou urbain.” Il existe une grande diversité d’infrastructures vertes qui dépendent de la
structure du milieu, de la fonction recherchée et des caractéristiques spatiales. De
maniére générale, les infrastructures vertes urbaines peuvent se retrouver sur la
surface terrestre, sur des structures verticales ou sur les toits des batiments (Figure
1-2).
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Figure 1-2 : Identification des principales typologies d'infrastructure verte (Koc, Osmond,
and Peters 2016)

La typologie des infrastructures vertes sur chacun de ces espaces est définie par la
hauteur de végétation : basse (<1m), moyenne (1-2m) ou haute (>2m) (Koc, Osmond,
and Peters 2016). Ces infrastructures vertes urbaines rendent une série de services
écosystémiques tels que le support a la biodiversité par la création d’habitats, la
régulation des flux d’eau, la séquestration du carbone, la restauration des sols ou
encore des services culturels, esthétiques et récréatifs (European Commission 2013a).
Elles sont une alternative aux infrastructures grises, moins durables et plus colteuses
a la construction et a I’entretien.

1.1.2. Toitures vertes : définition et typologie

Les toitures vertes font partie intégrante des infrastructures vertes urbaines. Elles
sont des techno-écosystemes, construits par les humains (Lundholm and Peck 2008).
Le systeme actuel de toitures vertes a été développé en Allemagne dans les années
1980 (Sutton et al. 2012; Oberndorfer et al. 2007). Sa structure complexe est
constituée de différentes couches qui assurent la protection du toit et empéchent
I'accumulation de I'eau. Une couche de drainage facilite I'évacuation de I'eau, tandis
que la couche filtrante sépare le substrat de la couche de drainage, laissant passer I'eau
tout en évitant que le substrat n'obstrue la couche de drainage. Le substrat fournit le
support a la végétation et lui apporte les éléments nécessaires a son développement
(Figure 1-3).
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Figure 1-3 : Types de toiture verte et leurs composantes principales (Vandooren 2006)

Il existe différents types de toitures vertes qui dépendent de la profondeur de la
couche de substrat : les toitures intensives ou extensives. Cette typologie des toitures
vertes se définit sur un gradient de profondeur de substrat plutét que sur une limite
précise de profondeur. Les toitures vertes intensives ont une profondeur de substrat
généralement supérieure a une vingtaine de centimétres. Bien que ces types de toitures
puissent accueillir une large gamme d'espéces végétales et d'habitats, peu de batiments
existants sont capables de supporter une telle charge, qui peut varier entre 290 et 970
kg/m? (Oberndorfer et al. 2007). En revanche, les toitures vertes extensives sont plus
Iégeéres, car la profondeur du substrat n'excéde pas une vingtaine de centimetres.
Quelques centimétres de substrat suffisent pour installer ce type de toiture verte. Elles
sont donc plus répandues car de nombreux batiments peuvent supporter leur poids.
Cependant, une faible profondeur de substrat limite le développement de la végétation
et impose divers stress aux communautés végétales. A I’intermédiaire de ces deux
classes de toitures vertes, les toitures semi-intensives sont parfois définies. Cependant,
la classification d’une toiture dépend également du type de substrat employé (Dunnett
et al. 2008; J. T. Lundholm 2006).
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La classification des toits verts en toits extensifs ou intensifs sur la seule base de la
profondeur du substrat fait I'objet de débats. Cette terminologie ne fournit que des
informations limitées sur le résultat final des communautés végétales retrouvées sur
le toit. Une autre approche de typologie des toits verts pourrait étre basee sur leurs
fonctions principales, telles que "toiture de prairie biodiversifiée", "toiture de forét
biodiversifiée"... (Kotze et al. 2020). La classification peut également se baser sur les
différentes couches de végeétation qui se développent sur la toiture comme les

herbacées, les arbustes ou les arbres (Madre et al. 2014).

1.1.3. Toitures vertes et services écosystémiques

Les toitures végeétalisées rendent de nombreux services écosystémiques sans
accroitre la pression sur les sols dans les zones urbaines ou l'espace est déja limité
(Madre et al. 2014).

Service de support a la biodiversité

Les toitures vertes fournissent des habitats et un cadre écologique au développement
de la biodiversité urbaine, floristique (Getter and Rowe 2006; Kowarik 2011; Madre
et al. 2014) ou faunistique (Gonsalves et al. 2022; Jacobs et al. 2022). D’un point de
vue floristique, des espéces végétales généralistes, opportunistes, adaptées aux
milieux xériques ou encore des espéces rares peuvent étre retrouvées sur les toitures
vertes extensives (Kadas 2006; Kowarik 2011; Madre et al. 2014). Les toitures vertes
soutiennent également la diversité faunistique telle que des especes d’arthropodes
généralistes ou adaptées aux conditions xériques des toitures vertes. La richesse en
especes de ces communautés d’arthropodes sur les toitures vertes, bien que plus élevée
que sur les toits non végétalisés, est plus faible que la richesse en espéces des
communautés d’arthropodes présentes dans les espaces verts au sol (Wang et al.
2022). Par exemple, Kratschmer et al. (2018) ont observé 90 especes d’abeilles
sauvages visitant les toitures vertes de Vienne entre mars et septembre. Gonsalves et
al. (2022) ont identifié la présence de 40 espéces de coléoptéres visitant les toitures
vertes de Portland, dont certaines especes fréquentant exclusivement ces toitures
vertes sans étre présentes dans les espaces verts au sol. L’activité de chauve-souris est
également plus importante sur les toitures vertes que sur les autres toits non
végétalisés (Wang et al. 2022). De maniére geénérale, la richesse spécifique et
I’abondance de cette diversité faunistique sont fortement liées a la diversité floristique,
au couvert végétal et au contexte paysager des toitures vertes (Wang et al. 2022;
Gonsalves et al. 2022). Les toitures végétalisées peuvent également améliorer
localement la connectivité globale des habitats liés a ces espéces (Louis-lucas et al.
2022).
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Service de régulation de [’eau

La présence de végétation et de substrat permet de rétablir le cycle hydrologique
fortement perturbé par I’urbanisation. Lors de précipitations, une partie de la quantité
d'eau est stockée dans le substrat pour ensuite étre évapotranspirée grace a la
végétation. La présence de végétation agit aussi comme une premiére barriere qui
intercepte 1’eau et réduit les quantités d’eau écoulées au travers de la toiture verte. La
réduction du ruissellement de I'eau dépend de la profondeur du substrat, de sa
composition, de son taux d'humidité au début de I'épisode pluvieux et de la végétation
en place (Czemiel Berndtsson 2010).

Service de régulation du climat

L'évapotranspiration contribue également a réduire la température de surface du toit
et la présence d'une toiture verte augmente l'isolation du batiment (Moody and Sailor
2013). A I'échelle du batiment, une diminution de l'utilisation de climatisation peut
étre observée (MacMullan et al. 2008). Lorsque la température extérieure avoisine les
25-30°C, la température intérieure du batiment peut étre diminuée de 3 a 4°C gréce a
la présence d’une toiture verte (Callaghan 2018). Cette réduction de consommation
d’énergie est plus importante en été qu’en hiver, car ’effet isolant d’une toiture verte
est réduit lorsqu’elle est saturée en eau (Getter and Rowe 2006).

La diminution de la température de surface induite par la toiture verte peut
¢galement contribuer a réduire I’effet de I’flot de chaleur urbain si les surfaces
végétalisées sont importantes. Par exemple, une diminution de la température de ’air
de 1°C pourrait étre observée dans la ville de Baltimore-Washington si 30% des
toitures sont végétalisees (D. Li, Bou-Zeid, and Oppenheimer 2014).

Service culturel

Les toitures vertes peuvent, au méme titre que les parcs urbains, servir de lieu de
détente qui peuvent améliorer la santé et le bien-étre des citadins. Les toitures vertes
comparées aux parcs urbains ont I’avantage de pouvoir offrir une vue différente sur la
ville ainsi qu’un lieu plus calme, loin du bruit du trafic routier (Callaghan 2018).

Cependant, les toitures vertes extensives telles que souvent mises en place
actuellement, ne fournissent pas ces services écosystémiques de maniére optimale. En
effet, les toitures vertes sont souvent monospécifiques ou composées principalement
de Sedum et d'autres espéces succulentes exotiques (Figure 1-4).
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Figure 1-4 : Toiture verte extensive de sedum exotique (Liége, Belgique)

Les Sedums regroupent un genre de végétaux succulents qui sont particuliérement
adaptés aux conditions de stress hydrique d’un milieu grace a leur stratégie de
photosynthese CAM (Butler and Orians 2009). Des Sedums natifs existent et parmi
les especes les plus courantes en Belgique, on peut retrouver le sedum album L., le
sedum acre L., le sedum rupestre L. ou encore le sedum sexangulare L. (Louis-Marie
Delescaille and Delaite 2011).

Toutefois, les toitures extensives & sedum comportent bien souvent des especes de
Sedum exotiques (Thuring and Dunnett 2014). Bien que ces toitures vertes conservent
une apparence "verte" toute I'année, les services qu'elles rendent sont limités (Thuring
and Grant 2015). L'utilisation d'espéces exotiques comporte le risque d'introduire des
espéces potentiellement invasives (Holt 2016; Kinlock, Schindler, and Gurevitch
2016). De plus, I'nomogénéisation des espéces entraine une perte de diversité
spécifique et fonctionnelle. Les services écosystémiques rendus par ces toitures vertes
faiblement diversifiées tels que le support a la biodiversité (Calvifio et al. 2023; Farrell
et al. 2022) ou la régulation des flux d'eau (Farrell et al. 2022; Yan et al. 2022) sont
faibles. Pour remédier a ces limites et optimiser les services écosystémiques fournis,
il est important de mieux comprendre et caractériser en profondeur ces nouveaux
écosystemes. Une meilleure connaissance de la dynamique végeétale et des parametres
qui l'influencent permettra d'améliorer la sélection des espéeces en fonction du design
de la toiture verte et d'accroitre le potentiel de ces toits verts (Van Mechelen et al.
2015).
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1.2. Des toitures vertes comme nouveaux écosystemes ou
habitats analogues

Les toitures vertes sont des technoécosystemes qui répondent aux regles
d’assemblages des communautés d’especes. Ces écosystémes d’un nouveau genre
peuvent étre menés vers des Nouveaux Ecosystémes ou vers des habitats analogues
suivant le niveau de gestion appliqué (Figure 1-5).

Haute influence humaine

Sols de carriéres colonisés par des Stériles industriels toxiques
especes typiques des sols nus dépourvus de végétation
Mines de sable colonisées par des Espéces non indigénes proliférant
espéces typiques des dunes dans des écosystemes perturbés
Espéces des falaises colonisant Sols urbainsenrichis en
des murs urbains hydrocarbonesou en métauxlourds

Analogue Nouveau
Ecosystémes salins se développantsur Espéces non indigénes proliférant
les terres d’usine de traitement de sel dans des écosystémes non perturbés
Mines de tourbe inondées d’eau Mutationsgénétiques
salée restaurées en marais salant d’origine naturelle
Plantes métalliféeres évoluantdans Evénements naturels de
des sols riches en métaux sur des colonisation alongue distance
dépéts naturels

Faible influence humaine

Figure 1-5 : Cadre conceptuel des processus et des structures des écosystemes selon le
niveau d’intervention humaine et le degré de nouveauté écologique ou d’analogie avec des
écosystémes naturels (Pitz 2018; adapté de J. T. Lundholm and Richardson 2010)

Les toitures vertes peuvent étre considérées comme des Nouveaux Ecosystéemes
(Dunnett 2015; Van Mechelen et al. 2015). Les nouveaux écosystemes sont “un
systeme de composantes abiotiques, biotiques et sociales (et leurs interactions) qui,
en vertu de l'influence humaine, différe de celui qui prévalait historiqguement, ayant
tendance a s'auto-organiser et & manifester des qualités nouvelles sans gestion
humaine intensive.” (Hobbs et al. 2006). Ces nouveaux ecosystémes, leur
fonctionnement et la dynamique de leur végétation sont encore peu connus.

Concevoir ces écosystémes sur une toiture verte extensive, de maniere a optimiser
les services écosystémiques rendus grace a ’installation d’espéces natives, n’est pas
une chose aisée en raison des conditions abiotiques extrémes (Olly et al. 2011). En
effet, la faible profondeur de substrat d’une toiture verte extensive impose des
conditions abiotiques stressantes pour le développement de la végétation. La réserve
en eau est faible et s’épuise rapidement. Aussi, la place pour le développement
racinaire est limitée et les variations de températures extrémes sont importantes
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(Oberndorfer et al. 2007). Néanmoins, des communautés végétales d’espéces natives
et adaptées a ces conditions abiotiques stressantes peuvent se développer sur les
toitures vertes extensives (Kowarik 2011).

Pour selectionner les espéces locales qui pourront composer une toiture verte
extensive et supporter ses conditions extrémes, nous pouvons nous inspirer des
habitats (semi-) naturels qui se développent dans le méme cadre biogéographique. En
effet, certains habitats naturels tels que les pelouses séches, les milieux xériques et
pionniers, les premiers stades de successions, les falaises et autres sont aussi
caractérisés par des conditions abiotiques stressantes, une faible profondeur de
substrat et un ensoleillement important.

Ce concept a été développé par Lundholm (2006) au travers de I’hypothése de
I’habitat analogue. Un habitat analogue est défini comme "un écosystéme fabriqué par
I’homme qui est capable de soutenir une biodiversité indigéne car sa structure et/ou
sa fonction ressemble a I’habitat naturel" (J. T. Lundholm and Richardson 2010).
Cette hypothése de I’habitat analogue suggére donc que les toitures vertes extensives
pourraient étre des habitats analogues a des milieux (semi-) naturels tels que les
pelouses séches et autres milieux de successions primaires en raison de leurs
conditions abiotiques similaires (J. T. Lundholm 2006). Par conséquent, les toitures
vertes extensives pourraient abriter les espéces typiques de ces milieux.

Les recherches actuelles sur I’analogie entre les toitures vertes extensives et des
milieux (semi-) naturels se concentrent essentiellement en Amérique du Nord (K.
Ksiazek-Mikenas et al. 2021; Sutton et al. 2012; Thuring and Grant 2015). En effet,
dans ces régions, une plus large sélection d’habitats présente des conditions analogues
aux toitures vertes extensives (Thuring and Grant 2015). Plusieurs études (K. Ksiazek-
Mikenas et al. 2021; Sutton et al. 2012) indiquent que de nombreuses especes de
prairies nord-américaines se développent sur les toitures vertes extensives et peuvent
créer des communautés végétales d’espéces natives. En Europe, des études similaires
ont été réalisées en Allemagne (Schroéder and Kiehl 2020; Kéhler 2006) et a Londres
(Thuring and Grant 2015). Cependant, de maniere générale, peu d’études ont testé
I’efficacité de la mise en place d’espéces natives sur des toitures vertes a partir de
semis (K. Ksiazek-Mikenas et al. 2021) et pour des espéces de milieux (semi-)
naturels en Europe tempérée.

En Europe tempérée et en Belgique, les habitats qui présentent des conditions
abiotiques analogues a celles des toitures vertes extensives sont notamment les
pelouses seches. Les pelouses séches (code EUNIS E1) (Figure 1-6) sont des milieux
herbacés caractérisés par une faible productivité, un sol sec (voire légérement humide)
et pauvre en nutriment. Les pelouses séches regroupent un ensemble d’habitats
comprenant les pelouses pionnieres (E1.1), les pelouses calcaires (E1.2), les nardaies
(EL1.7), les pelouses sur sables (E1.9) et les pelouses sur sols métalliféres (E1.B). Ces
milieux sont naturellement présents, les conditions abiotiques limitant I’évolution de
la végétation vers d’autres stades de successions, en particulier en raison de sols
pauvres ou superficiels (en moyenne 3cm a 10cm maximum). Ces habitats peuvent
également résulter d’anciennes activités pastorales, telles que le paturage extensif, qui
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ont ouvert ces milieux et crée un gradient allant de pelouses xérophiles @ mésophiles
(L.-M. Delescaille, Bottin, and Taymans 2021).

Ces milieux sont des milieux de grands intéréts en région wallonne, car ils sont
composés d’associations d’especes uniques et caractéristiques (Piqueray et al. 2007)
et leur état de conservation est défavorable (Dufréne and Delescaille 2007). En effet,
I’arrét des pratiques pastorales de paturage extensif a provoqué une fermeture du
milieu 1a ou le sol est plus profond. La mise en place de toitures vertes extensives
analogues a ces pelouses séches permet non seulement d’améliorer la diversité
écologique de ces toitures, de fournir des espaces supplémentaires a ces combinaisons
d’espéces locales, mais aussi de promouvoir la diversité des espéces indigénes dans
le paysage urbain. Dans le cas des toitures vertes extensives, 1’analogie ne s’étend pas
aux pelouses séches sur sols acides, telles que les pelouses sur sable et les nardaies, ni
aux pelouses sur sols métalliféres, en raison de la composition calcaire de leur
substrat.

Figure 1-6: Pelouse seche (Han-sur-Lesse, Belgique)
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Les assemblages des communautés végétales dépendent des espéces qui surmontent
les trois filtres a I’installation : le filtre a la dispersion, le filtre abiotique et le filtre
biotique (Figure 1-7).

Pool régional d’espéces

Filtre de dispersion

Filtre abiotique

Filtre biotique

Assemblage local d’espéces

Figure 1-7 : Schéma des filtres a ’installation qui définissent les assemblages d’espéces
(adapté selon Lake, Bond, and Reich 2007)

Le filtre a la dispersion agit sur les espéces lorsque leur capacité de dispersion est
insuffisante par rapport a la distance requise pour atteindre le site. Dans le cadre des
toitures vertes, la hauteur des batiments et le cadre urbain limitent 1’arrivée des
espéces environnantes. Le pool d’especes potentielles dépend des espéces
urbanophiles présentes en villes (Kowarik 2011), qui pourrait ne pas correspondre au
pool d’espéces adaptées aux toitures vertes. Ainsi, le contexte paysager influence donc
la composition en espéces spontanées qui colonisent le toit (Wang et al. 2022). Ces
espéces spontanées ne dominent pas les communautés végétales des toitures vertes
mais leur colonisation est souvent observée et contribue a la diversification de ces
communautés végétales (Olly et al. 2011).

Le filtre abiotique restreint la sélection d’espéces potentielles pour les toitures vertes
extensives. Comme expliqué précédemment, ce filtre est trés conséquent sur les
toitures vertes. Ce filtre est levé grace a I’hypothéese de I’habitat analogue, car seules
les espéces qui supportent ces conditions abiotiques précises vont étre semées sur la
toiture. Le semis d’espéces sélectionnées via I’hypothése de I’habitat analogue permet
également de lever le filtre a la dispersion.

Finalement, lorsque les espéces sont installées sur la toiture et qu’elles y ont trouvé
les conditions abiotiques adéquates pour se développer, I’interaction entre les especes
peut structurer le développement des communautés veégétales, c’est le filtre biotique.
Sur les toitures vertes extensives, la compétition est assez peu présente, car le milieu
est stressant et le développement végétal parfois limité. Dans les situations de stress
hydrique, la facilitation peut parfois étre observée.
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La facilitation se réféere a une interaction positive entre des espéces, ou au moins
I'une d'entre elles en tire un bénéfice. Ce type d'interaction facilitatrice se produit
lorsque I'une plante nurse modifie le microclimat ou les conditions environnementales
de maniere positive, ce qui profite a ces voisins, en les protégeant des stress limitants
par exemple. Ces effets et ces interactions positives sont plus courants au sein des
communautés soumises & de forts stress physiques, I’augmentation du stress
entrainant une augmentation de cet effet de facilitation de la plante nurse sur ses
voisins (Bertness and Callaway 1994). Les stress abiotiques présents sur les toitures
vertes extensives pourraient engendrer des effets de facilitation entre des especes
nurses développées et la germination d’autres espéces a 1’abri de ces plantes nurses.
Sur les toitures vertes, ce sont bien souvent les espéeces de sedum qui jouent le role de
plantes nurses (Heim and Lundholm 2014b; Butler and Orians 2011).

1.3. Des toitures vertes comme support aux communautés
végetales et a la biodiversité locale

1.3.1. Toiture verte et succession primaire

La compréhension fine du systéme des toitures vertes passe par la caractérisation
des communautés végeétales et de leur dynamique temporelle. La faible profondeur du
substrat et les différents stress qui y sont liés limitent le développement de la
végétation, qui est donc maintenu aux premiers stades de la succession. Les
successions primaires sont définies comme « le processus de développement d'un
écosysteme sur des surfaces stériles ou de séveéres perturbations ont éliminé la plupart
des vestiges de l'activité biologique. Elle comprend le développement de systémes
complexes a partir de composants biotiques et abiotiques (non biologiques) simples.
La succession primaire commence lorsque les plantes, les animaux et les microbes
colonisent de nouvelles surfaces. Le processus est influencé par les conditions locales,
le contexte et I'histoire du site. » (L. Walker and del Moral 2003). De nos jours, les
écologistes utilisent cette notion de succession primaire pour créer de nouveaux
habitats (L. Walker and del Moral 2003). Les toitures vertes présentent des similitudes
avec ces milieux de successions primaires. Le substrat est pauvre en matieres
organiques (Nagase and Dunnett 2011), et le sol est initialement appauvri en
microbiote (John, Lundholm, and Kernaghan 2014). Dans cette these, les
communautés végétales étudiées sont établies sur un sol nu, bien que d'autres systémes
de mise en place de toitures vertes puissent se faire a partir de tapis de végétation de
sedum préfabriqués. De plus, les stress imposés par les toitures vertes sont similaires
a ceux des milieux primaires (Brown and Lundholm 2015). Les dynamiques des
communautés végetales des toitures vertes peuvent donc étre semblables a celles des
successions primaires. Cependant, ces aspects sont encore peu étudiés.
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1.3.2. Dynamique des communautés végétales : évolution temporelle

La composition des communautés végétales de toitures vertes est dynamique et
évolue au cours du temps et selon les variations de conditions retrouvées a I’échelle
de la toiture (Bradbury 2021; Heim and Lundholm 2014a; Roulston, Heim, and
Lundholm 2020).

L'évolution temporelle des communautés végétales et de leur composition est
marquée par la perte d'espéces semées au cours des premiéres années de
développement de la toiture (Brown and Lundholm 2015), avant que le systéme ne se
stabilise (Madre et al. 2014). De plus, la colonisation d'especes spontanées a un impact
significatif sur la composition des communautés végétales (Thuring and Dunnett
2019; Vanstockem, Somers, and Hermy 2019). Cette colonisation d'espéeces
spontanées non semées est souvent liée a la présence de sol nu dans la végétation
résultant des conditions abiotiques stressantes (Kohler 2006; Sutton and Lambrinos
2015) et a la composition de la végétation déja en place (Aloisio et al. 2019). Ainsi,
des différences peuvent étre observées entre les communautés végétales semées et
celles observées quelques années apres linstallation. Ces différences peuvent
également étre accentuées par les variations des conditions météorologiques extrémes
d'une année a l'autre, les périodes de sécheresse entrainant une diminution du couvert
végétal (Brown and Lundholm 2015).

L'étude de la dynamique végétale d'une toiture verte peut étre réalisée au travers de
relevés du couvert en espéces de la communauté végétale. L'étude de la banque de
graines, c'est-a-dire les réserves de graines stockées dans le substrat, compléte
également l'analyse de cette dynamique (Thompson, Bakker, and Bekker 1997;
Vandvik et al. 2016). La bangue de graines influence la dynamique de la végétation a
court et a long terme (Basto et al. 2018). Elle fournit des informations sur les especes
qui ont pu exister antérieurement dans la végétation, celles qui seront présentes dans
la succession végétale et le potentiel de régénération des communautés végétales. La
présence d'une banque de graines est cruciale pour assurer le maintien des
communautés végétales apres des périodes de sécheresse extréme et pour favoriser la
restauration dans les zones de sol nu. Malgré son importance dans la compréhension
de la dynamique de réponse de la végétation aux conditions extrémes, I'étude des
banques de graines des toitures vertes extensives (Vanstockem et al. 2018) ou méme
des zones urbaines (Albrecht et al. 2011) a été tres peu explorée. Vanstockem et al.
(2018) confirment que les toitures vertes extensives développent effectivement des
banques de graines, dominées par des especes végétales spontanées et différentes de
la composition de la végétation.
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1.3.3. Dynamique des communautés végétales : conditions

microenvironnementales

La profondeur du substrat (Brown and Lundholm 2015; Dunnett et al. 2008),
I'ensoleillement (Piana and Carlisle 2014; van der Kolk et al. 2020), la composition
du substrat (Anderson, Lambrinos, and Schroll 2010; Chenot et al. 2017; McCallum
et al. 2018), la vitesse du vent (Lu et al. 2014), la température interne du batiment
(Lundholm, Weddle, and Maclvor 2014) et d'autres facteurs peuvent entrainer des
variations de conditions microenvironnementales a 1’échelle de la toiture influengant
la composition et la dynamique des communautés végétales (Bradbury 2021; Heim
and Lundholm 2014a; Roulston, Heim, and Lundholm 2020).

La profondeur du substrat est un des paramétres qui influence le plus la composition
des communautés végétales et sa dynamique spatiale (Brown and Lundholm 2015).
L’augmentation de la profondeur du substrat modifie les conditions micro-
environnementales en diminuant le stress hydrique imposé aux plantes (Brown and
Lundholm 2015). Une plus grande couverture végétale et une plus grande diversité
specifique peuvent donc étre observées (Brown and Lundholm 2015). Un substrat plus
superficiel entrainera un appauvrissement plus rapide du nombre d’espéces au cours
des premieres années suivant la mise en place de la toiture (Rowe, Getter, and
Durhman 2012). L’augmentation de la profondeur du substrat entraine aussi une
augmentation des espéces compétitives (Dunnett, Nagase, and Hallam 2008).

L’ensoleillement est un autre facteur qui intervient dans cette modification des
conditions micro-environnementales (Brown and Lundholm 2015). Une plus grande
diversité végétale peut étre observée dans les zones ombragées (Piana and Carlisle
2014). En effet, le stress hydrique est réduit dans les zones a I’ombre (Lu et al. 2014).
Les services rendus par la toiture verte sont directement liés au développement des
communautés végétales et a sa composition en espéces. Les variations de conditions
microenvironnementales entrainent des changements dans le développement et la
composition des communautés végétales, modifiant les services écosystémiques
offerts.

1.4. Caractériser les communautés végétales des toitures vertes

L’étude des compositions et de la dynamique des communautés végétales peut se
faire au travers de deux approches complémentaires.

1.4.1. L’approche taxonomique

L’approche taxonomique étudie des espéces individuellement au niveau
taxonomique. Cette approche permet de se référer directement a un assemblage et a
une composition d’espéces cibles (Duckworth, Kent, and Ramsay 2000). L’approche
taxonomique ne permet en revanche pas de détecter les différences de patron
écologique fonctionnel et les résultats obtenus a partir d’une liste d’espéces dans un
contexte précis ne peuvent pas €tre généralisés a d’autres contextes et a d’autres
espéces (Keddy 1992; Kérner 1994; Woodward and Cramer 1996).
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L’étude taxonomique des especes, de leur développement et de leur dynamique
spatiale et temporelle peut se faire grace aux groupes écologiques basés sur leur niche
écologique. La niche écologique d’une espéce peut se définir comme 1’ensemble des
conditions abiotiques (température, humidité, précipitations...) et biotiques (présence
de nourriture, de prédateurs, d’abris...) au sein desquelles cette espéce peut exister et
se reproduire (Pocheville 2011). Cette définition et cette notion sont discutées et
subissent certaines controverses qui ne font pas 1’objet de cette thése et que nous ne
détaillerons pas ici.

Les groupes écologiques retenus dans cette thése concernent les especes de pelouses
seches. Ces groupes se distinguent suivant la profondeur du substrat. Les especes
xérophiles se développent seulement sur les sols superficiels (généralement <5cm)
tandis que les espéces mésophiles sont retrouvées sur des sols plus profonds
(généralement jusqu’a 20cm). Les espéces mésoxérophiles se développent dans les
deux situations de profondeur de sol (Piqueray et al. 2007). Ces différents groupes
écologiques d’espéces de pelouse séche peuvent répondre différemment aux
variations de conditions microenvironnementales.

1.4.2. L>approche fonctionnelle

Les traits fonctionnels

L’approche taxonomique développée précédemment, se limite a la description
taxonomique des communautés végétales et de leurs groupes écologiques. Cette
approche ne permet donc pas de généraliser les observations a d’autres espéces et a
d’autres conditions. Les processus sous-jacents qui structurent et influencent la
dynamique des communautés végétales ne peuvent pas étre mis en évidence (Keddy
1992; J. Lonnqvist et al. 2021; Peters 1991).

L’approche fonctionnelle compléte cette approche taxonomique par 1’étude des
traits et des formes de vie des communautés végétales. Cette approche permet de
comprendre les processus écologiques qui structurent les communautés végétales, leur
dynamique et leur succession (Duckworth, Kent, and Ramsay 2000) pour ensuite les
appliquer a plus large échelle (Halloy 1990). Les résultats observés sur une liste
restreinte d’espéces pourront étre généralisés a une plus large gamme d’espéces
(Keddy 1992). Grace a I’étude des traits fonctionnels, il est possible de déméler les
relations entre les conditions du milieu et le succeés des communautés végétales.

Violle et al. (2007) définissent les traits fonctionnels comme « les caractéristiques
morpho-physio-phénologiques (morphologiques, physiologiques ou phénologiques)
qui influencent indirectement le fitness de 1’individu par leurs effets sur la croissance,
la reproduction et la survie ; les trois composantes de la performance individuelle. ».

Les traits fonctionnels quand ils interagissent avec leur environnement peuvent étre
catégorisés en "traits réponse™ ou "trait effet".

Les traits réponse sont I’ensemble des traits qui varient en réponse aux changements
de conditions environnementales (Keddy 1992; Violle et al. 2007).

Les traits effet sont ’ensemble des traits qui influencent les processus et le
fonctionnement de 1’écosystéme et ses propriétés (Diaz and Cabido 2001; Lavorel et
al. 1997; Violle et al. 2007).
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Dans le cadre de cette these, les traits fonctionnels individuels étudiés sont des traits
effets, ils seront abordés dans la deuxiéme partie de cette thése. Cette partie se
concentre sur l'étude des traits individuels afin de comprendre leur impact sur le
service de régulation de I'eau, plus particuliérement sur le ruissellement de I'eau des
toitures vertes extensives.

Les traits fonctionnels peuvent étre mesurés a 1’échelle de 1’individu ou de la
communauté végétale. A 1’échelle de la communauté végétale, les traits fonctionnels
peuvent étre calculés grace a la diversité fonctionnelle qui tient compte de I’abondance
des espéces. Ainsi, I’effet de dominance, observable au niveau d’une communauté
végétale par rapport aux espéces individuelles, est pris en considération (Laliberté,
Legendre, and Shipley 2014). Cette approche n’est pas prise en compte par la suite
dans cette theése ; seuls les traits individuels des espéces seront considérés.

Les traits fonctionnels peuvent étre étudiés individuellement ou regroupés en
stratégies (Guo et al. 2021). Les traits fonctionnels regroupés en stratégies sont étudiés
dans la premiere partie de cette thése sous forme de traits réponses face a la dynamique
des communautés végétales des toitures vertes extensives au cours du temps ou selon
les conditions microenvironnementales.

Les stratégies CSR de Grime

Les stratégies étudiées dans cette these sont les stratégies CSR développées par
Grime (1977). Ces stratégies regroupent les especes selon leur réaction face aux
conditions environnementales. Chaque espéce est caractérisée par sa stratégie C, S ou
R qui est une forme de réponse face aux conditions environnementales (Grime 1977).
Ces stratégies sont de 1’ordre de la compétition (C), de la résistance au stress (S) ou
de la résistance a la perturbation (D). Cette derniére stratégie concerne les espéces
rudérales (R). Cette classification CSR compléte le modele r/K qui ne différencie que
les stratégies extrémes. Cette classification permet la détermination de patrons
fonctionnels ainsi que la quantification de la variation des stratégies fonctionnelles
dans les communautés végétales (Caccianiga et al. 2006; Diaz, Acosta, and Cabido
1992; Keddy 1992).

Ces trois stratégies découlent du conditionnement des performances des espéces
selon deux facteurs environnementaux : l’intensité du stress et I’intensité de la
perturbation (Grime 1974). Le stress regroupe les facteurs des conditions du milieu
qui limitent la croissance végetale, par exemple un manque de lumiére, une
sécheresse, des températures extrémes ou une faible concentration en minéraux
(Hodgson et al. 1999). Les perturbations englobent les destructions de biomasse
causées par I’herbivorie, le labour, le piétinement, la fauche ou des événements
climatiques extrémes (vent, incendies, érosion du sol) (Hodgson et al. 1999). Ces deux
facteurs de stress et de perturbations (surtout pour les événements climatiques
extrémes) sont des caractéristiques de I’environnement des toitures vertes extensives
(Nagase and Dunnett 2010).

La combinaison de l'intensité de ces deux facteurs environnementaux joue un réle
déterminant dans la stratégie adoptée par les plantes. Les différentes stratégies
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développées selon lI'amplitude des facteurs environnementaux sont reprises dans la
Figure 1-8. En cas de stress, de conditions de milieux peu favorables, et de
perturbation faible, les espéces développeront une stratégie de compétition (C). Si la
perturbation est faible mais que l'intensité du stress augmente, les conditions du milieu
deviennent peu favorables, la végétation adoptera une stratégie tolérante au stress (S).
A T’inverse, lorsque le stress est faible, les conditions du milieu sont favorables, mais
que la perturbation est élevée, les plantes rudérales (R) deviendront dominantes.
Enfin, lorsque le stress et les perturbations sont tous deux importants, I'environnement
devient non viable (Hodgson et al. 1999). Les toitures vertes extensives sont des
milieux avec des conditions peu favorables et de faibles perturbations, conditions qui
favorisent le développement d’espéces de stratégie S.
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Figure 1-8 : Ordination des stratégies dans le modéle « CSR » de Grime (1977).
Représentation dérivée de Loehle (1988)

Ces trois stratégies se distinguent par le mode d'investissement en ressources de la
plante. Les espéces compétitrices (C) allouent leurs ressources & la croissance
continue de leurs tissus, afin d'atteindre rapidement une taille suffisamment grande
pour ne pas étre dominées par les autres individus et maintenir un acces aux
ressources. Les espéces tolérantes au stress (S), quant & elles, répartissent leurs
ressources dans des organes de réserve ou dans la réparation de leurs tissus. Leurs
organes sont souvent de petite taille, persistants ou grandissent lentement tout au long
de leur durée de vie. Enfin, les espéces rudérales (R) investissent une grande partie de
leurs ressources dans la production de propagules, ce qui leur permet de régénérer
rapidement la population face aux perturbations et aux destructions récurrentes pour
renouveler rapidement la population (Hodgson et al. 1999). Pour déterminer & quelle
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stratégie une plante appartient, il est possible d'étudier plusieurs traits fonctionnels
tels que le mode de dispersion, la masse des graines, la SLA, le taux de croissance, la
durée de vie, etc. (Weiher et al. 1999; Pierce et al. 2017).

Le modele des stratégies CSR est présenté sous la forme d'un diagramme
triangulaire (Figure 1-9) (Grime 1977). Les trois axes IS, IC et ID représentent
respectivement le stress, la compétition et la perturbation. Aux extrémités de chaque
axe se trouvent les trois stratégies principales : la stratégie compétitive (C), la stratégie
tolérante au stress (S) et la stratégie rudérale (R). Les stratégies intermédiaires existent
également pour chaque combinaison de facteurs (Grime 1977). Ainsi, toutes les
especes trouvent leur place sur le graphique, avec des coordonnées qui les
positionnent et qui reflétent I'importance de leur stratégie compétitive, tolérante au
stress ou rudérale (Hodgson et al. 1999).

S)
QO
o
Is (%)

Figure 1-9 : Diagramme triangulaire des trois stratégies primaires CSR et des stratégies
secondaires, selon I'intensité du stress (IS), de la compétition (IC) et de la perturbation (ID)
(Grime 1977)

L'étude des stratégies permet de comprendre I'état de développement d'un milieu.
Les deux facteurs environnementaux déterminants, a savoir le stress et les
perturbations, évoluent au fil du temps, favorisant le développement de certaines
espéces appartenant a des stratégies spécifiques.

Dans le cas d'une succession primaire, I'écosystéme se caractérise par un niveau de
stress éleveé et un faible niveau de perturbation. Les premiers stades de développement
de la végétation sont dominés par des especes tolérantes au stress (S). Au fil du temps,
le niveau de stress tend a diminuer et les espéces compétitives (C) deviennent de plus
en plus présentes dans la communauté (Grime 1988).
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Les études portant sur le développement des stratégies CSR dans les communautés
végétales des toitures vertes extensives soulignent la dominance de la stratégie
tolérante au stress (S) (Catalano et al. 2016; Thuring and Dunnett 2019; Van Mechelen
et al. 2014). L'évolution des stratégies CSR au sein des communautés végétales d'une
toiture verte au fil du temps et en fonction des conditions microenvironnementales est
discutée et peu étudiée.

L'utilisation des traits et des stratégies CSR permet d'affiner la sélection des espéces
(Van Mechelen et al. 2014; Yee et al. 2022), compléte I'hypothése de I'habitat
analogue (J. T. Lundholm and Walker 2018) et permet d’optimiser les services
écosystémiques rendus (Farrell et al. 2022).

1.5. Caractériser I’écoulement de ’eau des toitures vertes

Le service de régulation et I’écoulement de 1’eau peut s’étudier par deux parametres
: la détention et la rétention d’eau.

La détention de 1’eau est définie comme le ralentissement de la dynamique
d’écoulement de I’eau a travers un systéme (Stovin et al. 2015; Villarreal 2007). Elle
peut se mesurer comme le délai entre le pic d’écoulement et le pic de I’intensité des
précipitations et par le taux d’atténuation entre ces deux pics.

La rétention de ’eau correspond a la quantité d’eau qui reste dans le systéme, qui
ne s’écoule pas et qui sera évapotranspirée (Czemiel Berndtsson 2010; Stovin et al.
2015). Elle se calcule comme la différence entre la quantité d’eau écoulée et la
quantité d’eau précipitee.

Dans cette thése, seuls la rétention en eau et ’écoulement Seront étudiés.
L’écoulement de 1’eau correspond a I’eau qui ressort du systéme de toiture verte apres
avoir ruisselée au travers de la végétation et du substrat. Dans les chapitres suivants
en anglais, cette notion est traduite par « runoff ».

La quantité d’eau écoulée, et donc la capacité des toitures a retenir 1’eau, dépend de
nombreux facteurs (Figure 1-10).

L’interception de 1’eau par la végétation influence la quantité d’eau qui atteindra le
substrat. La végétation en place modifie également la capacité d’évapotranspiration
en modifiant le stock d’eau dans le sol (Kasmin, Stovin, and Hathway 2010;
Lundholm et al. 2010; Voyde, Fassman, and Simcock 2010).

L’influence de la végétation sur D’interception ou sur la capacité
d’évapotranspiration dépend de ces traits fonctionnels. Lundholm et al. (2010) ont
démontré que la biomasse aérienne influencait le taux d'évapotranspiration, et donc la
rétention d'eau. D'autres traits fonctionnels tels que la hauteur, le diamétre, la taille
des racines et la biomasse influencent également 1’écoulement de I'eau au travers des
toitures vertes extensives (Nagase and Dunnett 2012). La hauteur de végétation
(Lundholm, Tran, and Gebert 2015), le couvert (Belmonte Serrato and Romero Diaz
1998) et la biomasse aérienne (Domingo et al. 1998) modifient I'interception et donc
la quantité d'eau qui atteint le substrat en créant une barriére physique face aux
précipitations (Clark 1940; Nagase and Dunnett 2012).
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Certains traits liés aux caractéristiques foliaires tels que la surface foliaire spécifique
(SLA), la surface foliaire et la pilosité, ainsi que la biomasse aérienne, influencent
plutét la transpiration des plantes et donc le taux d'évapotranspiration, ce qui modifie
la capacité de stockage de I'eau dans le substrat (Baldocchi et al. 1983; Geller and
Smith 1982; Lundholm et al. 2010; Smith and Geller 1980; Taiz et al. 2014; Volder
and Dvorak 2014; Wright et al. 1993). Enfin, I'écoulement est également influencé
par les traits racinaires, qui peuvent créer des voies d'écoulement d'eau préférentielles
(Nagase and Dunnett 2012; Zhang et al. 2018).

Transpiration par la

vegetation

Evaporation venant du
substrat

sare — B ¢

Couches filtrante, S uissellement
isolation, drainage, vers les égouts

etc.

Precipitation

Interception

Traits de la
végétation

Figure 1-10 : Flux d’eau d’une toiture verte

De plus, le type de substrat, sa texture et sa composition influencent la capacité de
stock de I’eau et donc la capacité de rétention du systéme de toiture verte (Stovin et
al. 2015). D’autres paramétres qui ne sont pas liés a la conception de la toiture, qui
varient au cours du temps et qui dépendent des conditions météorologiques, tels que
I’intensité de la précipitation, le délai depuis la derniere pluie ou encore la température
de I’air, modifient la quantité d’eau retenue dans le systéme de toiture verte (Czemiel
Berndtsson 2010; MacMillan 2004).

L’étude de I’écoulement de 1’eau des toitures vertes extensives doit donc tenir
compte d’un certain nombre de facteurs tels que le substrat et la végétation ainsi que
I’interaction entre eux. Trés peu de démarches expérimentales étudient cette
interaction dans le cadre des toitures vertes extensives (Zhang et al. 2018).
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2. Objectifs et stratégie scientifique

L’objectif principal de cette theése est d’optimiser les services de support a la
biodiversité et de régulation de I’eau des toitures vertes extensives au travers la
diversification des communautés végétales et la sélection d’espéces natives. Cet
objectif s’articule en deux parties principales (Figure 1-11) :

1. Lapremiére partie de cette thése a pour objectif d’étudier le support a la diversité
floristique grace au concept d’habitat analogue. Les toitures vertes extensives
présentant des conditions abiotiques semblables aux pelouses seches, peuvent-
elles étre des habitats analogues a ces milieux et abriter leurs especes
caractéristiques ? Quelle est la dynamique des communautés végétales de ces
espéces au cours du temps d’un point de vue taxonomique et fonctionnel ? Quelle
est I'influence des conditions microenvironnementales retrouvées sur le toit ?
Est-ce que 1’étude de la composition fonctionnelle des communautés végétales
peut permettre d’étendre I’analogie a d’autres milieux pour diversifier le choix
des especes adaptées aux toitures vertes extensives ?

Dans le chapitre 2, nous nous concentrons sur 1’étude d’une toiture verte extensive
en situation réelle. Cette toiture est semée d’espéces de pelouses séches et est
caractérisée par deux profondeurs de substrat et un gradient d’ensoleillement. Durant
3 ans, I’évolution des communautés végétales a été suivie dans des quadrats
permanents répartis le long de ces variations de conditions. La dynamique d’évolution
de la composition taxonomique et fonctionnelle des communautés végétales a été
étudiée au cours du temps et selon les conditions de profondeur et d’ensoleillement.

Le chapitre 3 étudie la banque de graines de cette toiture verte apres 4 ans et met en
relation sa composition taxonomique avec la composition du couvert de la végétation.
L’importance de la présence des especes spontanées dans la dynamique de I’évolution
de la végétation a pu étre étudiée.

Le chapitre 4 étend I’hypothése de 1’habitat analogue a d’autres habitats naturels tels
que les friches urbaines et les pelouses mésophiles par I'utilisation des stratégies CSR
pour la sélection des especes. Cette étude se déroule grace a une expérience en mini
toitures vertes expérimentales semées d’espéces de stratégie C, S, R et CSR. Deux
profondeurs de substrat et I’apport ou non de fertilisation sont étudiés pour caractériser
I’influence de ces deux paramétres abiotiques sur la composition des communautés
végétales et leurs stratégies se développant I’année du semi et aprés 4 ans. Ces
résultats affinent la sélection des espéces et de leurs habitats d’origine dans I’analogie
des habitats pouvant se développer sur une toiture verte extensive.
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2. La premiere partie a permis de déterminer quelles espéces et quels habitats
pouvaient étre mis en place sur une toiture verte extensive ainsi que leur
dynamique. L’effet des toitures vertes extensives diversifices et des traits
fonctionnels de la végétation sur le service de régulation de 1’eau est encore peu
étudié. L’objectif de cette deuxiéme partie est d’étudier I’effet des traits
fonctionnels de la communauté végétale sur 1’écoulement de 1’eau. De maniére
générale, quel est I’effet de la présence de toiture verte et de végétation sur
I’écoulement de I’eau de pluie ? Quels sont les traits fonctionnels de la végétation
qui interviennent le plus dans cette régulation de 1’écoulement ? Est-ce que ces
interactions entre les traits de la végétation et I’écoulement de I’ecau sont
interdépendantes du type de substrat sur lequel se développe la végétation ? Ces
interactions sont-elles dépendantes de I’intensité des précipitations ?

Le chapitre 5 étudie, au travers d’une expérience en mini toitures vertes extensives,
I’influence des traits fonctionnels d’especes individuelles sur I’écoulement de 1’eau
de deux compositions de substrats différents sous des précipitations naturelles. Les
paramétres météorologiques (précipitations et températures) ainsi que I’humidité du
substrat ont été mesurés afin de quantifier également leurs influences sur I’écoulement
de I’cau.

Le chapitre 6 se concentre sur 1’étude de I’influence des traits fonctionnels (type de
racine, biomasse aérienne, hauteur de végétation et couvert) de communautés
végétales sur 1’écoulement de I’eau sous différentes intensités et durées de
précipitations au travers d’une expérience en mini toitures vertes extensives en serre.
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Ces deux parties s’étudient au travers de deux systémes de toitures vertes : en
situation réelle ou en mésocosmes. Ces systémes s’inscrivent dans une démarche
expérimentale et permettent de contrbler certaines conditions afin d’étudier finement
le fonctionnement des toitures vertes. L’étude de toitures vertes existantes en situation
réelle exclusivement ne permet pas d’étudier un ensemble de facteurs et de mesures
telles que 1’écoulement de 1’eau.

La toiture verte en situation réelle est installée & Gembloux dans une zone urbaine
végétalisée, sur le toit du batiment TERRA, centre de recherche de Gembloux Agro-
Bio Tech. Cette toiture verte de 234m2 a été mise en place en octobre 2017. Neuf
parcelles de 14 a 57m2 sont caractérisées par deux profondeurs de substrats de 6 et 12
cm et différents niveaux d’ensoleillement causés par les murs entourant les parcelles
de la toiture (Figure 1-12).
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Figure 1-12 : A) Parcelles de la toiture verte extensive, leur modalité de profondeur de
substrat (D1 : 6cm — D2 : 12cm) et d’ensoleillement (S1 : faible — S2 : moyen — S3 : élevé).
B) Photos de la toiture (2021)
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Les mésocosmes sont des dispositifs expérimentaux qui permettent d’étudier en
situation controlée I’effet de différents paramétres. Ces systemes sont utilisés pour
constituer des mini toitures vertes en reproduisant des conditions similaires aux
toitures vertes extensives en situation réelle telles qu’une profondeur de substrat
identique, le méme type de substrat et des communautés végétales équivalentes. Ces
plus petits systémes permettent de faire varier des paramétres plus localement et
d’étudier leurs effets et leurs dynamiques plus finement. Dans cette thése, trois
systemes de meésocosmes sont étudiés (chapitre 4, 5 et 6) (Figure 1-13). Les
mésocosmes de 0.8m2 et 1m2, du chapitre 4 et 5 respectivement, sont installés dehors
et sont soumis aux conditions météorologiques naturelles. Ceux du chapitre 6 de
0.24m2 sont disposés en serre afin de contréler les quantités de précipitations recues.

L’ensemble des dispositifs expérimentaux est constitué des mémes couches
caractéristiques des toitures vertes. Le substrat utilisé est identique dans les chapitres
2 et 4 et également utilisé dans le chapitre 5. 11 s’agit du substrat léger pour toiture
verte extensive de Zinco®. Dans le chapitre 5 ainsi que dans le chapitre 6, un autre
substrat est étudié. Ce substrat a été réalisé par nos soins a partir de matériaux recyclés,
de briques et de céramiques broyées Tradecowall® et mélangées a du sable et de la
matiere organique. Tous les dispositifs expérimentaux disposent cependant de la
méme couche de drainage Fixodrain® XD 20 Zinco® qui peut stocker jusque 3L/m? et
évacue 0.52L/(s.m) sur une pente de 2%.

Figure 1-13 : Différents mésocosmes utilisés dans les chapitres 4 (A), 5 (B) et 6 (C)
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The content of this chapter has been adapted from the paper published in the
Journal of Living Architecture (2022)

Riviére Lucie, Anna Delruelle, Julie Reniers, Sylvain Boisson, Grégory Mahy

1. Abstract

Extensive green roofs (EXGR) present an opportunity to support urban native
biodiversity. However, most of existing EXGR in Europe support exotic stonecrop
with poor plant diversity. The abiotic conditions of the EXGR substrate are analogous
to those of native dry grassland (poor, shallow and highly drained soil), providing
opportunities for diversifying EXGR with native flora. This study characterized
vegetation and substrate dynamics of a sown native dry grassland community (29
species) on a 254 m2 EXGR in relation to microenvironmental conditions (substrate
depths: 6, 12 cm; maximum sun exposure: 3-6h, 6-9h, 9-12h). The plant community
taxonomic and functional compositions (%Competitive, %Stress tolerant, %Ruderal
Grime strategies) were measured over three years after which the substrate was
analyzed. The results indicated a strong effect of time since sowing on plant
community composition, associated to effects of environmental factors. The specific
richness and plant cover increased over time and were higher in plots with less
insolation and greater substrate depth. Plant community functional composition was
dominated by stress tolerant strategy but functional composition evolved through time
with an increase in competitive strategy. Most substrate characteristics -pH, N, P, K,
C/N and % silt- were significantly influenced by the plant cover after three years.
These results highlight the importance of temporal dynamics and microenvironmental
variations on plant community outcomes within EXGR.

Key words: Plant dynamics, native biodiversity, microenvironmental conditions,
functional ecology

2. Introduction

Green roofs are repeatedly reported as urban infrastructure solutions for supporting
local biotopes and providing habitat for native arthropods and birds populations
(Getter and Rowe 2006; Kowarik 2011; Madre et al. 2014). Specifically, extensive
green roofs (ExGRs) are targeted to increase biodiversity support in urban areas due
to their lower constraint on building as compared to intensive green roofs (Getter and
Rowe 2006). EXGRs could support native, local and even rare species (Kowarik
2011). However, developing biodiversity on EXGRs (substrate depth < 20 cm) is a
challenge, due to environmental constraints on plant growth (Olly et al. 2011). EXGRs
have shallow substrate depths and therefore limited space for plant root development
and water reserves, leading to increases in drought period and temperature fluctuations
(Oberndorfer et al. 2007). As a result, ExGRs are often monospecific (Gioannini et al.
2018), composed of generalist species (Thuring and Dunnett 2019) or frequently
planted with non-native species (Madre et al. 2014) at the time of installation.
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To promote native biodiversity, EXGRs should be considered analogous to natural
habitats (J. T. Lundholm 2006). Analogous habitats are anthropogenic ecosystems
able to support indigenous biodiversity due to their structural or functional
resemblance to natural ecosystems, habitats, or microsites that may be present in the
region, but not part of the historic ecosystem on a particular site (J. T. Lundholm
2006). Harsh environmental constraints of EXGR are similar to those encountered on
species rich dry grasslands and rocky environments in temperate Western Europe. In
temperate Europe, dry calcareous grasslands are one of the most species-rich
ecosystems both botanically and entomologically (Pigueray et al. 2007). They are
characterized by high solar radiation, low soil depth (< 20 cm) and high variability in
soil water retention capacity, representing a strong analogy with extensive green roofs.
Developing extensive green roofs with dry calcareous grassland vegetation provides
an opportunity to enhance regional biodiversity (J. T. Lundholm and Richardson
2010).

ExGRs are also characterized by local microenvironmental variation impacting the
composition and dynamic of plant community (Heim and Lundholm 2014a; Roulston,
Heim, and Lundholm 2020; Bradbury 2021). Abiotic factors modifying the
microenvironmental conditions of the roof and the dynamic of plant community
include depth of the substrate (Brown and Lundholm 2015; Dunnett et al. 2008),
microclimatic conditions due to sun exposure (Piana and Carlisle 2014; van der Kolk
et al. 2020), building height (S. L. Walker 2011), wind speed (Lu et al. 2014), and
internal  building temperature (Lundholm, Weddle, and Maclvor 2014).
Microenvironmental conditions can also be altered by biotic factors such as increased
cover of vascular plants and mosses that affect substrate water retention and substrate
chemical properties (Anderson, Lambrinos, and Schroll 2010; Chenot et al. 2017,
McCallum et al. 2018). EXGR plant community is also marked by changes in plant
composition over time as EXGRs relate to primary ecological succession conditions
(Brown and Lundholm 2015). Understanding variations of EXGR plant community in
relation to successional processes and environmental conditions is needed to
understand EXGR as habitat analogs.

Plant assemblages are traditionally studied at the species taxonomic level, which
allows for direct reference to a target species assemblage (Duckworth, Kent, and
Ramsay 2000). Using predictions based on the taxonomic level alone may not allow
the detection of differences in functional ecological patterns and the results obtained
from a list of species in a given context cannot be extended to all contexts (Keddy
1992; Korner 1994; Woodward and Cramer 1996). Alternatively, ecological or
functional approaches help to identify functional patterns and ecological functions
independently of the studied pool of species (Keddy 1992; Kdrner 1994; Woodward
and Cramer 1996). Firstly, plant species can be classified into ecological groups based
on their ecological niche. In dry grasslands, xerophilic species thrive in shallow soils
(generally < 5cm), mesophilic species grow on deeper soils (generally up to 20 cm),
and mesoxerophilic species thrive in both (Piqueray et al. 2007). Different ecological
groups of species could react differently to microenvironmental conditions. Secondly,
Grime’s competitor, stress tolerant and ruderal plant strategies (CSR) classification
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scheme allows for determination of functional patterns and quantification of variation
in plant community functional strategies (Diaz, Acosta, and Cabido 1992; Keddy
1992; Caccianiga et al. 2006). The C (competitive), S (stress tolerance) and R (ruderal)
strategies of plant species are selected according to disturbances and environmental
stress gradients (Grime 1974), two characteristics of the extensive green roof
environment (Nagase and Dunnett 2010).

This study aims to disentangle the colonization dynamic of a plant community
analogous to a dry calcareous grassland by taking into account microenvironmental
variation at the scale of an extensive green roof. We address three questions: (1) Can
ExXGRs support native species selected based on the analogous habitat hypothesis? (2)
Is the taxonomic, ecological group or functional composition of the vegetation
influenced by the microenvironmental conditions of a green roof? (3) Are substrate
characteristics influenced by microenvironmental conditions and vegetation evolution
through time?

3. Materials and methods
3.1. Study site and experimental design

The experiment was conducted outdoors at ambient climate conditions over three
growing seasons (2018 to 2020) on the roof of the TERRA Research Centre of
Gembloux Agro-Bio-Tech, Belgium (50°33°48” N 4°41°52” E). The climate in the
region is classified as a temperate oceanic climate (Cfb) according to Kdppen climate
classification (Service fédéral belge 2019). The springs of 2018 and 2020 were
characterized by a warmer and drier climate compared to the average climatic
variables of the reference period (1981-2010) (IRM).

The ExGR was installed in October 2017 with a commercial substrate for EXGR:
lightweight substrate for extensive green roof composed of a mixture of recycled tiles,
bricks and ceramic (Zinco®©). The roof included nine EXGR parcels varying from 14
m?2 to 57 m? (Figure 2-1). Parcels were characterized by two substrate depths (6 cm
and 12 cm) and were oriented East-West. The roof was surrounded by walls on three
of its sides (North, East and South), creating differences in sun exposure among
parcels. In addition, skylights installed between parcels created an additional fine-
scale gradient of shading. Maximum sun exposure during a summer day was modeled
with Sketchup Pro toolbox 'De Luminae Sun Exposure' over the GR parcels. Three
classes of sun exposure were defined: low (3 to 6h), Medium (6 to 9h), and High (9h
to 12h). The two parameters of depth and sun exposure were noted: D1 (6 cm depth),
D2 (12 cm depth), S1 (low sun exposure), S2 (medium sun exposure) and S3 (high
sun exposure).
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Figure 2-1 : Sun exposure and substrate depth modalities of the plots within the extensive
plots of the TERRA building (Gembloux, Belgium). D1: shallow depth 6 cm - D2: deep
depth 11 cm - S1: low sun exposure - S2: medium sun exposure - S3: high sun exposure

A set of 28 species typical of dry calcareous grasslands were selected according to
their occurrence along the soil depth gradient in Belgian dry grasslands (Piqueray et
al. 2007): 7 xerophilic species (shallow soils <5cm), 12 mesophilic species (deepest
soils: 5-20 cm), 9 mesoxerophilic species (both conditions) (Table 2-1). Among
xerophilic species, three native Belgian Sedum species were chosen because Sedum
are succulent plants typical of extensive green roofs. The species were sown on 10th
November 2017 evenly across the parcels with 830 seeds/species/m?2 for grass species
and 110 seeds/species/m? for other species. No overseeding, watering, nutrients inputs
or mowing were applied on parcels during the study period.

3.2. Data Collection

A total of 36 permanent 1m? plots were identified on the 9 parcels representing the
variation of substrate depth (D1, D2) and sun exposure (S1, S2, S3) (Figure 2-1).
Plant species cover was measured in permanent plots in June 2018, 2019 and 2020
(peak of vegetative development) using the point-intercept method with 100 pins on
one square meter (Barbour and Burk 1987). As bryophyte may play a role in plant
species establishment and substrate properties, in June 2020, we recorded the
development of volunteer bryophyte cover with the same method.
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We collected a composite sample of substrate in each plot in June 2020, after plant
removal. A sample of the original substrate was also analyzed. Substrate samples were
sieved to 2mm to remove the remaining roots. The texture was analyzed to estimate
the percentage of sand, silt and clay. The pH was measured in 1M KCI with a glass
electrode (substrate:solution volume ratio 2:5) after 2h equilibration time (NF 1SO
10390). We determined the total amount of organic carbon (%C) using the Springer-
Klee method (Springer and Klee 1954). The Dumas method was used to estimate the
total amount of nitrogen (%N) (NF ISO 13878) (Nelson and Sommers 1983). The
division of the amount of organic carbon by the amount of nitrogen defines the C/N
ratio (C/N). We estimated the P and K content (mg/100g) after an extraction with 1 N
of CH3COONHEDTA (pH 4.65) for 30 min (substrate:solution ratio 1:5) (Lakanen
and Ervio 1971) and a quantification by atomic absorption spectrophotometry
(PinAAcle 900 F instrument).

3.3. Data Analyses

All data analyses were performed in R 4.0.2 (R Core Team 2022).

To compare ecological groups proportions at the roof scale between 2018 and 2020,
we used the McNemar Chi? test (“mcnemar.test”, stats (R Core Team 2022)).

To order the taxonomic plant composition variation in relation to
microenvironmental conditions (D1, D2 and S1, S2, S3) and over years (2018, 2019,
2020) a global Principal Coordinate Analysis (PCoA) (“cmdscale”, stats) was
performed on all plots over the three years of surveys. A PERMANOVA analysis
(“adonis2”, vegan (R Core Team 2022)) allowed us to determine which factors
significantly influenced the separation of plant community. A Pearson correlation was
calculated for each species (“cor”, stats) to identify species that correlated most with
the axes of the PCoA.

The percentage of each CSR strategy of observed species was taken from the
Hodgson's Databases (1999), except for Dianthus carthusianorum L. and Bromus
erectus Huds. missing from the database for which data were extracted from
Kingsbury (2008) and Pierce et al. (2013), respectively. Mean cover weighted C, S, R
percentages for plant community were calculated from percent cover data for all the
species in each plot, using the spreadsheet-based tools from Hunt et al. (2004). Mean
community C, S, R percentages were compared using a linear mixed model analysis
with repeated measures to determine the effects of year, substrate depth and sun
exposure with plot as a random factor. We used the Imer function (Ime4 (Bates et al.
2020)) and the Anova function (car (Fox et al. 2020). Tukey post-hoc tests were
performed when necessary (“emmeans”, emmeans (Lenth 2020)). For 2020, the mean
strategies of seeded and spontaneous species were compared.
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The mean values of the 2020 substrate parameters were compared to the 2017
substrate parameters (original substrate) value using a one-sample t-test (“t.test”,
stats). To explore correlations among substrate parameters in year 3 (2020), we
performed a correlation matrix (“cor”, stats) of substrate parameters from plots in
2020: P (mg/100g), K (mg/100g), C (9/Kg), N (%), C/N, pH, clay (%), silt (%) and
sand (%). We used a Pearson correlation threshold of 0.7 to determine the collinearity
between the substrate parameters. Mean values of uncorrelated parameters were
compared with a one-way ANOVA among plots with different sun exposures: P
(mg/100g), K (mg/100g), N (9/Kg), C/N, pH, clay (%) and silt (%). We examined the
influence of total plant cover after 3 years on substrate parameters with linear
regressions (“lm”, car).

4. Results
4.1. Floristic variation of plant community

Over the entire roof, a total of 16, 22 and 24 species were observed in 2018, 2019,
2020, respectively. In 2018, 50% of seeded species were observed in the surveys. It
increased to 75% and 71% in 2019 and 2020 respectively. The average total cover of
vegetation changed from 25.5 + 19.3% (mean * sd) in 2018, to 81.1 + 50.3% in 2019,
and 35.4 + 35.6% in 2020. The number and relative cover of spontaneous species
increased over the three years: 2 species - mean relative cover 0.4 + 1.5 % in 2018, 4
species - mean cover 4.4 + 16.4% in 2020: Trifolium arvense L., Trifolium pratense
L., Sonchus oleraceus L. and Vicia sativa L.

The proportion of xerophilic species (number of xerophilic species / number of total
species) in the plant community significantly increased from 7.1% in 2018 to 30.0%
in 2020 (Chi? test, P < 0.001). The proportion of mesoxerophilic species was similar
among years (35.7%, 35.0%, respectively in 2018, 2020) (Chi2 test, P > 0.05). In
contrast, the proportion of mesophilic species significantly decreased from 57.1% in
2018 to 35.0% in 2020 (Chi? test, P < 0.001). The relative cover of xerophilic (total
cover of xerophilic species / total cover of plant community) and mesoxerophilic
species in the community increased with sun exposure for the two substrate depths
(D1 and D2) (Figure 2-2). The relative cover of mesophilic species was higher on D2
than on D1 for any sun exposure conditions. Conversely, the relative cover of
mesoxerophilic species was higher in D1 parcels for all sun exposure conditions.
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Figure 2-2 : Relative percentage of vegetation cover in 2020 by ecological groups
depending on microenvironmental conditions. D1: shallow depth 6 cm - D2: deep depth 11
cm - S1: low sun exposure - S2: medium sun exposure - S3: high sun exposure

In 2020, the average total plant cover varied from 11.9 + 10.1% in plots with shallow
substrate and high sun exposure (D1S3) to 103.0 + 57.4% in plots with deeper
substrate and low sun exposure (D2S1). Plant community differed according to
microenvironmental conditions (Table 2-1). In the least stressful conditions (D1S1
and D2S1) species richness and cover were higher for seeded species, spontaneous
species and bryophyte. Anthoxanthum odoratum L., Bromus erectus Huds., Echium
vulgare L., Papaver argemone L., Sedum acre L. and Sedum album L. were present
in all or almost all conditions and formed a common basis for the plant community on
the green roof.
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Table 2-1 : Average total plant cover and cover by species (%/m?) in 2020 according to
microenvironmental conditions D1: shallow depth 6 cm - D2: deep depth 11 cm - S1: low
sun exposure - S2: medium sun exposure - S3: high sun exposure. The number of plots per
treatment is indicated. The table is organized according to species cover.

Environmental condition D1S3 D1S2 D1S1 D2S3 D2S2 D2S1
Number of plots 11 2 7 9 3 4
11.9 32.5 414 257 49.0 103.0
Average total plant cover (%/m?) +101 +64  +316 +118 +87 +57.4
Observed seeded species (% cover/m?)
Anthoxanthum odoratum L. Mesophilic 0.7 9.5 13.6 2.1 170 615
Anthyllis vulneraria L. Mesophilic 0 0 0 7.3 120 16.0
Bromus erectus Huds. Mesoxerophilic 6.4 9.0 7.6 5.2 1.0 4.5
Sedum acre L. Xerophilic 1.7 4.5 0.6 3.0 0 3.5
Echium vulgare L. Xerophilic 0.5 0 0.4 3.2 4.7 3.0
Sedum album L. Xerophilic 2.1 4.0 0.43 2.3 0 0.5
Sedum rupestre L. Xerophilic 0 0 1.1 1.0 0 6.5
Briza media L. Mesophilic 0 0 1.6 0.9 1.3 4.5
Medicago lupulina L. Mesoxerophilic 0.1 4.5 0 0.2 1.3 0
Silene vulgaris (Moench) Garcke ~ Mesoxerophilic 0 0 0.7 0.1 2.0 0.7
Papaver argemone L. Mesoxerophilic 0.3 1.0 1.1 0.1 0 0.2
Dianthus carthusianorum L. Xerophilic 0 0 0 0 1.7 0
Daucus carota L. Mesophilic 0 0 0.4 0 0 0
Sanguisorba minor Scop. Mesoxerophilic 0 0 0 0 0.3 0
Scabiosa columbaria L. Mesoxerophilic 0 0 0.1 0 0 0
Verbascum sp. Xerophilic 0 0 0 0.1 0 0
Seeded species observed on the roof, not in the plots (% cover/m?)
Koeleria macrantha (Ledeb.) Schult Mesoxerophilic 0 0 0 0 0 0
Primula veris L. Mesophilic 0 0 0 0 0 0
Rhinanthus minor L. Mesophilic 0 0 0 0 0 0
Rumex acetosella L. Mesophilic 0 0 0 0 0 0
Non observed seeded species (% cover/m?)
Centaurea scabiosa L. Mesophilic 0 0 0 0 0 0
Hieracium pilosella L. Mesoxerophilic 0 0 0 0 0 0
Hypochaeris radicata L. Mesoxerophilic 0 0 0 0 0 0
Leucanthemum vulgare Lamk. Mesophilic 0 0 0 0 0 0
Lotus corniculatus L. Mesophilic 0 0 0 0 0 0
Poa pratensis L. Mesophilic 0 0 0 0 0 0
Thymus pulegioides L. Xerophilic 0 0 0 0 0 0
Tragopogon pratensis L. Mesophilic 0 0 0 0 0 0
Spontaneous species (% cover/m2)
Vicia sativa L. 0 0 13.7 0 0 0
Trifolium pratense L. 0 0 0 0 7.3 1.7
Sonchus oleraceus L. 0 0 0 0 0.3 0
Trifolium arvense L. 0 0 0 0 0 0.2
Bryophyte 19.9 80 76.4 14.7 87.3 985
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The first and second axes of PCoA (Figure 2-3) based on plot floristic composition
over three years explained 27.4% of global floristic variation (PCoAl = 15.0%,
PCoA2 = 12.4%). The PCoA showed an evolution of plant assemblages through years
with a strong difference between 2018 and 2019-2020. The effect of time since sowing
had a significant influence on vegetation composition (Permanova, P < 0.001, R? =
0.085) and was greater than the effect of substrate depth (P < 0.001, R2 = 0.032) and
sun exposure (P < 0.001, R? = 0.046) on plant assemblages. Species correlation with
PCoA axes indicated that interannual differences were due to the higher
presence/abundance of a set of species in year 2 and 3 after sowing than in year 1.
Anthyllis vulneraria L., Briza media L., B. erectus Huds, E. vulgare L. and Rumex
acetosella L. were more abundant in 2019 and 2020 than in 2018.
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Figure 2-3 : PCoA based on species composition of community A) Ordispiders are pooled
by year. Symbols represent sun exposure modalities (circle = S1: low sun exposure, triangle
= S2: medium sun exposure, and square = S3: high sun exposure) and substrate depth
modalities (white = D1: shallow depth 6 cm, black = D2: deep depth 11 cm). B) Correlation
circle of species (correlation > 0.35 in absolute value with one of the two axes of the PCoA).
Ant_odo: A. odoratum, Ant_vul: A. vulneraria, Bri_med: B. media, Bro_ere: B. erectus,
Ech_vul: E. vulgare, Koe_mac: K. macrantha, Med_lup: M. lupulina, Rum_ace: R.
acetosella

4.2. Functional variation of plant community

Interaction between substrate depth and sun exposure was not statistically
significant and neither factors had effect individually on the average values of the
C/S/R community strategies (Table 2-2). Plant community was globally dominated
by the stress tolerant strategy. The year significantly influenced the average value of
the competitive (C), the stress tolerant (S) and the ruderal (R) strategies (Figure 2-4).
The average C strategy value was significantly lower (P <0.001) in 2018 (0.14 + 0.03)
than the average C strategy values for 2019 (0.22 + 0.05) and 2020 (0.23 = 0.10). The
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average S strategy value was significantly higher (P <0.001) in 2018 (0.55 £ 0.10)
than the average S strategy values for 2019 (0.40 £+ 0.04) and 2020 (0.43 £ 0.15). The
average R strategy value was significantly higher (P=0.001) in 2019 (0.38 + 0.09)
than the average value for 2018 (0.31 £ 0.08) and 2020 (0.32 + 0.12).

In 2020, the spontaneous species presented a more ruderal strategy than the seeded
species of the plant community: seeded (0.15+ 0.13 C; 0.48 £ 0.27 S; 0.37 £ 0.22 R)
—spontaneous (0.21 £ 0.14 C; 0.14 £ 0.17 S; 0.64 £ 0.21 R).

Table 2-2 : Df and P-value for comparison of mean community C, S and R strategies in
relation to substrate depth, sun exposure, depth*exposure and year.

Depth Exposure | Depth*Exposure Year
Df P Df P Df P Df P
1 073 2 025 2 0.44 2 <0.001
1 090| 2 0.89 2 0.94 2 <0.001
1 041| 2 019 2 0.71 2 0.001
1.00 - 1.00 - 1.00 1
b a
0.75 1 0.75 1 @ 0.75 1
O 0.50 1 § ) 0.50 1 a o 0.50 1
: ? : ]
0.25 1 @ @ 0.25 1 0.25 - ‘
0.00 ! 0.00 A 0.00 1

2018 2019 2020
Year

2018 2019 2020
Year

2018 2019 2020
Year

Figure 2-4 : Violin-plot and associated box-and-whisker plot of mean plant community
strategies C, S and R from 2018 to 2020. Different letters indicate significant differences
among years.
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4.3. Substrate characteristics

In 2020, over all plots, the average P (mg/100g), K (mg/100g) and sand (%) of
substrate were significantly higher (P <0.001), while C (g/kg), N (%), C/N, pH, clay
(%) and silt (%) were significantly lower (P <0.001), as compared to the original
substrate (Table 2-3).

Table 2-3 : Comparisons of the substrate parameters between the values of the original
substrate and the values after 3 years of installation. The values shown for 2020 are the
means and standard deviations of the values for each plot. The Progress indicates whether the
parameter values increased (/) or decreased () after 3 years. P value for one-sample t test.

Substrate 5517 900 Progress pf P value
parameters t test

P(mg/l00g) 133 149+12 ,126%+87% 6  <0.001
K (mg/l00g) 530 875+11.0 /651%+207% 6  <0.001
C (g/Kg) 500 19.7+29 ~N605%+60% 6  <0.001
N (%) 018 01+001 ~444%+56% 6  <0.001
CIN 280 193%08 ~311%%29% 6  <0.001
oH 80 70+01 ~14%+14% 6  <0.001
Clay (%) 66  59+08 ~0.7%+08% 6  <0.001
Silt (%) 206 165+29 ~N41%+30% 6 <0001
sand (%) 727 77634 ,49%+34% 6  <0.001

C and N were positively correlated (Pearson correlation coefficient 0.96), while silt
and sand were negatively correlated (Pearson correlation coefficient -0.97) (Table
2-4). We retained N and silt for analysis. Table 2-5 shows the average values for each
uncorrelated substrate parameter over plots and statistical analysis of sun exposure
and total cover influence. Average value of N (P=0.009), P (P=0.01), K (P=0.007) and
silt (P=0.01) were significantly different among plots with different sun exposure,
with higher values in S3 plots. pH (P=0.01) increased with total plant cover over three
years, while N (P=0.02), P (P<0.001), K (P<0.001), C/N (P=0.001) and silt (P<0.001)
decreased.
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Table 2-4 : Correlation matrix and Pearson coefficient of substrate parameters in 2020.
Significant P values are indicated with *, ** or ***

K C N C/IN pH Clay Silt Sand
(mg/100g) (g/kg) (%) ) ) (%)
P 0,58 0,54 053 019 -01 -0,31 0,37 -0,25
(mg/lOOQ) *k*k *k*k *k*k *
K 0,35 0,31 0,26 -0,11 0,05 0,54 -0,49
(mg/lOOQ) * *k*k *%
C 0,96 0,35 -0,23 -0,12 0,49 -0,4
(g/kg) *k*k * *% *
N 0,07 -0,13 -0,08 0,44 -0,37
(%) ** *
C/N -0,34 -0,09 0,31 -0,25
*
pH 0,42 -0,08 -0,03
*
Clay 0,34 -0,56
(%) * *k*k
Silt -0,97
(%) *k*k

Table 2-5 : P-value, mean and standard deviation of uncorrelated substrate parameters
according to sun exposure modalities (S1: low sun exposure - S2: medium sun exposure - S3:
high sun exposure). Regressions between the sum of the cover over 3 years (cover) and
uncorrelated substrate parameters at plot scale (P and r2). Different letters indicate significant

differences.
Sun exposure Cover
S1 S2 S3 P r2 P Relation
pH 79+0.1 79+0.2 79101 0,86 [0.15 0.01 +
N (%) 0.09+0.02a 0.10£0.01 ab 0.11+£0.01 b 0,009 [0.13 0.02 -

P (mg/100g) [14.3+1.1 a 144+12 ab 155+10 b 0.01 |045 <0.001 -
K (mg/100g)|81.9 + 10.0a 80.1+139 a 92.4+84 b 0.007 [0.34 <0.001 -
CIN 194+08 19.0+06  193+09 0984 [0.27 0001 -
Clay (%) |62+07  59+0.7 58+1.0 045 [0.01 0.28

Silt (%) 148+27 a 149+20 ab 17.8+28 b 001 [0.26 <0.001 -
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5. Discussion

While it is appealing to develop green roofs supporting biodiversity, the analogous
habitat hypothesis has been seldom tested so far (J. T. Lundholm and Richardson
2010; Sutton et al. 2012). This study suggests that extensive green roofs can act as
analogous habitats for native flora of dry calcareous grasslands, habitats with high
biological value in Western Europe. However, native plant success and plant
community composition varied through time and depend on microenvironmental
conditions at the roof scale, with potential feedback on substrate properties.

Time since sowing had a significant influence on plant community composition and
was greater than the individual effect of substrate depth and sun exposure. Species
richness increased over three years, for both seeded and spontaneous species. This
increase in richness during the first year of installation on green roofs has been
observed in previous studies (Madre et al. 2014; Piana and Carlisle 2014; Thuring and
Dunnett 2019). Plant cover also increased with a peak in the second year following
seeding. Increase in total plant cover in the second year is mainly explained by the
strong development of grass species in all plots. Maximum average plant cover
observed in the second year was equivalent to Belgian mesophilic dry grasslands
(84.4%) (Piqueray et al. 2007). The decrease in plant cover in year three may be due
to the severe drought observed in April and May 2020 (IRM 2020), which likely
caused hydric stress for the plants and growth limitation.

After three years, 71% of native seeded grassland species established on the green
roof. Interannual differences in seeded species composition were due to the higher
presence/abundance of a set of species in year two and three after sowing: A.
vulneraria, B. media, B. erectus, E. vulgare and R. acetosella. The contribution of
spontaneous species to the plant community also grew over the three years, with an
increase in ruderal spontaneous species richness and the cover ratio of spontaneous
species to seeded species. Madre et al (2014) also observed the colonization of
extensive green roofs by spontaneous native species.

The plant community was globally dominated by the stress tolerant strategy which
is consistent with the dominant S strategy in dry grassland species (Ejrnas and Bruun
2000). The use of native S strategists in plant community on green roofs is consistent
with earlier studies that have found the same preponderance of the stress-tolerance
strategy in extensive green roof plant community (Van Mechelen et al. 2014; Catalano
et al. 2016; Thuring and Dunnett 2019). However, the functional composition of the
plant community also evolved over the study period with a decrease in the S strategy
component and an increase in the C strategy component. The increase in the
competitive strategy component in plant community is consistent with a primary
succession dynamic, with the plant community dominated by the stress-tolerance
strategy in initial stages and with competitive components becoming more important
with time (Grime 1988; Ecke and Rydin 1999; Brown and Lundholm 2015). While
the spontaneous species presented a more ruderal strategy than the sown species
community, consistent with other research (Thuring and Dunnett 2019), it had little
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effect on the ruderal component of plant community over the study period due to the
low cover of spontaneous species.

Besides the global temporal dynamic of plant assemblage, plant community
composition also differed among plots with different combinations of substrate depths
and sun exposure, reflecting increasing temperature and water stress. These
microenvironmental conditions likely induced a gradient of water stresses that led to
the development of different plant combinations, also observed by Li et al. (2020).
These combinations differed in their taxonomic composition, their plant cover and the
ecological groups of species. The plots with low depth (6 cm) and high sun exposure
were characterized by low plant cover (11%) whereas plots with deeper substrate had
high plant cover (103%) dominated by mesophilic grasses (A. odoratum: 61%, B.
media: 4%) and typical mesophilic species (A. vulneraria: 16%) limited to the deepest,
lowest exposed plots. The differentiation of plant combinations on the green roof was
analogous to differentiation of plant combinations in dry grassland with the
emergence of xerophilic community in the most stressful microenvironment and
typical mesophilic grassland in the less stressful microenvironment (Piqueray et al.
2007). Spontaneous species and moss cover were also structured according to the
microenvironmental conditions. The moss spontaneous colonization was lower in the
most exposed areas, suggesting that the roof’s water supply played a role in their
establishment. Few studies have been conducted to investigate the influence of green
roof micro-scale parameters on moss colonization (Studlar and Peck 2009). The
impact of moss canopy development has controversial effects on the development of
vascular plants. Mosses buffer extreme environmental conditions (Heim, Lundholm,
and Philip 2014), increase water retention of the substrate (Anderson, Lambrinos, and
Schroll 2010) and can facilitate seedling development and emergence (Schrdder and
Kiehl 2020) but can also form a dense layer that prevents seed germination (Drake et
al. 2018; Joel Lonngvist, Blecken, and Viklander 2021).

Not only plant communities evolved over time on the study EXGR but also substrate
properties. The developmental paradigms for natural ecosystems predict total nutrient
stocks either accreting or declining based on the status and trajectory of plant biomass
and whether the ecosystem develop along a primary (from bare soil) or a secondary
(from disturbed vegetation) succession. Previous studies that have examined time-
evolution of nutrient stocks on GR were mostly based on pre-planted green roof
corresponding to secondary succession situations. In these situations, it is
hypothesized that the nutrient content of the ecosystem would initially decline as a
result of mineralization and leaching of the organic material in the substrate but
contrasting patterns were found among studies and for the different nutrients stocks
(Buffam and Mitchell 2015; Mitchell, Emilsson, and Buffam 2021). Our green roof
ecosystem developed from a seeded bare soil, corresponding to a primary succession,
a situation rarely explored. As for other GR studies, at the scale of the GR, we
observed a variation of substrate nutrient stocks over time with mean increases in P
and K and mean decreases in C (Bouzouidja et al. 2018) and N. Besides this general
pattern, N, P, K substrate stocks after 4 years also decreased with increase in total
vegetation cover, resulting in higher substrate nutrient stock in plots with more
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constraining conditions (higher sunny exposition and lower vegetation cover). This
suggests different rate of evolution of nutrient stocks through time in relation to
environmental conditions. Disentangling the drivers for such a complex pattern is
difficult as we did not assess simultaneously nor nutrients stocks in vegetation nor
fluxes such as decomposition rates, leaching in runoff water, ... Those results call for
more detailed studies on nutrient dynamics on EXGR in order to understand the long
term evolution of those ecosystems and its implication for environmental services of
GR.
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Chapitre 3 The contribution of seedbank to the plant community dynamics

The content of this chapter has been adapted from the paper published in Frontiers
in Ecology and Evolution

Lucie Riviere, Alizé Sellier, Thierry Dutoit, Christel Vidaller, Elise Buisson and
Grégory Mahy

1. Abstract

Extensive green roofs have been shown to support native biodiversity and plant
communities that are analogous to natural or semi-natural habitats such as grasslands.
However, little is known about the role of soil seedbanks in the dynamic of extensive
green roof plant communities. The purpose of this study was to analyze the seedbank
that developed after four years of an extensive green roof analogue to dry grassland
plant community, seeded with 29 species. We aimed to understand the contribution of
seedbank to the resilience of vegetation to harsh conditions of the roof and to
colonization by surrounding spontaneous species. We monitored the plant species
cover in 36 plots during four years in June (between 2018 and 2021), and sampled the
seedbank in February 2021. Our results showed that the soil seedbank was dominated
by transient spontaneous ruderals species, while the standing vegetation was still
dominated by seeded grassland species. We found that seeded grassland species had
poor seedbank stock, similar to their natural environments. The similarity index
between the standing vegetation and the seedbank increased over time, and we
measured a significant correlation between dominant species cover and their seedbank
density. Spontaneous species cover was not correlated to the proportion of soil not
colonized by seeded species cover, indicating that gaps in vegetation did not influence
the development of spontaneous species. Our findings highlight the importance of
seedbank in the dynamic of green roof vegetation and demonstrate that analogous
habitat species exhibit similar behavior as in their natural environments.

Keywords: Plant dynamics, ruderal, spontaneous species, green infrastructure, seed
persistence, urban ecology, substrate depth, sun exposure.

2. Introduction

Extensive green roofs (EGR) are a type of urban ecosystem that offer a range of
ecosystem services (Kowarik 2011; Oberndorfer et al. 2007). One of the ecosystem
services provided by EGRs is the support of urban native biodiversity, through the
implementation of diversified native plant communities based on the analogous
habitat hypothesis (J. T. Lundholm and Richardson 2010; Riviére et al. 2022). The
analogous habitats hypothesis proposes that species which are adapted to similar
abiotic conditions in natural habitats can also be successful on green roofs (J. T.
Lundholm 2006) and can serve as a starting point for selecting species. Green roofs
provide solutions to develop urban grassland and herbaceous ecosystem networks in
cities (Sutton et al. 2012; Thuring and Grant 2015; Williams, Lundholm, and Scott
Maclvor 2014). However, harsh environmental conditions on extensive green roofs
(e.g. high level of solar radiation, shallow substrate, poor water retention capacity)
associated with future climate evolution can threaten the success of these native plant
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communities, and associated ecosystem services, when the functioning and dynamic
of EGR ecosystems are not well understood.

Green roof plant communities are dynamic. When initiated by seeding on bare
substrate, the EGR plant community is marked by changes in plant composition over
time as this situation relates to primary ecological succession conditions (Brown and
Lundholm 2015). The seeded plant community evolves through time in accordance to
seeded species response to environmental conditions at the roof scale: roof height,
slope, exposure, substrate depth and composition (Brown and Lundholm 2015; Madre
et al. 2014). EGR are also characterized by local microenvironmental variations
impacting the composition and dynamic of the plant community (Bradbury 2021;
Heim and Lundholm 2014a; Riviére et al. 2022; Roulston, Heim, and Lundholm
2020). In addition to the response of seeded species to environmental conditions, a
key driver of EGR plant community evolution is spontaneous plant colonization with
non-seeded plant species (Thuring and Dunnett 2019; Vanstockem, Somers, and
Hermy 2019). Weedy or unwanted species colonizing spontaneously EGR are
identified as a limit to EGR acceptance and maintenance (Vanstockem, Somers, and
Hermy 2019). Spontaneous colonization by plant species is often linked to presence
of bare soil or gaps in the vegetation cover due to the extreme abiotic growing
conditions on EGR (Kd&hler 2006; Sutton and Lambrinos 2015).

Soil seedbank is a key component of plant community dynamics (Thompson,
Bakker, and Bekker 1997; Vandvik et al. 2016). It influences the vegetation dynamic
in the short and long term (Basto et al. 2018). The seedbank can provide information
on species that may have formerly existed in the vegetation, species that represent the
pool for the vegetation succession, and, represents the source of regenerative potential
for the restoration of altered plant communities. Seedbanks on EGR (being
biodiversity reservoirs (Vandvik et al. 2016)) may be crucial as an insurance for
maintaining plant communities during periods of extreme conditions (e.g. extreme
drought or frost) and can potentially offer a basis for restoration for vegetation gaps.
Despite its importance in understanding vegetation response to extreme EGR
conditions, the study of seedbank from extensive green roof (Vanstockem et al. 2018)
or even urban areas (Albrecht et al. 2011) has received little attention. In an
explorative study of seedbanks on 109 EGRs in temperate Europe, Vanstockem et al.
(2018) confirm that EGRs do develop seedbanks, dominated by weedy plant species
and exhibiting a strong discrepancy with vegetation composition.

To promote native biodiversity, EGR should be considered analogous to natural
habitats (J. T. Lundholm 2006). The harsh environmental constraints of EGR are
similar to abiotic conditions encountered on species rich dry grasslands and rocky
environments in temperate Western Europe (high solar radiation, low soil depth (< 20
cm) and high variability in soil water retention capacity). Western Europeans dry
grasslands are composed of isolated climax herbaceous habitats on most harsher
environmental conditions and, for the largest surfaces, seral semi-natural habitats
originating from centuries of extensive grazing and mowing. Riviére et al. (2022),
demonstrated experimentally that extensive green roofs can act as analogous habitats
for native flora of European dry calcareous grasslands (71% of native seeded
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grassland species established on an experimental green roof). The most successful
species were common dry grassland species such as grass species, succulent species
(sedum sp.), Echium vulgare L. and Papaver argemone L. However, success of native
grassland plant species, plant community composition and structure were
demonstrated to vary through time and to depend on microenvironmental conditions
at the roof scale, with large surface of bare soils left after 3 years in the most
constrained conditions (low substrate depth and high solar exposition). Decrease in
plant cover was also measured in years with severe drought. The contribution of
spontaneous ruderal species to the plant communities increased over time. Studies of
seedbank in natural situations have shown that calcareous grassland species are
mainly perennial stress tolerant species presenting mostly transient seedbank that stay
viable in the soil for a very limited period of time and/or are absent from the seedbank
(Bisteau and Mahy 2005; Dutoit and Alard 1996; Willems and Bik 1998). A lack of
well-developed permanent seedbank of target seeded species can be a threat for long
term maintenance of analogous dry grassland vegetation of EGR facing colonization
by spontaneous ruderal species.

In this study, we analyzed the seedbank contribution to the plant community of an
extensive green roof analogue to dry calcareous grassland after 4 years of
development in order to understand the potential contribution of seedbank to the
resilience of vegetation to harsh EGR conditions and to colonization by spontaneous
species. The specific questions asked are: i) what are the main seedbank
characteristics and composition of an analogous urban grassland developed on an
extensive green roof, ii) what is the level of similarity between seedbank and
vegetation, iii) how is the seedbank and abundance of spontaneous species related to
vegetation gap and microenvironmental variations on EGR.

3. Materials and methods

3.1. Study site and experimental design

The studied green roof is located on top of the TERRA Research Center of
Gembloux Agro-Bio-Tech, Belgium (50°33'48" N 4°41'52" E). According to the
Koppen climate classification (Koppen 1923), the climate of the region is oceanic
temperate (Cfb) (Service fédéral belge 2019).

In October 2017, the EGR was installed with a commercial substrate for EGR:
lightweight substrate Zinco© based on a mix of recycled tiles, bricks and ceramic and
has not been sterilised. The roof included nine parcels ranging in size from 14 to 57
m? with two substrate depths (6 cm and 11 cm) and an East-West orientation. The roof
is bordered on three sides by walls (North, East and South), resulting in global
disparities in sun exposure across parcels. Skylights installed between parcels create
an additional fine-scale shade gradient (Figure 3-1). Three classes of sun exposure
(maximum sun exposure on a sunny summer day) were defined: low (3 to 6h),
Medium (6 to 9h), and High (9h to 12h). The two parameters of substrate depth and
sun exposure were noted: D1 (6 cm depth), D2 (11 cm depth), S1 (low sun exposure),
S2 (medium sun exposure) and S3 (high sun exposure) (Riviére et al. 2022).
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Figure 3-1 : The studied extensive green roof and the permanent plots distribution

A mix of 29 native species from Belgian dry calcareous grasslands were selected
based on their presence along the soil depth gradient in Belgian dry grasslands
(Piqueray et al. 2007) (Table 3-1). Calcareous grasslands are not present in the
ecological landscape surrounding the experimental green roof but 12 seeded species
have been recorded in 2 km2 around it (Louis-Marie Delescaille and Delaite 2011).
Three native Belgian Sedum species were chosen because they are succulent plants
already commonly used on EXGR and adapted to harsh conditions (Butler and Orians
2009). The species were seeded uniformly across the parcels on 10th November 2017,
830 seeds/species/m? for grass species and 110 seeds/species/m? for other species.
During the research period (2017-2021), no overseeding, irrigation, fertilizers or
mowing were applied. Riviére et al. (2022) studied the vegetation development
according to substrate depth, sun exposure and changes over time, and showed a
strong effect of time since sowing associated with the effects of these
microenvironmental variation on plant community composition, plant cover and
specific richness.
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Table 3-1 : Seeded or spontaneous species observed in 2018, 2019, 2020, 2021 or in the

seedbank, the code used in figures and their status

Species Code Status Ecological group
Anthyllis vulneraria L. Ant vul  Seeded (sd) Grassland species
Centaurea scabiosa L. Cen_sca  Seeded (sd) Grassland species
Daucus carota L. Dau_car  Seeded (sd) Grassland species
Dianthus carthusianorum L. Dia car  Seeded (sd) Grassland species
Echium vulgare L. Ech vul  Seeded (sd) Grassland species
Poaceae sp Gram_sp  Seeded (sd) Grassland species
Hieracium pilosella L. Hie pil Seeded (sd) Grassland species
Hypochaeris radicata L. hyp rad  Seeded (sd) Grassland species
Leucanthemum vulgare Lam. Leu vul  Seeded (sd) Grassland species
Lotus corniculatus L. Lot cor  Seeded (sd) Grassland species
Medicago lupulina L. Med_lup  Seeded (sd) Grassland species
Papaver argemone L. Pap arg  Seeded (sd) Grassland species
Primula veris L. Pri_ver Seeded (sd) Grassland species
Rhinanthus minor L. Rhi_min  Seeded (sd) Grassland species
Rumex acetosella L. Rum_ace Seeded (sd) Grassland species
Sanguisorba minor Scop. San_min  Seeded (sd) Grassland species
Scabiosa columbaria L. Sca_col Seeded (sd) Grassland species
Sedum acre L. Sed_acr  Seeded (sd) Grassland species
Sedum album L. Sed alb  Seeded (sd) Grassland species
Sedum rupestre L. Sed rup  Seeded (sd) Grassland species
Silene vulgaris (Moench) Garcke  Sil_vul Seeded (sd) Grassland species
Thymus pulegioides L. Thy pul  Seeded (sd) Grassland species
Tragopogon pratensis L. Tra_pra  Seeded (sd) Grassland species
Verbascum sp Ver sp Seeded (sd) Grassland species
Acer sp Ace_sp Spontaneous (sp) Forest species
Betula sp Bet sp Spontaneous (sp) Forest species
Buddleja davidii Franch. Bud dav  Spontaneous (sp) Ruderal species
Chenopodium album L. Che alb  Spontaneous (sp) Ruderal species
Cirsium vulgare (Savi) Ten. Cir_wul Spontaneous (sp) Ruderal species
Epilobium tetragonum L. Epi_tet Spontaneous (sp) Ruderal species
Geranium sp Ger_sp Spontaneous (sp) Ruderal species
Lactuca serriola L. Lac vir Spontaneous (sp) Ruderal species
Portulaca oleracea L. Por ole Spontaneous (sp) Ruderal species
Senecio vulgaris L. Sen_vul  Spontaneous (sp) Ruderal species
Sonchus asper ( L.) Hill Son asp  Spontaneous (sp) Ruderal species
Sonchus oleraceus L. Son ole  Spontaneous (sp) Ruderal species
Trifolium arvense L. Tri_arv Spontaneous (sp) Grassland species
Trifolium pratense L. Tri_pra Spontaneous (sp) Grassland species
Vicia sativa L. Vic_sat Spontaneous (sp) Grassland species
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3.2. Data Collection

Thirty-six permanent 1m2 plots were installed on the nine parcels reflecting the
variation of substrate depth and sun exposure (Figure 3-1). Plant species covers were
visually measured in these 36 plots in June 2018, 2019, 2020 and 2021, at the peak of
vegetative development (Riviére et al. 2022).

The seedbank was sampled in February 2021, before spring germination in order to
collect seeds of both transient and persistent seedbanks under Atlantic and Continental
climates, following Bekker et al. (1998). In each of the 36 plots, a sample of 10 bulked
soil cores (2.5 cm diameter) was collected. Cores were divided in two layers for D1 6
cm deep parcels (layer 1 : 0-3 cm and layer 2 : 3-6 cm) and three layers for D2 11cm
deep parcels (layer 1 : 0-3 cm, layer 2 : 3-6 cm and layer 3 : 6-11 cm). A total of 88
samples were obtained. To extract the seedbank, the dried samples were sieved at 3.66
mm in order to remove roots, vegetative parts and stones. The sieved fractions were
sown in 40 cm x 28 cm x 6.5 cm seedling trays with a 3 cm Argex marble and 1 cm
organic matter (La plaine Chassart ©). The trays were placed in homogeneous
greenhouse conditions (22°C, 76% RH) and watered regularly by capillarity. The
number of seedlings per species in each tray was counted at weekly intervals and
removed after identification; monitoring continued until germination ceased after 15
weeks. The seedlings of the Poaceae species could not be distinguished and were
classified as "Poaceae sp" and considered as seeded species.

LEDA database (Kleyer et al. 2008) was used to determine seed mass and seed
lifetime index (SLI). For seed mass, only the mean “one-seeded generative dispersule”
was considered per species. A mean SLI was calculated per species based on their
persistence in the seedbank: 0 (all data are transient), 1 (all data are persistent).
Seedbank can be transient if the seeds are present in the seedbank less than one year;
short-term persistent between one and 5 years; or long-term persistent more than 5
years. In general, long-term seeds are found in both the deepest and shallowest levels
of the substrate, whereas short-term seeds are exclusively found in the shallower layer
of the substrate (Christoffoleti and Caetano 1998).

The status of each species was determined by whether they were seeded (seeded,
sd) or not (spontaneous, sp). Spontaneous species represent all unseeded species,
annual or perennial, native or alien. The taxonomic reference was the “Nouvelle flore
de la Belgique” (Lambinon, Delvosalle, and Duvigneaud 2012). Species were
classified in 3 ecological groups according to their natural habitat: grassland species,
ruderal species and forest species (Lambinon, Delvosalle, and Duvigneaud 2012)
(Table 3-1).
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3.3. Data analyses

Similarity in species composition (presence/absence) between the initial seeding
miX, species composition in vegetation in 2018 to 2021 and species composition in
the 2021 seedbank was assessed with 1) the similarity index of Sokal and Michener
(Perrier, Flori, and Bonnot 2003), and, 2) a Principal Component Analysis (PCA)
(“princomp”, stats) performed on all plots. For each species, a Pearson correlation was
calculated (“cor”, stats) to identify species that correlated most with the axes of the
PCA.

The relationship between the most abundant species in the vegetation and the most
abundant species in the seedbank (found in at least half of the plots) was determined
by Pearson correlation tests (“cor”, stats) to establish if species cover was correlated
to its seedbank density. To test if grassland vegetation development influenced
establishment of spontaneous species by pre-empting bare soils surfaces (Vanstockem
et al. 2018), we tested the regression between the spontaneous species total cover and
the proportion of soil not colonized by grassland species in 2021 (100%-%total seeded
species cover in 2021) with a linear regression (“Im”, cor).

To test whether microenvironmental condition (depths: D1, D2 and sun exposure:
S1, S2, S3) variations on the experimental EGR influenced similarly plant community
and seedbank variations, we performed independent Principal Coordinate Analysis
(PCoA) on 1) cover of species in the vegetation, 2) seed density of species in
seedbank, in all plots. Ordispider were used to depict the relationships between
microenvironmental conditions and position of plots in the factorial space.

Data analyses were performed in R 4.0.2 (R Core Team 2022).

4. Results

4.1. Seedbank characteristics

In 2021, four years after the creation of the green roof, the seedbank included 18
species (9 seeded species and 9 spontaneous species, grass species considered as a
single taxon due to difficulties identify seedlings) with an average of 2.5+1.1 species
and 120+172 seeds per square meter plot. There was no seedbank observed in three
plots. Seed density decreased with substrate depth with 42.8% of seed located at 0-3
cm depth, 34.7% at the 3-6 cm depth and 22.5% at the 6-11cm (Figure 3-2).

The standing vegetation included 29 species (16 seeded species and 13 spontaneous
species, grass species considered as one taxon) with an average of 5.7+1.8 species and
47.3%%39.3% of cover per square meter plot (Figure 3-2). There was no plot without
vegetation cover.

The seedbank (mean SLI: 0.34+0.13) and the vegetation (mean SLI: 0.25+0.16)
were both composed of species with a transient seedbank. All species have a SLI of
less than 0.5 except Chenopodium album L. (0.59) and Portulaca oleracea L. (0.68)
both spontaneous species and present in the vegetation and in the seedbank.
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Figure 3-2 : Seedbank density (seeds/m2) and mean vegetation cover of 2021 (%) for
seeded species and spontaneous species (see Table 3-1 for species hame)

4.2. Seedbank and vegetation similarity

The seedbank was dominated by seeds from spontaneous species (84.8%), while
seeds from seeded species represent only 15.2 %. In contrast, seeded species represent
70.4% of plant cover in the vegetation, while spontaneous species represented only
29.6%. The seedbank was dominated by the ruderal ecological group (84.4% of all
seeds) followed by grassland ecological group (15.2%). In contrast, the plant cover
was dominated by species from the grassland ecological group (82.6%), followed by
species from ruderal ecological groups species (17.0%). Both the seedbank and the
standing vegetation had low occurrence of species from forest ecological group
(0.34% and 0.40% respectively).

The seedbank was dominated at 65.5% of P. oleracea. While spontaneous species
dominated the seedbank (P. oleracea, C.album and Senecio vulgaris L. at 65.5%,
9.3% and 5.9% respectively), they were seldom developed in the vegetation with
cover less than 1% per species, except for P. oleracea (7.56%/m?) and Trifolium
arvense L. (5.14%/m?), a cover similar to dominant seeded species (Figure 3-2).
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Only nine out of 24 seeded species (considering all grasses as a single taxon) were
detected in the seedbank with densities ranging from 6.7 to 254.4 seeds/mz, from
which eight were also present in the vegetation. Grasses (254.4 seeds/m?2, 9.08%
cover), Sedum acre L. (160.7 seeds/m?, 2.08% cover), Silene vulgaris (Moench)
Garcke (87.03 seeds/m?, 0.36% cover), Sedum album L. (53.6 seeds/m?, 3.9% cover)
and Echium vulgare L. (20.08 seeds/m?, 5.03% cover) were the seeded species
developing the densest seedbank. Only S. acre has a higher seedbank density than the
initial seeding mix (110 seeds/m?). Eight seeded species present in the vegetation were
not detected in the seedbank, including Anthyllis vulneraria L., one of the vegetation
dominant species. Seven seeded species were not observed in the vegetation, nor in
the seedbank (Figure 3-2).

The lowest similarity (Sokal and Michener index) in species composition was
measured between the initial seeding mix and the seedbank after 4 years of vegetation
development. Similarity between initial seeding mix composition and standing
vegetation decreased over time from 0.75 to 0.50 while similarity between the
vegetation and the seedbank increased over time from 0.5 to 0.61 (Figure 3-3). The
vegetation differed each year a little more from the initial seeding and became more
similar to the seedbank sampled in 2021.

O 0.66} —
2017 Seeding 2018 Vegetation (2019 Vegetation 2020 Vegetation 2021 Vegetation 2021 Seedbank
L L 055 061
{0.48} = 0

0.50]

Figure 3-3 : Sokal and Michener index between 2017 seeding, 2018, 2019, 2020, and
2021 vegetation cover and 2021 seedbank

The first and second axes of the PCA (Figure 3-4) based on the presence/absence
of species in the initial seeding mix, the plant community in 1m?2 plots in 2018, 2019,
2020 and 2021 and the seedbank in 1m? plots in 2021 explained 61.8% of the global
species composition variation (Compl=54.1% - eigenvalue 1 = 2.7, Comp2=7.7% -
eigenvalue 2 = 0.4). Axis 1 strongly differentiated the initial seeding mix from
standing vegetation and seedbank. Axis 2 indicated a trend for plant community to
become more similar to seedbank over years. The correlation circle indicated that the
first axis was correlated with the presence of seeded species. The plant community of
2018, 2019, 2020 and 2021 and the seedbank were differentiated from the initial
seeded community with the presence of spontaneous species and with the absence of
seeded species that never germinated over time (Hieracium pilosella L.,
Leucanthemum vulgare Lam., Hypochaeris radicata L., Primula veris L., Thymus
pulegioides L. and Tragopogon pratensis L.).
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Figure 3-4 : Principal Component Analysis (PCA) based on presence/absence species
composition for initial seeding, 2018, 2019, 2020, and 2021 vegetation cover and 2021
seedbank. A) Ordispiders pool by year. B) Correlation circle of species, blue species:

spontaneous species, green species: seeded species.
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4.3. Influence of plant communities on seedbank

Correlation between plant cover and seed density at 1m? plot scale was tested for
species found in the seedbank and vegetation cover in at least half of plots. Pearson
correlation tests indicated a significant correlation and a high correlation for grass
species (P<0.001 - cor=0.31) and P. oleracea (P<0.001 - cor=0.57). The Pearson
correlation test was high with an almost significant P value for E. vulgare (P=0.07 —
cor=0.32), S. acre (P=0.07 — cor=0.75) and C. album (P=0.08 — cor=0.34). The
seedbank density and the vegetation cover of S. vulgaris were not significantly
correlated (P=0.50 — cor=-0.12).

The proportion of soil not colonized by seeded species (100%-%total seeded species
cover in 2021) had no significant effect on the spontaneous species cover (linear
regression, P=0.93, R2=-0.03).

4.4. Influence of microenvironmental variation on plant

communities and seedbank

When examining the effect of microenvironmental variation on plant community
composition of standing vegetation in 2021 (taking into account plant species cover),
the first and second axes of the PCoA (Figure 3-5 A) explained 25.2% of the global
variation (Dim1=13.7% - eigenvalue = 1.9, Dim2=11.5% - eigenvalue = 1.6). Position
of ordispider gravity centre on first axis discriminated plant communities in plots with
shallow substrate depth (D1: 6cm) (negative coordinates) from plant communities on
deeper substrate (D2: 12 cm) (positive coordinates). Position of ordispider gravity
centre on second axis discriminated plant communities in plots with high sun exposure
S3 (negative coordinates) from plant communities with medium to low sun exposure
S1 and S2 (positive coordinates).

When examining the effect of microenvironmental variation on seedbank
composition (taking into account species seed density), the first and second axes of
the PCoA (Figure 3-5 B) explained 27.1% of the global variation (Dim1=14.4% -
eigenvalue = 2.0 , Dim2=12.7% - eigenvalue = 1.7). Position of ordispider gravity
centre on first axis discriminated seedbank composition in plots with high sun
exposure S3 (positive coordinates), characterized by the presence of P. oleracea,
Buddleja davidii Franch., and Betula sp, from seedbank composition in plots with
medium to low sun exposure S1 and S2 (negative coordinates), characterized by the
presence of C. album, Geranium sp. and Poaceae sp.. Position of ordispider gravity
centre on second axis discriminated seedbank composition in plots with shallow
substrate depth (D1: 6cm) (negative coordinates) from seedbank composition on deep
substrate depth (D2: 12 cm) (positive coordinates).
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Figure 3-5 : Principal Coordinate Analysis (PCoA) based on A) plant composition of
standing vegetation in 2021 and on B) seedbank composition. Ordispiders are pooled
according to microenvironmental conditions. Symbols represent sun exposure modalities
(circle = S1: low sun exposure, triangle = S2: medium sun exposure, and square = S3: high
sun exposure) and substrate depth modalities (white = D1: shallow depth 6 cm, black = D2:
deep depth 11 cm). Species are indicated with green crosses.
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5. Discussion

Increasing attention has been paid to plant community dynamics on extensive green
roof in ecological literature (Bradbury 2021; Riviere et al. 2022; Roulston, Heim, and
Lundholm 2020). Change in plant community over time is key to EGR design and
their acceptability (Thuring and Dunnett 2019; Vanstockem, Somers, and Hermy
2019). It is also a major determinant of EGR capacity to sustain native biodiversity
through development of analogue habitat (J. T. Lundholm 2006; Riviere et al. 2022).
In this study, we examined the development of seedbank in relation to the installation
of an analogous dry grassland on an experimental EGR. In contrast to our recent
knowledge increase on aboveground vegetation patterns and processes on green roofs
(Brown and Lundholm 2015; Madre et al. 2014), seedbank development and its role
for green roof vegetation has been seldom explored directly (Vanstockem et al. 2018).
The study of seedbank is important to understand its contribution to the resilience of
vegetation to harsh EGR conditions. Specifically, a lack of well-developed permanent
seedbank of target seeded species can be a threat for long term maintenance of
analogous dry grassland vegetation of EGR facing colonization by spontaneous
ruderal species.

Our study of the standing plant community evolution on an experimental EGR
indicates that green roofs work as an analogous habitat supporting seeded species from
native dry grasslands (Riviére et al. 2022). However, the evolution over time of plant
community on the EGR diverges from the initial seeding by the absence of a set of
seeded grassland species and the increase in spontaneous species cover over time. The
species richness of spontaneous species tends to increase to the same level as species
richness of seeded species (12 vs. 16) in four years. Development of a high richness
of spontaneous species on experimental green roofs over a short time period has been
repeatedly reported. For example, Dunnett et al. (2008) in Sheffield, UK, identified
35 colonizing species for 15 planted species, Olly et al. (2011) on experimental plots
in Birmingham, UK, identified 29 spontaneous species for 17 seeded species and
Bates et al. (2013) identified 31 and 37 colonizing species on two brown roofs in the
same city. All the spontaneous species observed on the studied EGR are
anemochorous except C. album, Geranium sp, P. oleracea and Vicia sativa L. (Kleyer
et al. 2008). Those latter species may have been imported to the roof by birds or by
people visiting the roof. This suggests that most spontaneous species reach our EGR
by wind, a pattern reported by Madre et al. (2014). We cannot exclude that some
species might have been introduced via seed-contaminated substrate, however we
think that this is negligible as there was very low spontaneous species development
on the first year of the experience.

Using a ‘space for time’ approach, Vanstockem et al. (2018) demonstrated the
presence of seedbanks on established extensive green roofs aged of 19 years. In the
current study, for the first time, we experimentally demonstrate the accumulation of a
seedbank on an experimental green roof over a short period of time (four years) from
its settlement from bare substrate. A total of 18 species were found in the seedbank.
Mean seedbank SLI indicated a transient global seedbank, but seed accumulation in
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the deepest substrate layers suggested ongoing constitution of a permanent seedbank,
mainly due to spontaneous species with permanent seedbanks, such as C. album and
P. oleracea.

Despite a set of common species between the seedbank and the vegetation, and a
trend for plant community to become more similar to the seedbank through time, in
depth comparison reveal divergence between both, with spontaneous ruderal species
dominating the seedbank (mainly P. oleracea) when considering seedbank density,
and seeded grassland species dominating the vegetation when considering the species
cover. High dissimilarity between the composition of species of the seedbank and the
vegetation has been measured in established EGR and the majority of species in EGR
seedbanks are spontaneous colonizers (Vanstockem et al. 2018).

Only a small proportion (9 out of 24) of seeded grassland species are detected in the
seedbank with mostly lower seed densities as compared to the original seeding,
indicating that a seed reserve has not accumulated over time. Limited development of
grassland seedbank is due to the non-development of some seeded species (8 species)
and to the absence of seedbank for a set of species (8) present in the vegetation.

Comparison with the seedbank of (semi-)natural systems with comparable
environmental characteristics (habitat template sensu Lundholm (2006)), such as
calcareous grasslands on shallow soils, can provide useful insights on EGR seedbanks.
Many authors showed that species dominating calcareous grassland vegetation were
mostly absent from the seedbank, and when present were not abundant (Bisteau and
Mahy 2005; Bossuyt, Butaye, and Honnay 2006; Davies and Waite 1998). Almost all
calcareous grassland species produce short-lived (transient) seeds that stay viable in
the soil for a limited time period. Grassland species invest more resources in
individual survival than in seeds production (Eriksson and Eriksson 1997).

Spontaneous species observed on the experimental EGR are mainly ruderal and for
the majority (60%) have accumulated a seedbank despite low cover in the above
ground vegetation, to the exception of P. oleracea, which was one of the dominant
species of the vegetation. Vanstockem et al. (2018) also reported a dominance of
ruderal species in seedbank of established EGR. Ruderal species allocate more
resources to producing a large number of seeds rather than developing their cover
(Grime 1988; Sera and Sery 2004). Ruderal spontaneous species are also present in
seedbank composition of natural dry grassland but have a limited development in the
vegetation (Bisteau and Mahy 2005). In contrast to Vanstockem et al. (2018) who
observed limited presence in the seedbank species pool in comparison to the
vegetation, the two most abundant phanerophyte species in the seedbank of our EGR
(Buddleja davidii Franch., Betula sp) were almost absent from the vegetation,
indicating that seed rain may be an agent responsible for seed accumulation in the
seedbank (Davies and Waite 1998). The presence of B. davidii in the seed bank may
pose a potential problem for future vegetation development on the roof as it has a very
high invasive potential in disturbed, open and dry environments (Monty et al. 2019;
Tallent-Halsell and Watt 2009), even though it is currently absent from the established
vegetation in permanent plots.
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We demonstrate that after 4 years of development, both standing vegetation and
seedbank species composition were influenced by the variation of environmental
factors: substrate depth and sun exposure. The substrate depth is known to be an
important factor structuring green roof vegetation both for seeded/planted species and
for colonizing species (Durhman, Rowe, and Rugh 2007; Kdohler and Poll 2010;
Madre et al. 2014). In more stressful environment on our EGR (low substrate depth,
high sun exposure) vegetation cover was limited with large proportion of bare
substrate (Riviére et al. 2022). Vegetation gaps are an important component of seeded
EGR, during the vegetation development phase and along the life-cycle of EGR when
extreme environmental conditions and abiotic conditions can locally affect vegetation
(Vanstockem, Somers, and Hermy 2019). Colonizing plants can develop on green
roofs because there is available space due to changes in the planted populations, with
a decrease in some of the planted species (Dunnett, Nagase, and Hallam 2008). Gaps
in vegetation can impact seedbank characteristics and the development of vegetation
by providing an opportunity for colonization by spontaneous and ruderal species
(Vanstockem et al. 2018). However, in our study, we do not find a relationship
between space left vacant by grassland vegetation and spontaneous species
development. This can result from extreme environmental conditions affecting in the
same way the two categories of species and preventing ruderal spontaneous species to
germinate and colonize bare substrate. This lack of gap colonization potential may be
reinforced by the fact that seedbank density was correlated to dominant species cover
in the vegetation, indicating, that seedbank accumulates in the vicinity of mature
individuals growing in the most favorable environment of the green roof. Also, the
role of the seedbank in gap regeneration depends on the severity of disturbance which
should relocated buried seed to the surface. In undisturbed vegetation, seedlings very
rarely originate from the seedbank (Kalamees and Zobel 2002; Milberg and Persson
1994).

In conclusion, in contrast to Vandvik et al. (2016) and Vanstockem et al (2019)
suggestion that seedbanks on EGR could serve as a diversity insurance during periods
of extreme conditions (e.g. extreme drought or frost) and can therefore potentially
offer a basis for restoration of vegetation gaps, we experimentally measured that the
maintenance of a diversified analogous grassland on an extensive green roof cannot
rely mainly on an accumulated seedbank. Grassland seeded species did not contribute
significantly to the seedbank. Seeded community is therefore unstable and vulnerable
to sudden and profound changes under extreme hydric stress conditions. In this case,
standing vegetation will be dominated by spontaneous species and the habitat
developed will no longer be analogous to dry grassland. Maintenance of target
grassland vegetation, in response to disturbance by extreme events, will depend
mainly on the perennial habit of grassland species and their high tolerance to stress.
Punctual seeding intervention may be needed in case of extreme climatic events
affecting grassland species survival.
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The content of this chapter has been adapted from the paper accepted in Urban
ecosystems

Lucie Riviere, Sophie Meeds and Grégory Mahy
1. Abstract

Selecting appropriate native plant species to ensure the resilience of plant
communities and ecosystem services on extensive green roofs is a challenge. Plant
functional strategy models provide a useful framework for identifying plant
characteristics that promote plant success on green roofs, and for generalizing results
obtained with a limited number of species to a global flora.

We analysed the dynamics of floristic composition and CSR strategies of seeded
plant communities on experimental extensive green roofs under different stress
conditions (substrate depths and fertilization treatments) at early establishment (4
years).

Floristic composition evolved strongly over four years, with a significant reduction
in species richness and equitability due to the increasing dominance of the stress-
tolerant Sedum album. CSR strategies shifted from initial communities co-dominated
by C and R strategies to communities largely dominated by S strategy four years later.
Changes in plant communities strategy were modulated by substrate depth, with a
higher increase in S strategy under more stressful conditions. At the installation of
vegetation, the dominant factor discriminating CSR composition was fertilization
supply. Substrate depth emerged as the primary factor determining CSR strategy after
four years of plant community establishment.

Our study supports the pattern that stress-tolerant species tend to rapidly dominate
plant communities on extensive green roofs and suggests that native species selection
for implementing analogous habitat on extensive green roofs, in a temperate climate,
should primarily focus on natural habitats composed of stress-tolerant species. A mix
of different functional strategies can be favourable to vegetation success on green
roofs with environmental heterogeneity.

Keywords: plant selection, substrate depth, fertilization, analogous habitat

2. Introduction

Green roofs provide a diversity of ecosystem services in urban environments,
including support for urban biodiversity, water and climate regulation, aesthetics and
well-being, ... (Czemiel Berndtsson 2010; Gonsalves et al. 2022; Madre et al. 2014;
Nguyen Dang et al. 2022). Plant communities (in terms of composition and diversity)
play a key role in the provision of ecosystem services on green roofs (Farrell et al.
2022). Hence, plant community resistance and resilience to environmental conditions
and disturbances are crucial factors influencing the efficiency of green roofs in
delivering ecosystem services (Shahmohammad et al. 2022). Extensive green roofs,
which are characterized by shallow substrate depth and low weight load, are a popular
choice due to their lower constraints on building structures compared to intensive
green roofs (Getter and Rowe 2006). However, plant communities on extensive green
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roofs face limitations concerning their ability to withstand drought conditions
depending on substrate depth, extreme temperature fluctuations (Oberndorfer et al.
2007) and nutrient content (FLL 2008). Studies on the dynamics of green roof plant
communities have shown that species composition shifts over time, with some desired
species becoming extirpated from the system (Brown and Lundholm 2015; Riviére et
al. 2022). To ensure the long-term persistence of vegetation on green roofs and the
provision of multiple ecosystem services, green roof ecologists advocate increasingly
for extending the diversity of plant selection beyond the traditional succulent Sedum
species, typical of extensive green roofs (Brown and Lundholm 2015; Madre et al.
2014; Nagase and Dunnett 2010).

The success of plant species and the evolution of plant communities depend on the
micro-environmental conditions of green roofs (Brown and Lundholm 2015; Maclvor
and Lundholm 2011; Riviére et al. 2022). Plant species selection for green roofs
should consider specific conditions present on the roof, including factors such as
substrate depth, sun exposure, building insulation, nutrient content, etc. (Brown and
Lundholm 2015; Riviére et al. 2022). The analogous habitats hypothesis proposes that
species adapted to similar conditions on the ground can also be successful on green
roofs (J. T. Lundholm 2006). While this approach has successfully identified local
sets of species that can tolerate the conditions of extensive green roofs (K. Ksiazek-
Mikenas et al. 2021; Riviere et al. 2022), it rarely allows generalizations to other
situations. In temperate climate, extensive green roofs are generally considered
analogous to rocky and dry grasslands habitats (Riviére et al. 2022), but the dynamics
of plant communities may also make extensive green roofs prone to the development
of ruderal species typical of fallow habitats (Lundholm, Weddle, and Maclvor 2014;
Thuring and Dunnett 2019).

Natural habitats provide an immense reservoir of plant species that can be used on
extensive green roofs. Individually testing each candidate species is impossible. Using
plant functional strategy to understand plant characteristics promoting success on
green roofs allows us to generalize results from studies with a limited number of
species to a global flora. The theory of functional ecology allows for studying the
variations of functional traits in response to variation and changes in environmental
conditions, as well as understanding the temporal dynamics of plant communities
(Grime 1988; Garnier, Navas, and Grigulis 2016; Violle et al. 2007). To better
understand the success and dynamics of plant communities on green roofs, the
functional response of these plant communities to environmental stressors can be
studied with the CSR strategies model (Lundholm, Weddle, and Maclvor 2014;
Thuring and Dunnett 2019). The CSR strategies integrate plant anatomical,
morphological, and physiological characteristics (functional traits) into general
syndromes (C-S-R) that represent different evolutionary responses to biotic and
abiotic constraints. According to the CSR model, plant species are classified into
different strategies based on their survival and reproduction in response to
environmental stress and disturbance intensity. Competitors (C) exploit conditions of
low stress and low disturbance; stress-tolerants (S) exploit high stress, low disturbance
habitats; and ruderals (R) exploit low stress, high-disturbance situations (Grime
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1974). There are also intermediate strategies among these three main strategies (Grime
1977) which, together with stress tolerant, commonly occur in plant communities
found on older green roofs (Thuring and Dunnett 2019). These strategies can be seen
as responses to gradients of environmental stress and disturbances, which are
characteristics of an extensive green roof environment (Nagase and Dunnett 2010).

CSR strategies also provide a framework for understanding the temporal dynamics
of plant communities. Extensive green roof vegetation can be considered as a form of
primary succession, as the bare substrate develops into a plant community through
seeding or spontaneous colonization (Brown and Lundholm 2015). Based on a
literature review, Grime (2001) suggested that, in general, life strategies of dominant
species shift during the course of primary succession from stress-tolerating pioneers
to more competitive strategists. This hypothesis has been disputed on various time
scales by those who have observed different patterns of primary succession at glacier
retreat fronts (Caccianiga et al. 2006), on land along uplifted coasts (Ecke and Rydin
1999), and on mineral substrates of abandoned quarries (Pitz et al. 2018). Thuring and
Dunnett (2019) suggested that long-term floristic diversity on extensive green roofs
may be facilitated by ensuring a diversity of traits and species at the time of
installation. However, little is known about the dynamics of CSR strategies on
extensive green roofs, even during the installation and early establishment period,
which is crucial for determining the trajectory of vegetation development. The
stressful environmental conditions of extensive green roofs may favour stress-tolerant
species, depending on the local environmental conditions. In less stressful conditions,
such as higher nutrient availability or deeper substrate depth with less drought
conditions, ruderal or competitive strategies may dominate the plant community. In
this context, the habitat analogous hypothesis can be extended to other (semi-) natural
habitats than dry grassland that share similar environmental conditions such as
meadows or urban fallow. Generalist species may also be suitable for extensive green
roofs (Thuring and Dunnett 2019).

The objective of this study is to analyse, through an experimental approach, the early
dynamics of floristic composition and CSR composition of plant communities under
different stress situations (substrate depth and initial fertilization) on extensive green
roofs, both at the time of installation and after a 4-year period.

3. Materiel and Methods

3.1. Study site and experimental design

The experiment was conducted at Gembloux Agro-Bio-Tech, Belgium (50°33°48”
N 4°41°52” E). The climate in the region is a temperate oceanic climate (Cfb - KOppen
climate classification) (Service fédéral belge 2022).

The experiment consisted of 32 mini extensive green roof trays with dimensions of
100 cm X 80 cm X 20 cm (hereafter designated as GR). Each GR was composed of a
drainage layer (Floraset® FS 50, Zinco®©), a filter layer (Filter system SF, Zinco®©)
and a substrate typically used on European green roofs provided by a green roof
manufacturer (lightweight substrate for extensive green roofs 6.6%clay - 20.7%silt -
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72.7%sand, Zinco©). Two substrate depth modalities (10 or 15 cm), providing two
levels of hydric stress, were crossed with two fertilization modalities (fertilized or not
fertilized). Fertilization consisted of a one-time application of 20g of fertilizer for
green roofs (Pflanzenfit 4M NPK 23-5-10, Zinco®©) at the time of seeding. GR were
placed on the ground on an urban mineral zone with a random assignment of substrate
X fertilization modalities, without any shade.

According to their habitat, seven native herbaceous species were selected per CSR
strategy (Figure 4-1). Competitive strategy species (C) were selected from a pool of
characteristic meadow species. Ruderal strategy species (R) were selected from a pool
of characteristic urban fallow species. Stress-tolerant strategy species (S) were
selected from a pool of characteristic dry grassland species. Intermediate strategy
species (CSR) were selected from a pool of local native generalist species. The
database from Hunt et al. (2004) was used to determine the strategy of each species.
For each GR, all seeds of the 28 species were mixed together before being sown by
hand. One hundred seeds per square metre per species were seeded in April 2019,
followed by a two litres watering per tray.

R M. recutita
P. rhoeas

E. vulgare T. arvense
G. robertianum
Q. Biennis
M. lupulina
0.25 0.75
C. officinale A. reptans
05 05

/-\ A. vulneraria
° .

L. vulgare S. columbaria

A. pratensis L] di
A. elatius 8. media
C.oleraceum  0-79 0.25 H. pilosella
D. glomerata ° L] P. ve.r\'s
G. pratense > minor
H. sphondylium S. album

C 0.25 0.5 0.75 S

M. moschata A. eupatoria
F.rubra
P. pratense
R. acetosa
T. pratense

Figure 4-1 : Position of seeded and spontaneous species in the Grime’s CSR triangle. Dot
colour indicates the strategy of the species retained for species selection: green — C, black -
S, Blue - R, red - CSR. The spontaneous species is shown in italics

3.2. Data collection and analysis

For each species, vegetative cover was visually estimated based on a continunous
scale in each GR in June 2019 (yearl) and in May 2022 (year4). For both years, C-S-
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R plant community scores — CSR signatures sensu Hunt et al. (2004) (sum of
individual species C-S-R scores weighted by the relative mean cover of species) were
calculated for the plant community of each GR using the spreadsheet-based tools from
Hunt et al. (2004).

In a first step, floristic composition and CSR strategy were analysed over the entire
data set considering together time since GR installation (yearl — year4) and
environmental factors (substrate depth and fertilization). The mean relative cover of
each species per GR was calculated for yearl and year4 to identify the dominant
species and their succession between years.

To study the influence of time since installation (yearl — year4), substrate depth and
fertilizer supply on species richness of each GR, we performed a linear mixed model
analysis with repeated measures. We used the Imer function (Ime4 (Bates et al. 2020))
and the Anova function (car (Fox et al. 2020)). To evaluate the diversity of plant
communities of each GR, equitability (evenness) was estimated with the Pielou index
(“diversity” and “specnumber”, vegan) (Pielou 1966). To study the influence of time
since installation (yearl — year4), substrate depth and fertilizer supply on the Pielou
index, we performed a linear mixed model analysis with repeated measures. We used
the Imer function (Ime4) and the Anova function (car). All residuals were visually
examined for heteroscedasticity, and logarithmic transformations were applied as
needed to fulfil the model assumptions.

To order the variation of taxonomic species composition according to sampling
period (yearl — year 4), substrate depth and fertilizer supply, we performed a global
Principal Coordinate Analysis (PCoA) (“cmdscale”, stats) on species abundance
(cover) for all mini GR. To identify the species correlated with the axes of this PCoA
in a correlation circle, we calculated a Pearson correlation for each species (“cor”,
stats).

To study the influence of substrate depth and fertilizer supply on the evolution of
CSR strategy between yearl and year4, a two-ways ANOVA (“aov”, stats) was
performed on C-S-R scores of GR plant communities. No transformation was
necessary to meet the assumptions of statistical analyses.

In a second step, to identify the specific effect of environmental factors
independently of time effect, floristic composition and CSR strategy were analysed in
relation to environmental factors (substrate depth and fertilization) separately for
yearl and year4.

To study the influence of substrate depth and fertilizer supply on taxonomic species
composition for each year (yearl and yeard), we performed a global Principal
Coordinate Analysis (PCoA) (“cmdscale”, stats) on all GR for each year
independently. To identify the species correlated with the axes of this PCoA in a
correlation circle, we calculated a Pearson correlation for each species (“cor”, stats).

To study the influence of substrate depth and fertilizer supply on the C-S-R scores
of plant communities, we performed a Kruskal-Wallis test (“kruskal.test”, car (R Core
Team 2022)) for each year independently.

All data analyses were performed in R.4.0.2 (R Core Team 2022).
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4. Results

Over the entire experiment, 20 out of 28 seeded species grew in yearl compared to
15 in year4 (Table 4-1). The mean plant cover per GR evolved from 62+21% in yearl
to 92+23% in year4. The number of species per strategy was rather similar in yearl
(C:5,S:4,R: 5, CSR: 3). At the end of experiment, the variation in species richness
per strategy was limited, but more marked for C and CSR strategies (C: -2, S: +1, R:
-1, CSR: -2) (Table 4-1).

Table 4-1 : Mean percentage of relative cover per species (+/- sd) per GR in yearl and
year4, species code and species CSR strategy. Bold species are dominant species. Number of
species per strategy are indicated for both years

Species Code CSR strategy Yearl Year4
Alopecurus pratensis L. Alo_pra C 104 746
Anthyllis vulneraria L. Ant_vul S <1 2+6
Echium vulgare L. Ech_wul R 3+3 <1
Geranium pratense L. Ger_pra C <1 213
Geranium robertianum L. Ger_rob R 4+3 <1
Hieracium pilosella L. Hie_pil S 6+4 <1
Leucanthemum vulgare Lamk. Leu_wvul C 9+4 1+4
Malva moschata L. Mal_mos CSR 143 <1
Sanguisorba minor Scop. San_min S 3+2 244
Sedum album L. Sed_alb S <l 44416
Trifolium pratense L. Tri_pra CSR 23+9 15+21
Cirsium oleraceum (L.) Scop. Cir_ole C <1 0
Dactylis glomerata L. Dac_glo C 16+7 0
Festuca rubra L. Fes_rub CSR 5+4 0
Matricaria recutita L. Mat_rec R 715 0
Papaver rhoeas L. Pap_rho R 5+3 0
Phleum pratense L. Phl_pra CSR 6+3 0
Rumex acetosa L. Rum_ace CSR <1 0
Thlaspi arvense L. Thl_arv R <1 0
Agrimonia eupatoria L. Agr_eup CSR 0 <1
Cynoglossum officinale L. Cyn_off R 0 <1
Medicago lupulina L. Med_lup R 0 2517
Scabiosa columbaria L. Sca_col S 0 <1
Ajuga reptans L. Aju_rep CSR 0 0
Arrhenatherum elatius (L.) P.Beauv. Arr_ela C 0 0
Briza media L. Bri_med S 0 0
Heracleum sphondylium L. Her_sph C 0 0
Oenothera biennis L. Oen_bie R 0 0
Primula veris L. Pri_ver S 0 0
Nb species
CSR Strategy Yearl Year4d
C 5 3
S 4 5
R 5 4
CSR 5 3
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The result of the repeated ANOVA (year, substrate depth and fertiliser supply) on
the species richness showed no significant interactions between substrate depth and
fertilizer supply (Annexe 1). The mean species richness per GR decreased
significantly from 12.53+1.52 in yearl to 9.09+3.06 in year2 (P<0.001). Substrate
depth (P=0.53) and fertiliser supply (P=0.40) did not significantly influence mean
species richness per GR. The result of the repeated ANOVA (year, substrate depth
and fertiliser supply) on the Pielou equitability index showed no significant
interactions between substrate depth and fertilizer supply (Annexe 2). The mean
evenness (Pielou equitability index) per GR decreased significantly from 0.88+0.04
in yearl to 0.72+0.14 in year2 (P<0.001). Substrate depth (P=0.44) and fertiliser
supply (P=0.66) did not significantly influence the mean Pielou equitability index per
GR.

The first and second axes of PCoA (Figure 4-2) based on the species composition
of GR for yearl and year4 explained 46.84% of global floristic variation (PCoAl =
39.62%, PCoA2 =7,22%). The PCoA clearly discriminated GR vegetation from yearl
and year4 and indicated more homogeneous vegetation across GR in yearl than in
yeard. Time since seeding discriminated more GR plant communities than substrate
depth or fertilizer supply. However, in year4, substrate depth tended to differentiate
plant communities along axis 2.
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Figure 4-2 : PCoA based on species composition of GR A) Ordispiders are pooled by
year. Symbols represent substrate depth (square = 10 cm; circle = 15 cm) and fertilizer
supply (white = without; black = with). B) Correlation circle of species. See Table 4-1 for
species name

The plant community was dominated in yearl by Trifolium pratense L., a seeded
CSR strategy species (mean relative cover = 23+9%) and in year4 by Sedum album
L., a seeded S strategy species (mean relative cover = 44+16%) and the spontaneous
colonizing species Medicago lupulina L., a R strategy species (mean relative cover =
25+17%) (Table 4-1). The only non-seeded species observed was M. lupulina.
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Plant community strategy shifted through time, with initial communities co-
dominated by C strategy (mean C-score yearl: 0.36 £ 0.04) and R strategy (mean R-
score yearl: 0.38 + 0.05), with a lower contribution of S strategy (mean S-score yearl:
0.25 + 0.03), to communities largely dominated by S strategy four years later (mean
S-score yeard: 0.59 + 0.12). This was due to a strong increase in S strategy
(+136.4+63.9%), a strong decrease in C strategy (year4: 0.15 + 0.06, -54.4+17.8%)
and a decrease in R strategy (year4: 0.26 + 0.08, -30.4+25.4%) (Table 4-2).

Changes in plant communities strategy were modulated by substrate depth. Increase
in S strategy was significantly higher in more stressing 10 cm depth substrate
(+165.1+£66.7%) than in less stressing 15 cm depth substrate (+107.8+50.2%)
(P=0.005). Decrease in C strategy was significantly lower in lower stressing 15 cm
substrate (-46.1£18.4%) than in higher stressing 10 cm substrate (-68.7+8.2%)
(P<0.001). Level of fertilization also significantly influenced the evolution of S and
C strategies in plant communities. Increase in S strategy was significantly higher in
fertilized GR (+162.2+68.4%) than in non-fertilized GR (+110.7+50.93%) (P=0.011).
Decrease in C strategy was significantly lower in fertilized GR (-62.7+15.1%) than in
non-fertilized GR (-52.1+£19.8%) (P=0.03) (Table 4-2).

Table 4-2 : Percentage of the evolution of CSR strategy between yearl and year4 and
results of two-ways ANOVA testing the influence of substrate depth (10 and 15 cm) and
fertilizer supply (0 : without ; 1 : with) on the evolution of CSR strategies (%) between yearl
and year4. Positive values indicated an increase and negative values a decrease. P-values of
ANOVA analysis are indicated, bold values indicated significant influence

Evolution Interaction Substrate depth Fertilizer supply
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To remove the time effect and analyse in detail the influence of each factor at the
time of installation and after 4 years, we ran a PCOA on species composition and
analysed the effect of substrate depth and fertilisation on CSR strategies for each year
independently.

In yearl, the first and second axes of PCoA (Figure 4-3) based on the species
composition of GR plant communities explained 30.85% of global floristic variation
(PCoAL = 19.81%, PCoA2 = 11.04%). The PCoA showed that substrate depth and
fertilizer supply influenced the plant community composition. Axis 1 differentiated
plant communities according to fertilization with non-fertilized GR on negative
coordinates and fertilized GR on positive coordinates. Axis 2 differentiated plant
communities according to substrate depth with 15 cm depth substrate on negative
coordinates and 10 cm depth substrate on positive coordinates. Leucanthemum
vulgare Lamk. and Papaver rhoeas L. were correlated to the first axis with
fertilization supply.
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Figure 4-3 : PCoA based on yearl species composition of GR A) Ordispiders are pooled
by environmental conditions. Symbols represent substrate depth (square = 10 cm; circle = 15
cm) and fertilizer supply (white = without; black = with). B) Correlation circle of species.
See Table 4-1 for species name

In year4, the first and second axes of PCoA (Figure 4-4) based on species
composition of GR plant communities explained 41.01% of global floristic variation
(PCoAl = 26.06%, PCoA2 = 14.97%). The PCoA showed a differentiation of GR
plant communities with 15 cm substrate depth and no fertilization from the other
modalities along the first axis. Correlation circle of species indicated that the three
species Trifolium pratense L. (CSR), Sedum album L. (S) and Medicago lupulina L.
(R) were most correlated to axes. T. pratense was correlated to GR with high substrate
depth and no fertilization while S. album and M. lupulina were correlated to other GR
modalities.
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Figure 4-4 : PCoA based on year4 species composition of GR A) Ordispiders are pooled
by environmental conditions. Symbols represented substrate depth modalities (square = 10
cm; circle = 15 cm) and fertilizer supply (white = without; black = with). B) Correlation
circle of species. See Table 4-1 for species name

In yearl, fertilizer supply was the only environmental factor affecting the CSR
strategy of GR plant communities, with a significant influence on S and R scores.
Mean plant community S-score was significantly higher in non-fertilized GR (0.27
+0.03) than in fertilized GR (0.24 £0.03) (P=0.015), although the relative difference
was limited (8%). Mean plant community R-score was significantly higher (12%) in
fertilized GR (0.41 £0.05) than in non-fertilized GR (0.36 £0.04) (P=0.002). Substrate
depth did not influence CSR strategies of GR plant communities at the time of plant
communities installation (yearl) (Table 4-3).

In contrast, in year4, substrate depth significantly influenced means scores of C, S,
and R strategies for GR plant communities. Mean S score was significantly higher
(21%) for plant communities on 10 cm substrate depth (0.66+0.08) than on 15 cm
substrate depth (0.52+0.10) (P<0.001). The opposite pattern was observed for C and
R strategies. Mean C score was significantly lower (42%) for plant communities on
10 cm depth substrate (0.11+0.03) than on 15 cm depth substrate (0.19+0.06)
(P<0.001). Mean R score was also significantly lower (21%) for plant communities
on 10 cm depth substrate (0.23+0.07) than on 15 cm depth substrate (0.29+0.08)
(P=0.03) (Table 4-3).
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Table 4-3 : Results of Kruskal-Wallis tests testing the influence of substrate depth (10 and
15 cm) and fertilizer supply (0 : without ; 1 : with) on CSR strategies scores of yearl and
year4 plant community. P-values of Kruskal-Wallis tests are indicated, bold values indicated
significant influence

Substrate depth Fertilizer supply
Yearl 10 15 P 0 1 P
C oo o 057 Goi o 008
S Gw w0 0% oy ey 0015
R oos shos 0% oo snos 0004
Year4 10 15 P 0 1 P
C G s 001 o oy 003
S ow a0 <000 o Gy 033
R o woe 0% |op oo 088

5. Discussion

In this experimentally controlled study, we demonstrated that plant communities on
extensive green roofs are subject to strong selection during their first steps of
establishment both in terms of floristic and functional composition.

Over four years, the floristic composition of experimental green roof trays evolved
drastically with a decrease in species richness and equitability and a change in species
dominance. At the end of the experiment, GR were largely dominated by the
succulent, native, Sedum album L. and the spontaneously colonizing species
Medicago lupulina L., independently of the substrate depth or fertilization modalities.
Sedum species are the main species used on extensive green roofs due to their ability
to tolerate harsh environmental conditions (Vanstockem, Somers, and Hermy 2019)
and can facilitate the development of others species (Heim and Lundholm 2014b;
Butler and Orians 2011). In this study, we observed that native Sedum species can
exhibit a dominant cover in the plant community, while the plant community
composition often evolves over time (Aloisio et al. 2019; Kéhler 2006; K. Ksiazek-
Mikenas et al. 2021). Overall, the differences in floristic composition were higher
between years than between different experimental environmental conditions, as
observed by Riviere et al. (2022) in an in situ extensive green roof. However, the
variation in floristic composition among the GR increased with time, but this increase
was not directly related to environmental conditions. While environmental conditions,
such as substrate depth and fertiliser supply, initially had a discernible effect on the
species composition of plant communities in yearl, with different plant communities
identified for the combination of substrate X fertilization environments, the
relationship became less clear in year4. The decrease in species richness and the
dominance of S. album led to a high variability in the composition of other species
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between experimental green roof trays, resulting in a reduced influence of the
experimental environmental conditions. The change in species richness over time and
the dominance of a few species with the effects of microclimate are often observed on
extensive green roofs (Bates, Sadler, and Mackay 2013; Brown and Lundholm 2015;
Thuring and Dunnett 2019). These changes are generally more pronounced during the
initial years following the installation of green roofs (Dunnett, Nagase, and Hallam
2008).

Changes in flora composition and differences in plant communities among the
experimental environmental conditions were related to changes and differences in
functional composition. Although our experimental GR were sown with a set of
species representative of different CSR strategies and, hence, different traits, they
rapidly evolved towards dominance of S strategy. At the time of vegetation
installation, on first year, plant communities were co-dominated by C and R strategies
with a lower but still significant proportion of S strategy, as observed by Lundholm et
al. (2014) and by Buffam and Michell (2015). In contrast, after four years, stress
tolerant strategy dominated the functional composition of plant communities, across
all depth and fertilization conditions. This increase in the S strategy component over
time can be attributed to the increase and dominance of Sedum album L. The other
strategies, particularly the C strategy, declined over time across all environmental
conditions. Our results contrast with the observation by Lundholm et al. (2014) that
the growth of ruderals may be predominant over stress-tolerant species in the first four
years following the establishment of vegetation on experimental extensive green
roofs. However, an increase in S strategy has been observed on mature green roofs
associated to ruderal species, maintained mainly by repeated replenishment from
dispersal (Catalano et al. 2016; Kelly Ksiazek-Mikenas and Kohler 2018; Thuring and
Dunnett 2019). The decline of C strategy is often observed in the succession of plant
community on green roofs (Buffam and Mitchell 2015; Catalano et al. 2016; Kelly
Ksiazek-Mikenas and Kohler 2018; Thuring and Dunnett 2019). The evolution over
time of R strategy in plant community on green roofs remains less clear. In this study,
the R strategy decreased over time, as observed over a long period of time by Thuring
and Dunnett (2019). Conversely, Ksiazek-Mikenas and Kohler (2018) reported an
increase of R strategy over time. A decrease in R strategy in our study can be explained
by a lack of disturbance on the studied green roof and/or plant responses to more
intense competition with intra- or interspecific neighbors (Dunnett 2015; J. Lundholm
et al. 2014; Thuring and Dunnett 2019).

Besides temporal patterns, changes in functional composition were modulated by
environmental conditions. At the installation of vegetation in the first year, the
dominant factor discriminating the functional CSR composition of communities was
fertilization supply, with a lower contribution of S strategy on fertilized GR and a
higher contribution of R strategy on fertilized soil. Those patterns are expected under
the CSR strategy model as, under natural conditions, S species are characteristics of
low nutrient conditions while R species can benefit from nutrient boosts linked to
disturbances (Grime 1977). After four years, we observed a shift in the effect of the
two environmental factors (substrate depth and fertilization) on the functional plant
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community composition. The effect of fertilization on S and R strategies was not
detected anymore which can be due to homogenization of nutrient conditions among
GR in the absence of repeated fertilization during plant communities development. It
has been observed that most of the nutrient content of substrate decreases during the
first year following the installation of green roofs (Lim 2023). In contrast, substrate
depth emerged as the primary factor determining the distribution of CSR strategy in
the community (Kelly Ksiazek-Mikenas and Kohler 2018). Specifically, the
proportion of stress-tolerant strategy was higher in communities facing more stressful
conditions, such as low substrate depth. In contrast, in less stressful conditions
characterized by deeper substrate depth or fertilization supply, the proportion of
competitive strategy was higher than in more stressful environments.

In conclusion, our study supports the general pattern that stress tolerant species,
particularly Sedum species, tend to dominate plant communities on extensive green
roofs. We showed that, even with an initial diversified mix of functional types, a shift
toward stress tolerant species may occur very rapidly in the first step of plant
community establishment. Therefore, native species selection for implementing
analogous habitat on extensive green roofs, in a temperate climate, should focus
primarily on natural habitats composed of stress-tolerant species, such as pioneer
environments, dry grasslands or xeric habitats. However, we also demonstrated that
micro-environmental variations, specifically small differences in substrate depth,
influenced significantly the functional strategy of plant communities in the first step
of establishment. Hence, in more heterogeneous situations with higher micro-
environmental variations, a mix of different functional types in the initial mix of
species may be favourable to vegetation success, as environmental heterogeneity will
naturally direct the vegetation towards the best suited assemblages, in dynamic
process (Thuring and Dunnett 2019).
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The present chapter is a draft research paper

Lucie Riviere, Alexis Doncel, Aurore Degré, Yves Brostaux, Grégory Mahy

1. Abstract

Green roofs (GR) are Best Management Practices for effective water management
in urban environments. Vegetation traits influence GR capacity to decrease urban
water runoff, but the impact of GR vegetation may depend on interactions with
substrates, and meteorological conditions such as precipitation and temperature
regimes.

This study aimed to investigate experimentally the influence of plant functional
traits on GR runoff, considering a range of field precipitation and temperature
regimes.

We used 40 experimental green roofs (1m?2) with two substrates differing in texture
and bulk density. Nineteen native plant species were selected according to functional
traits potentially influencing water flow: vegetation height, Specific Leaf Area (SLA),
aboveground biomass, leaf surface area, and root type. One species was planted per
green roof and each substrate had one unvegetated roof. Precipitation, temperature
and substrate humidity were monitored. Realised plant traits were measured monthly.
All measurements were collected over 8 months in 2021-2022.

On average, vegetated GR retained half of the precipitation during the experimental
period. Higher precipitation quantity, higher substrate humidity and lower
temperature led to higher runoff quantity. Vegetation traits, including vegetation
height and aerial biomass, influenced water runoff, especially during low precipitation
events but to a lesser extent than substrate humidity and rainfall quantity. However,
during more intense precipitation events, runoff was only influenced by precipitation,
temperature and substrate humidity. Substrate type played a crucial role in
determining the effect of vegetation presence on runoff. Substrate type also influenced
runoff velocity but not the precipitation threshold to initiate runoff.

Our findings highlight that the influence of plant trait variation on regulating water
runoff depends on substrate type, precipitation and temperature regime.

2. Introduction

Urban expansion is a major driver of land use change, and is often characterized by
soil sealing with impervious surfaces such as concrete and asphalt. This process can
lead to increased superficial runoff (Arnold and Gibbons 1996; Barnes, Morgan, and
Roberge 2000). To mitigate the negative impacts of soil sealing and increased runoff,
various Best Management Practices (BMPs) have been developed. BMPs are
solutions that aim to better manage water in urban environments by storing more water
in urban ecosystems and reducing runoff flux (Carter and Jackson 2007). Green roofs
are one type of BMPs that has been shown to be effective in managing water flows in
cities (Czemiel Berndtsson 2010).
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Green roofs involve covering rooftops with vegetation and plant growth substrate,
which provide a number of ecosystemic services, including the management of water
flows (Czemiel Berndtsson 2010). Schematically, the substrate of green roofs holds
water that is then transpired or evaporated by the plants (Nagase and Dunnett 2012).
In addition to holding and transpiring water, the substrate and vegetation of green
roofs act as a physical barrier, slowing the flow of water and reducing the amount of
runoff (Brandao et al. 2017).

Water flow on extensive green roofs is influenced by the composition of vegetation
and plant functional traits (Lundholm et al. 2010; Nagase and Dunnett 2012). An
effect functional trait is defined by Violle et al. (2007) «as morpho-physio-
phenological traits which impact fitness indirectly via their effects on individual
performance [...] influencing environmental conditions; community or ecosystem
properties». Water retention capacity of green roofs has been correlated to vegetation
height (Lundholm, Tran, and Gebert 2015) which modulates the physical barrier
formed by vegetation intercepting precipitations (Clark 1940).

Plant cover also influences the interception of precipitation. As plant cover
increases, it creates a physical barrier that reduces the amount of water reaching the
substrate (Belmonte Serrato and Romero Diaz 1998; Nagase and Dunnett 2012). Leaf
characteristics can also influence evapotranspiration (Taiz et al. 2014). Specific leaf
area (SLA), the ratio of leaf area to leaf mass, is correlated with plant transpiration
(Volder and Dvorak 2014; Wright et al. 1993). Leaf size (Geller and Smith 1982;
Smith and Geller 1980) and leaf hairiness (Baldocchi et al. 1983) are plant traits also
linked to transpiration. In addition to leaf characteristics, aerial biomass can influence
evapotranspiration rate (Lundholm et al. 2010). Increases in aerial biomass lead to an
increase in the exchange surface between the leaf and air through the stomata (Wolf
and Lundholm 2008) and enhance the physical barrier that intercepts precipitation
(Domingo et al. 1998). The type of root system influences runoff by creating
preferential water flow paths (Nagase and Dunnett 2012; Zhang et al. 2018).

Substrate characteristics interact with vegetation characteristics to regulate water
flow on green roofs. The water holding capacity of the substrate is influenced by its
texture, porosity, and depth (Czemiel Berndtsson 2010; Nimmo 1997). In the case of
extensive green roofs (EGRs), which are characterized by shallow substrate depths,
considering the water holding capacity of the substrate is important to ensure support
for vegetation without causing hydric stress. Substrate selection can help to ensure the
success of the green roof in promoting water management and vegetation growth.

Besides the effect of plant traits and substrate, green roof runoff depends highly on
variation of meteorological factors, including precipitation intensity (MacMillan
2004) and temperature (Czemiel Berndtsson 2010). Hence, we can hypothesize that
effect of plant-substrate complex on runoff will be modulated by precipitation and
temperature regimes. However, few studies specifically examined the effect of
vegetation traits and ranked them in relation to precipitation events. Understanding
the specific contributions of vegetation traits to water runoff regulation on green roofs
and their relative importance compared to other influencing factors is important for
optimizing green roof design and species selection.
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The aim of this study was to examine the effect of individual plant traits on runoff
of extensive green roofs, with two main research questions: Which plant functional
traits influence water runoff through an extensive green roof system? What is their
relative importance in relation to substrate type and the precipitation/temperature
regime?

3. Materials and Methods

3.1. Study site and experimental design

40 mini extensive green roofs were constructed with galvanised steel to the
dimensions of 100 cm X 100 cm X 25 cm. Mini green roofs were composed of a
drainage layer with a filter layer (Fixodrain®XD 20, Zinco®) which can store up to
3L/m2 and evacuate 0.52L/(s.m) on a 2% slope and a substrate layer of 15 cm. Each
mini green roof was inclined by 2° and opened at the bottom of one side with a gutter
in order to collect the water runoff from the substrate in a bucket.

We used two substrates differing in physical characteristics (Figure 5-1). The first
one is the commercial lightweight substrate for extensive green roofs composed of a
mixture of recycled tiles, bricks, and ceramic (Zinco®), characterised by a dry bulk
density of 1.0g/cm3 and a maximum humidity of 62.3%, hereafter designated as
substrate 1. The second one is a home-made substrate composed of recycled bricks
(Tradecowall®), organic matter (La Plaine Chassart®) and sand, characterised by a
dry bulk density of 1.2g/cm? a maximum humidity of 54.7%, hereafter designated as
substrate 2.

100%
90%
80%
70%
60%
50%
40%
30%

Cumulated percentage

20%
10%
0%
<2 2 50 2000 2800 3300 6300 >20000
Particule size (um)

Figure 5-1 : Cumulated percentage of particule size for substrate 1 (orange) and substrate
2 (blue)
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Plant species for green roof vegetation were selected based on their functional trait
values referenced in the literature. Vegetation height, Specific Leaf Area (SLA),
aboveground biomass, leaf surface area and root type were selected for their expected
effect on water runoff. A list of 109 native species that can withstand the conditions
of an extensive green roof was compiled, and their functional trait values were
searched in the scientific LEDA and TRY databases (Kattge et al. 2020; Kleyer et al.
2008). A PCA analysis (Annexe 3) was conducted to select 19 species (Figure 5-2)
that span the range of functional trait value combinations.

Vegetation on each mini green roof was composed of a single species. In March
2021, we planted 6, 9 or 15 plants per mini green roof, depending on the size of the
species, in order to homogenise the vegetation cover between mini green roofs
(Figure 5-2). Species and substrate types were crossed and, for each substrate, there
was one mini green roof without vegetation. Substrate-species combinations were
randomly distributed across the experimental design (Figure 5-2).

Substrate
1  Substrate 1 2 Substrate 2
Species
1 9 Achillea millefolium L. 11 15 Jasione montana L.
2 15 Anthoxanthum odoratum L. 12 6 Leucanthemum vulgare Lamk.
3 6 Anthriscus sylvestris (L.) Hoffm. 13 9 Lotus corniculatus L.
4 9 Centaurea scabiosa L. 14 6 Onobrychis viciifolia Scop.
5 9 Centranthus ruber (L.) DC. 15 9 Polypodium vulgare L.
6 15 Draba aizoides L. 16 15 Prunella vulgaris L.
7 9 Erysimum cheiri (L.) Crantz 17 9 Pulmonaria officinalis L.
8 9 Geranium sanguineum L. 18 6 Scabiosa columbaria L.
9 9 Helianthemum nummularium (L.) Mill. 19 6 Verbascum thapsus L.
10 9 Helleborus foetidus L. 20 Without vegetation

Figure 5-2 : Disposition of mini green roofs and their composition of substrate and
species. The number of plants is indicated.
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Mini green roofs were placed on a concrete surface in Gembloux Agro-Bio-Tech,
Belgium (50°33°48” N 4°41°52” E). The climate in the region is a temperate oceanic
climate (Cfb - Koppen climate classification) (Service fédéral belge 2022) with
10.5°C of mean annual temperature and 852.4mm of total annual rainfall, based on
data from 1991-2020 (IRM 2021). The year 2021 was characterized by high
precipitation and the most humid summer ever recorded (IRM 2021). In the studied
months of 2021, a total of 260.85 mm of rainfall occurred. The year 2022 was
characterized by a dry spring (IRM 2022). In the studied months of 2022, a total of
112.95 mm of rainfall was recorded.

3.2. Experimental measures

During May, June, September, October 2021, January, February, May and June
2022, we estimated for each mini green roof the quantity of runoff water from the
buckets with a graduated cylinder (1L £ 0.02L) on a three-day period (hereafter
designated as 3d).

To measure substrate humidity, TEROS 11 sensors (Meter group®) were placed in
12 mini green roofs. We selected five species with a high variation in plant traits
between species: Anthoxanthum odoratum L., Draba aizoides L., Erysimum cheiri
(L)) Crantz., Onobrychis viciifolia Scop., Verbascum Thapsus L.. For the two
substrates, one sensor was placed in each mini green roof with these five species and
in the mini green roof without vegetation. Sensors were calibrated for each substrate
(Annexe 4). Sensors measured data every hour during the studied period, only data at
the beginning of each 3d (initial substrate humidity hereafter designated as humin)
and at the end (final substrate humidity hereafter designated as humfin) were used.

To measure rainfall and temperature, two weather stations (Bresser® Weather
Center 5-in-1) were set up on either side of the experimental area and data were taken
every 30 minutes. For each 3d, total precipitation (hereafter designated as prec3d) and
mean temperature (hereafter designated as temp3d) were measured.

In each mini green roof, the realized functional traits of plant species were measured
once per month: the mean vegetation height of each plant and the plant cover. Plant
cover was measured with Canopeo app (Patrignani and Ochsner 2015). Aerial
biomass-proxy was calculated as vegetation cover*height. Specific leaf area (SLA), a
destructive measure of plant traits, was measured once for each mini green roof in
June 2021. One leaf was scanned per green roof with Epson Perfection™ V550 Photo,
area measured with ImageJ (O’Neal, Landis, and Isaacs 2002), dried in a laboratory
dryer (Memmert UFE 600) and weighted (Mettler Toledo XA105 dualrange,
0.0001g). SLA was calculated as the ratio between leaf area and leaf dry mass.

3.3. Analyses

In order to estimate ‘humfin’ for mini green roofs without sensors, we modeled the
effect of humin, vegetation parameters (vegetation height, SLA, cover*height and
plant cover) and weather parameters (prec3d, temp3d) on humfin with stepwise
multiple linear regressions for each substrate with data from mini green roofs with
sensors. If necessary, variables were transformed in order to linearised the marginal
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regression between the variables and humfin. We selected the best model for each
substrate to estimate humfin of mini green roofs without sensors (lower AIC, Annexe
5). Humin are considered to be equal to humfin of the previous 3d and will be used for
further analyses.

We used stepwise multiple linear regressions to test the effect of vegetation
functional traits, (vegetation height, SLA, cover*height, plant cover), weather
parameters (prec3d, temp3d), and humin on total runoff over 3d. Analyses were
realised for each substrate independently. If necessary, variables were transformed in
order to linearised the marginal regression between the variable and the runoff. Data
from all mini green roofs with runoff was used for these multiple regressions. We
selected the best model (lower AIC, Annexe 6). These regressions were applied to all
3d (hereafter designated as precan), 3d with low precipitation (prec3d below the first
quartile of precipitation distribution over the entire period <4.25 mm, hereafter
designated as preciow) and 3d with high precipitation (prec3d above the third quartile
of precipitation distribution over the entire period >17.92mm, hereafter designated as
PreChigh).

To test the effect of the presence of vegetation for each 3d, One Sample t-tests were
realised to compare the runoff from mini green roofs with vegetation to unplanted
mini green roofs.

The runoff dynamic can be characterised in relation to precipitation quantity as
runoff starts at a specific threshold of precipitation, the initial abstraction (Figure 5-3).
To study this dynamic, we used segmented regressions (“segmented”, segmented
package in R) with all the data collected during the study period. A segmented
regression was built for each mini green roof. Segmented regressions were composed
of a first horizontal regression with a runoff of zero and a second regression starting
at the initial abstraction. For each segmented regression, two parameters were studied:
the initial abstraction quantity, as indicated by the break-point of the segmented
regression; and the slope of the regression after the break-point. The influence of
substrate type on these two parameters was tested with a One-way Anova. All the
statistical analyses were performed with R v.4.0.2 (R Core Team 2022).

A

Runoff quantity

Precipitation quantity

Figure 5-3 : Segmented regression with the break-point indicating the precipitation
threshold required for the runoff and the slope of the second part of the regression
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4. Results

4.1. General description

During the whole studied period a total of 373.81mm precipitation was recorded
with, over 3d, an average of 8.13 = 9.89mm, a maximum of 37.08mm and a minimum
of 0.13mm without considering 3d without precipitation (Figure 5-4).

PR

0 10 20 30
Prec 3d (mm)

Figure 5-4 : Boxplot and violinplot of prec3d (total precipitation over 3 days period)

Globally, over eight months, 54.15% of the precipitation was captured by the mini
green roofs. On average, over 3d period, 75.49 £ 29.85% of precipitation was captured
on average (Annexe 7). 18 of the 46 3d with precipitation (mean prec3d = 1.91 +
1.67mm) had no runoff.

During the studied period, green roof with vegetation had a mean+sd vegetation
cover of 14.20+ 15.33% (min=0.1%; max=83%), a mean vegetation height of 12.5 +
13.9cm (min=0.4cm; max=87.9cm), and a mean SLA of 157.95 + 33.50g/cm?
(min=97.36g/cm?; max=249.94g/cm3).

The presence of vegetation reduced significantly (One sample t.test) the runoff for
10 3d over 28 for substrate 1 (35.7%) and for 16 periods for substrate 2 (57.1%). The
presence of vegetation increased significantly (One sample t.test) the runoff for 10 3d
over 28 for substrate 1 (35.7%) and for 4 periods for substrate 2 (14.3%). The presence
of vegetation did not significantly (One sample t.test) influence the runoff for 8 3d
over 28 for both substrates (28.6%) (Figure 5-5).
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Mean runoff over 3d from
vegetated GR (mm)

Runoff over 3d from unplanted GR (mm)

Figure 5-5 : Mean runoff (mm) from vegetated mini green roofs in relation to runoff from
unplanted mini green roofs. Significant differences from One sample t.test are colored, green
values when mean runoff is higher for unplanted green roofs and red values for higher
vegetated green roofs. Circle dots represent substrate 1 and square dots represent substrate 2.

4.2. Model for estimating final substrate humidity over 3d

For both substrate types, prec3d and humin influenced significantly humfin,
considering only the 12 mini green roofs with sensors. Only for substrate 1, temp3d
influenced significantly humfin (Table 5-1). For each 3d of mini green roofs without
sensors, we estimated humin with humfin of the previous 3d. For substrate 1, humfin
= 0.071+0.743*humin-0.014*temp3d+0.035*prec3d (humfin max = 0.62m3/m3). For
substrate 2, humfin = 0.119+0.752*humin+0.026*prec3d (humfin max=0.54ms3/m3).

Table 5-1 : Multiple regression stepwise of plant traits (vegetation height, SLA,
cover*height and plant cover), initial substrate humidity (humin) and weather parameters
(precipitation [prec3d], mean temperature [temp3d]) influencing final substrate humidity

(humfin) over 3 days for each substrate. Coefficient, P value and R? from marginal regression
are indicated.

Coefficient | P R2

Humin 0.743 <0.0001 | 0.95

Substrate 1 | Temp3d | -0.014 0.002 0.59
Prec3d 0.035 <0.0001 | 0.43

Substrate 2 Humin 0.752 <0.0001 | 0.98
Prec3d 0.026 <0.0001 | 0.38
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Chapitre 5 Plant traits influence runoff only during low precipitation events

For both substrates and for every precipitation regime, prec3d and humin
significantly influenced the runoff quantity over a three-day period. For preca,

4.3. Parameters influencing runoff over 3d
cover*height significantly influenced the runoff quantity over a three-day period on

both substrates. For preciow, cover*height and vegetation height significantly

influenced the runoff quantity over a three-day period on both substrates. For prechign,
no vegetation trait significantly influenced the runoff quantity over a three-day period

on both substrates (Table 5-2, Figure 5-6).
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Figure 5-6 : Marginal regressions between runoff and plant functional traits from multiple regression
stepwise for two substrates and for preca (all precipitation) and preciow (below the first quartile of

precipitations quantity)
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4.4. Runoff dynamic

The substrate type influenced significantly the slope of the segmented regression
between the runoff of 3d and the prec3d (P<0.0001) and was higher for the substrate
1 (0.72+0.03) than the substrate 2 (0.65+0.04) while the precipitation quantity at the
break-point was not influenced by the substrate type (P=0.60) (Figure 5-7). The mean
initial abstraction was 4.67£0.68mm (Annexe 8).
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Figure 5-7 : Box plot of segmented regressions parameters of runoff according to
precipitation from each mini green roofs. A) Initial abstraction for each substrate. B) Slope
of the linear regression between the runoff and the precipitation once the runoff started for

each substrate. Significant difference between substrate is indicated.

5. Discussion

This study highlights that the presence of green roofs can retain half of the natural
precipitation quantity throughout the year-long study period, encompassing the
evolution of the vegetation in a temperate climate on an annual cycle. Over three-day
periods, 75% of precipitation was retained on average. This water retention percentage
was in the same range as values often observed in other studies (Brand&o et al. 2017;
Volder and Dvorak 2014). Regardless of the climate, the global water retention
capacity of green roofs is estimated to be around 60-70% (Brand&o et al. 2017) but
this value is influenced by green roof parameters such as substrate composition
(Czemiel Berndtsson 2010; Getter, Rowe, and Andresen 2007), vegetation
composition and development (Dunnett, Nagase, and Hallam 2008; Maclvor et al.
2018), as well as meteorological parameters (Czemiel Berndtsson 2010; MacMillan
2004).

When the precipitation quantity is low, such as in our case with an average of
1.91mm, the water retention reached 100%. This represented 40% of the three-day
periods studied. Similar results were observed in other studies for small events of
rainfall, for less than 10mm (Getter, Rowe, and Andresen 2007; VanWoert et al. 2005;
Volder and Dvorak 2014) or for one third of their rainfall event (Brandao et al. 2017).
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Both initial substrate humidity and precipitation quantity were identified as factors
influencing the water runoff for the two substrates and across all intensity levels of
precipitation events. Precipitation quantity is often mentioned as a main factor
influencing water runoff (Stovin et al. 2015; Volder and Dvorak 2014). Stovin et al.
(2015) mentioned that the previous rainfall event, interpreted in this study by initial
substrate humidity, mainly influenced water runoff. In contrast, Volder and Dvorak
(2014) observed this effect only for green roofs without vegetation.

Vegetation traits were found to have an influence on runoff only during low
precipitation levels (<4.25mm). During higher precipitation events (>17.92mm), the
water runoff was only influenced by meteorological parameters (total precipitation
and mean temperature) and by substrate humidity. This level of precipitation is still
low, and these events occurred within short return periods. For example, over 3 days,
a rainfall with a 2-year return period resulted in a total precipitation quantity of 51.8
mm across the studied city (IRM 2012).

In this study conducted under a natural precipitation regime, vegetation height and
approximation of aerial biomass were the only functional traits of vegetation that
influenced runoff water. Vegetation height has already been identified as a vegetation
trait reducing runoff (Brandéo et al. 2017; Dunnett, Nagase, and Hallam 2008; Nagase
and Dunnett 2012). Higher vegetation increases interception and evapotranspiration
(Nagase and Dunnett 2012). A greater aerial biomass proxy also increases rainfall
interception. An increase in aerial biomass also leads to higher evapotranspiration
rates (Lundholm et al. 2010; Wolf and Lundholm 2008). Individual traits of vegetation
are rarely studied alone; studies often experiment the influence of vegetation forms
on runoff water (Branddo et al. 2017; Lundholm et al. 2010; Stovin et al. 2015).
Morphological characteristics, as functional traits, are specific to each vegetation
growth form and influence the water fluxes in green roofs (Wolf and Lundholm 2008).
A better knowledge of the effect of vegetation traits allows to optimise the water
regulation service through a better selection of species, broadening the pool of species
used on extensive green roofs from typical sedum species that have a weak impact on
decreasing runoff (Dunnett, Nagase, and Hallam 2008).

The simple presence of vegetation on green roofs did not always lead to a reduction
in water runoff. In our study, the type of substrate played a crucial role in determining
the effect of the vegetation presence on the runoff. However, the increase in runoff
for green roofs with vegetation is mainly observed for very low runoff (<2l) except
for one event. When runoff was higher, the presence of vegetation reduced the runoff
quantity or at least had no effect on the runoff quantity.

We finally observed that the substrate type influenced the runoff velocity but not
the rain quantity needed to start the runoff. This threshold for having a runoff was also
observed by Villarreal and Bengtsson (2005) between 6 and 12 mm of rainfall.
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The substrates utilized in our study had similar granulometry, and low dry bulk
density due to their composition of coarse porous materials. The absence of any
substrate effect on the initial abstraction may be attributed to this similar composition.
However, the absence of analyses concerning the internal porosity of the coarse
aggregates limits our ability to explain the variation in runoff velocity between the
two substrates, potentially attributed to their differing compositions of coarse
elements (Morgan, Celik, and Retzlaff 2013).

Vegetation, as analysed in this study, is just one component that characterises green
roofs. The other layers, such as substrate and drainage, also influence runoff, and the
heterogeneity of these structures could modify overall runoff. The drainage layer used
in this experiment is the same for all the mini green roofs. A different drainage layer
with other properties may change the retention capacity, affecting the runoff quantity
and potentially the results of the experiment.

In conclusion, on average, the presence of an extensive green roof can capture 75%
of precipitation over a three-day period. This capture is principally influenced by
precipitation quantity, temperature, and substrate humidity. Only when precipitation
is less than 4.25 mm, vegetation height and aerial biomass influenced the runoff
guantity. The substrate type modified the runoff velocity and the effect of the
vegetation presence. It is important to consider a range of factors such as weather
conditions, substrate type, and vegetation traits (height and aerial biomass) in
optimizing the reduction of water runoff from extensive green roofs. A comprehensive
approach that integrates these elements would improve the performance of green
roofs.
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The present chapter is a draft research paper

1. Abstract

Plant functional traits of extensive green roofs, along with other components such
as substrate and drainage layers, influence water flow. However, the rainfall intensity
plays a crucial role in shaping this interaction.

This study tested experimentally the influence of plant functional traits on GR runoff
under different levels of precipitation.

We used 24 experimental GR (0.24m?) with eight plant combinations of two species.
Plant combinations differed in root type and aerial biomass. Simulated rains, with
return periods of two years and 20 years, were applied during 160 and 300 seconds.
At the end of the experiment, vegetation height, cover, leaf area, dry aerial biomass
and root biomass were measured. Substrate humidity was measured every hour.

Vegetated GR retained 90% of the precipitation quantity for shorter precipitation
events and 30-40% for higher precipitation events. Root type, aerial biomass and
vegetation height were identified as vegetation traits influencing water runoff quantity
only for more intense precipitation events with higher runoff.

This study pointed out the idiosyncratic pattern of plant traits on water runoff for
different precipitation regimes.

2. Introduction

Green roofs have emerged as solutions for urban water management due to their
ability to manage water flows and contribute to the reduction of runoff (Czemiel
Berndtsson 2010). Substrate and vegetation play complementary key roles in
regulating green roof runoff. Substrate holds water and acts as a barrier slowing the
runoff (Branddo et al. 2017). Plant evapotranspiration contributes to water loss and
vegetation plays a key role in intercepting precipitation (Nagase and Dunnett 2012).
Both interact in their impacts on runoff.

Plant community functional traits are one of green roof characteristics influencing
the regulation of water flow. Vegetation height (Lundholm, Tran, and Gebert 2015),
plant cover (Nagase and Dunnett 2012), aerial biomass (Lundholm et al. 2010), leaf
area (Geller and Smith 1982; Smith and Geller 1980) and root system (Nagase and
Dunnett 2012; Zhang et al. 2018) are functional traits influencing the quantity of water
runoff by modifying evapotranspiration rate, precipitation interception and substrate
holding capacity. Beyond substrate properties and vegetation characteristics, substrate
humidity (Czemiel Berndtsson 2010), rainfall intensity, and rainfall duration
(MacMillan 2004) play important roles in water flow regulation. This interdependence
of multiple variables underscores the complexity of understanding and managing
runoff from green roofs.

The objective of this experiment is to study experimentally the influence of plant
community functional traits on runoff from extensive green roofs under different
levels of precipitation.
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3. Materials and methods

3.1. Study site and experimental design

The experiment consisted of 24 mini extensive green roofs of 40 cm X 60 cm X 20
cm. Mini green roofs were composed of a 15 cm substrate depth and a drainage layer
with a filter layer (Fixodrain®XD 20, Zinco®). The substrate was composed of
recycled bricks (Tradecowall®), organic matter (La Plaine Chassart®) and sand with
a dry bulk density of 1.2g/cm3. Mini green roofs were inclined by 2° and each mini
green roof had a water drainage hole connected to a graduated cylinder (1L + 0.02L).

We composed a two-species plant combination based on contrasted expected values
of two important plant traits for water regulation: dry aerial biomass and root type.
Each trait presented 2 modalities: High or Low expected aerial biomass, and Tap or
Fibrous root. TRY traits database (Kattge et al. 2020) was used to determine the root
type and the expected dry aerial biomass for a list of 57 local species from dry
grassland tested for their ability to thrive on extensive green roofs. Species with an
expected aerial biomass lower than 100 g were considered as Low aerial biomass
species and species with an expected aerial biomass higher than 100 g were considered
as High aerial biomass species. For each combination of the trait modalities (high -
low biomass X fibrous root - tap root), four species were selected to create two groups
(A and B) of two species (Table 6-1). Each group was repeated three times. Twelve
plants were planted per mini green roof. The arrangement of modalities in the
greenhouse was randomized.

Table 6-1 : Eight plant combinations. Characteristics of plant combinations, species
compositions and expected plant traits: High biomass: upper-case; Low biomass: lower-case;
Fibrous root: f; Tap root: t

Community | Trait Species 1 Trait Species 2
t1t2 t1  Galium verum L. t2  Jasione montana L.
t3t4 t3  Helianthemum nummularium (L.) Mill t4 Hypericum perforatum L.
f1f2 fl  Sedum album L. f2  Bellis perennis L.
f3 4 f3  Origanum vulgare L. f4  Veronica chamaedrys L.
T1T2 T1 Verbascum thapsus L. T2 Anthriscus sylvestris (L.) Hoffm.
T3T4 T3 Onobrychis viciifolia Scop. T4 Echium vulgare L.
F1F2 F1 Polypodium vulgare L. F2 Centranthus ruber (L.)DC.
F3 F4 F3 Melica ciliata L. F4 Hellebore foetidus L.
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3.2. Simulated rain

We used a rainfall simulator consisting of a same box as mini green roofs, drilled
with holes of 2mm diameter every 5 cm.

Types of simulated rains were selected according to their return period: 2 or 20
years. To select rainfall quantity, intensity—duration—frequency (IDF) curves of
rainfall from Gembloux (IRM 2012) were used for two durations: 160 and 300
seconds (Table 6-2). These four precipitation types were applied on “dry” (last
precipitation since one week) and “humid” (last precipitation since three days)
substrates. For each situation, runoff water was collected.

Table 6-2 : Precipitation quantity and short form used in the text for each return period
and duration of precipitation events

| 2 years 20 years
160 sec | 2y160s 7.4mm  20y160s 15.0mm
300 sec | 2y300s 8.5mm  20y300s 17.1mm

3.3. Realized plant traits

Vegetation height, vegetation cover, leaf area, dry aerial biomass and root biomass
were measured at the end of the experiment (Annexe 9). Plant cover for each mini
green roof was measured with Canopeo app (Patrignani and Ochsner 2015). Leaf area
was estimated on a surface of 14.5X9.5cm, scanned with Epson Perfection™ V550
Photo and measured with ImageJ (O’Neal, Landis, and Isaacs 2002). Aerial and root
biomass were measured over the whole mini green roof and weighted after drying
(Memmert UFE 600).

To measure substrate humidity, TEROS 11 sensors (Meter group®) were placed in
all mini green roofs. Sensors were calibrated (Annexe 4). Sensors measured data
every hour during the studied period.

3.4. Data analyses

To test if realized dry aerial biomass was different between expected high and low
biomass communities, a One-way Anova (“aov”, stats) was performed. Tukey post-
hoc test was performed when necessary (“emmeans”, emmeans (Lenth 2020)).

To test if substrate humidity at the beginning of the precipitation event (initial
substrate humidity) was different between expected “dry” and “humid” substrates, an
ANCOVA with precipitation quantity as covariable (“anova test”, rstatix) was
realised.

To test the effect of different precipitation events (return period, precipitation time
and substrate humidity) on runoff quantity, a one-way Anova (“aov”, stats) was
performed for each modality of root type. Tukey post-hoc test was performed when
necessary with Bonferroni adjustment (“emmeans”, emmeans (Lenth 2020)).

To test the effect of root type on runoff quantity, a One-way Anova (“aov”, stats)
was performed for each precipitation event.
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We used stepwise multiple regressions (“step”, stats) to identify the best model
relating functional traits (vegetation height, aerial biomass, root biomass, vegetation
cover and leaf area) and initial substrate humidity to runoff quantity for precipitation
events with enough runoff (>2mm).

For plant functional influencing runoff from both substrate modality, we performed
an ANCOVA (“anova_test”, rstatix) to compare the slope of the two marginal
regressions representing the relation between the plant functional trait and runoff.

All the statistical analyses were performed with R v.4.0.2 (R Core Team 2022).

4. Results

4.1. Realised functional traits

Realized dry aerial biomass was statistically (F=4.818, P=0.004) different between
plant communities but was not statistically different between expected “high” and
“low” dry aerial biomass communities. Only the F1F2 combination had a statistically
higher dry aerial biomass than other combinations (Table 6-3). Hence, for the
following analysis, “high” or “low” biomass classes are not compared to each other
but dry aerial biomass is studied as a continuous trait.

Table 6-3 : Result of the one-way ANOVA testing the influence of community type on
dry aerial biomass (g). P and F values are indicated, bold value indicated significant
differences. Characteristics of plant combinations: High biomass: upper-case; Low biomass:
lower-case; Fibrous root: f; Tap root: t

F P
4818 0.004
f1f2 f3f4 t1t2 t3 t4
45.5+4.9 58.84+0.5 70.62+0.5 49.2+1.9
a a a a
F1F2 F3 F4 T1T2 T3 T4
210.7+116.7 81.243.0 85.9+15.8 61.7+£19.3
b a a a

The mean final vegetation height per mini green roof was comprised of between
4.94 cm and 50.44 cm with an average of 26.08 + 10.54 cm. The total leaf area per
mini green roof was comprised of between 292.80cm? and 9001.0 cm? with an average
of 3173.8 £ 2509.5 cm2. The total fresh aerial biomass per mini green roof was
comprised of between 78.24 g and 637.15 g with an average of 258.93 + 175.64 g.
The total dry aerial biomass per mini green roof was comprised of between 40.17 g
and 283.18 g with an average of 82.95 + 61.13 g. The total dry root biomass per mini
green roof was comprised of between 7.34 g and 67.88 g with an average of 21.43 +
14.69 g. The total vegetation cover per mini green roof was comprised of between
32.10 % and 83.70% with an average of 61.87 + 12.81% (Figure 6-1).
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Figure 6-1 : Boxplots of each vegetation functional trait measured at the end of the
experiment

4.2. Runoff variation

After adjustment for precipitation quantity, initial substrate humidity was
statistically lower for “dry” substrate than for “humid” substrate (ANCOVA, F=4.201,
P=0.042).

For both substrate humidity levels (dry or humid), total runoff increased with
increasing precipitation. Only for 20y300s precipitation, all the mini green roofs had
runoff (Figure 6-2).
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Figure 6-2 : Runoff quantity from each precipitation event for both substrate humidity
conditions. Red dots indicated dry substrate conditions and blue dots indicated humid
substrate conditions
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4.2.1. Influence of root type on runoff

Mean runoff was significantly different between precipitation events both for
fibrous (ANOVA 1: F =41.39, P <0.001) and tap roots plant combinations (ANOVA
1: F=122.8, P <0.001). Post-hoc mean comparisons (Tukey tests), indicated, for both
root types, a significantly higher mean runoff only for higher precipitation events
(20y300s, humid and dry substrates) as compared to lower precipitation events, lower
precipitation events displaying non-significant mean runoff differences (Table 6-4).
Runoff quantities for precipitation event <20y300s were low (<2mm) and
corresponded on average to 1.1% - 10.0% of the precipitation quantity. In contrast,
runoff for 20y300s precipitation event corresponded on average to 31.2 % - 39.8% of
the precipitation.

For humid substrate and the three higher precipitation events (2y300s, 20y160s and
20y300s), mean runoff differences between fibrous and tap root communities were
marked with low P-value for Anova tests and higher runoff for fibrous root than for
tap root: 2y300s: fibrous = 0.81+£0.90mm — tap = 0.24+£0.40mm (F = 4.21, P = 0.055);
200y160s: fibrous = 2.42+2.18mm — tap = 0.67+0.58mm (F = 6.28, P = 0.013) and
20y300s: fibrous = 7.75+3.29mm — tap = 5.83+1.38mm (F = 3.27, P = 0.076) (Table
6-4)(Annexe 10).

Table 6-4 : Mean runoff (mm) and result from one-way ANOVA testing the influence of
root type on runoff for each precipitation event. P and F values are indicated. Letters
indicated significant differences by column

Precipitation events Precipitation | Substrate Mean Root type
Return period | Time | (mm) humidity runoff .

(mm) Fibrous Tap F P
(year) (sec)
2 160 |7.4 Dry 0.08+0.20 | 0.05+0.10a |0.12+0.27a|0.70 |[0.408
2 160 |74 Humid |0.11+0.22 |0.08+0.16 a |0.14+0.27 a [0.40 |0.532
2 300 |85 Dry 0.41+0.41|0.42+0.45a |0.39+0.38a|0.04 [0.840
2 300 (8.5 Humid | 0.53+£0.74 |0.81+0.90 ab | 0.24+0.40 a | 4.21 |0.055
20 160 |15.0 Dry 0.31+0.43|0.34+0.50a |0.27+0.35a|0.17 [0.671
20 160 |15.0 Humid 1.54+2.80|2.4242.18b |0.67+0.58a|6.82 |0.013
20 300 (171 Dry 5.31+1.40|5.16+1.44¢c |5.47+1.41b|0.44 |[0.597
20 300 |17.1 Humid |6.79+2.66 | 7.75+3.29d |5.83+1.38b [3.27 |0.076

4.2.2. Influence of continuous vegetation traits on runoff

For precipitation with consequent runoff (>2mm - 20y300s precipitation events),
influence of continuous vegetation traits on runoff quantity was tested with stepwise
multiple regression to select the best model (lower AIC, Annexe 11). Runoff from
precipitation on dry substrate decreased with initial substrate humidity (R?=0.75), with
final mean vegetation height (R?=0.77) and with aerial biomass (R?=0.51). Runoff for
precipitation on humid substrate increased with initial substrate humidity (R?=96) and
decreased with final mean vegetation height (R2=0.60) (Table 6-5).
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The slope of marginal regressions between runoff and final mean height was
statically (ANCOVA, F=7.248, P=0.01) different between 20y300s on dry (slope = -
0.0077) and on humid (slope = -0.038) substrates.

Table 6-5 : Multiple stepwise regression of plant traits (vegetation height, aerial biomass,

root biomass, cover and leaf area) and initial substrate humidity influencing the runoff from

20y300s precipitations on dry and humid substrates. Coefficient, P value and R2 for marginal
regression are indicated.

Precipitation Initial substrate humidity Final mean height Aerial biomass
events
Substrate
Ret_urn Time | humidity - - -
period (sec) Coefficient [P R2 | Coefficient | P R2 | Coefficient |P R?
(year)
20 300 |Dry -1.40 0.005 [0.75 |-0.01 0.037{0.77 | -0.05 0.04 |0.51
20 300 |Humid 3.06 <0.001{0.96 | -0.02 0.016{0.60

5. Discussion

Vegetation is considered a key compartment of the green roof ecosystem for water
regulation (Branddo et al. 2017; Czemiel Berndtsson 2010; Nagase and Dunnett
2012), and, manipulating vegetation functional traits is advocated for optimizing
green roof water retention (Lundholm et al. 2010; Nagase and Dunnett 2012).
However, our study illustrates how vegetation trait impacts on green roof runoff
depend strongly on precipitation regimes and precipitation history (dry or humid
substrates), and cannot be generalized for all situations.

In our experiment, with low duration precipitations, runoff was significant only for
higher precipitation regimes. Precipitations with a two years return period induced
low runoff with more than 90% of precipitation retained in experimental green roofs.
In contrast, higher precipitations with 20 years return period induced significant
runoff reaching 30-40% of precipitation. The influence of precipitation intensity on
green roof water retention has often been observed under natural precipitation. For
smaller precipitation events (<10mm), Volder and Dvorak (2014), Getter et al. (2007),
and VanWoert et al. (2005) found that vegetated green roofs retained 82% to 100%
of the precipitation quantity, and for higher precipitation events (>10mm), the
retention rate ranged from 30% to 70% of the precipitation quantity.

High water retention of green roofs, for all vegetation combinations at low
precipitation regimes, indicated that variation of vegetation traits plays only a
marginal role in water regulation in these conditions. In contrast, vegetation traits
influenced runoff at higher precipitation regimes.

Root type influenced runoff quantity for precipitation with a 20 years return period
on humid substrate. Plant combinations with tap roots displayed lower runoff than
plant communities with fibrous roots. Fibrous roots can have a higher root density
(Maclvor et al. 2018) than tap root systems and can reduce the available space to stock
water in substrate, especially in humid substrates. Previous studies demonstrated the
effect of root density on green roof runoff (Maclvor et al. 2018; Nagase and Dunnett
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2012). In contrast to other studies (Zhang et al. 2018), we did not detect an effect of
root biomass on runoff.

Aerial vegetation traits also influenced runoff in our experiment for higher
precipitation regimes and both ‘dry’ and ‘humid’ substrates. Increase in vegetation
height decreased significantly runoff for both dry and humid substrate, with an effect
five times higher on humid than dry substrate. Vegetation height was not correlated
to other traits measured in this study (biomass, leaf area, cover), suggesting an
independent effect. Vegetation height has already been reported to influence green
roof runoff (Branddo et al. 2017; Dunnett et al. 2008; Nagase and Dunnett 2012).
Vegetation height can directly influence precipitation interception resulting in a delay
in runoff, but interception is also related to leaf areas and vegetation architectural
complexity (Geller and Smith 1982; Lundholm et al. 2010; Smith and Geller 1980).
Increase in aerial biomass and vegetation cover also decreased runoff, respectively for
dry and humid substrates. Both traits can play a role in precipitation interception,
vegetation evapotranspiration and substrate evaporation (Lundholm et al. 2010;
Nagase and Dunnett 2012; Wolf and Lundholm 2008).

The link between vegetation trait variation and runoff variation may be high, as
exemplified by a 1/2 decrease in runoff for higher vegetation (40 cm: 1L) as compared
to smaller vegetation (10cm: 2L) in humid substrate condition. Hence, using plant
traits to design green roof plant communities may be a promising perspective to
increase green roof water regulation efficiency. However, care should be taken to the
large idiosyncratic pattern exemplified in our study with different effects of vegetation
traits for different precipitation regimes and history. In addition, we demonstrated that
plant traits databases may be poor predictors of realized plant traits, which can impede
the use of plant traits for pragmatic and efficient green roof design by practitioners.
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Discussion

1. Habitat analogue et toiture verte extensive

1.1. A quoi ressemble une toiture verte analogue ?

Le concept de I’habitat analogue délimite le cadre de cette these et fournit une base
pour la sélection des espéces de toitures vertes extensives en utilisant leur taxonomie
ou leurs traits fonctionnels. A travers les différents chapitres, nous avons pu constater
les subtilités de I’utilisation de ce concept et les facteurs a considérer pour optimiser
les services de soutien a la biodiversité et de contribution a I’hydrologie des toitures
vertes extensives.

Le chapitre 2 confirme que les espéces de pelouses séches, identifiées grace a
I’hypothése de 1I’habitat analogue, peuvent constituer les principales composantes des
communautés végétales des toitures vertes extensives lors de leur installation. Les
espéces dominantes telles que Anthoxanthum odoratum L., Anthyllis vulneraria L.,
Bromus erectus Huds., Echium vulgare L., Sedum acre L., Sedum album L., Sedum
rupestre L. sont des espéces représentatives de la gamme des milieux de pelouses
seches (Figure 7-1). Cependant, le chapitre 4 compléte cette hypothése en démontrant
I’importance de considérer les stratégies CSR des especes afin d’affiner la sélection
et met en évidence que les espéces de stratégie S semblent plus adaptées a se
développer dans les conditions abiotiques des toitures vertes extensives. Les especes
de stratégie R ne développent pas un couvert important au cours du temps. L’analogie
des toitures vertes ne peut donc pas étre étendue a d’autres milieux urbains tels que
les friches.

Les chapitres 2, 3 et 4 nous donnent un apercu global du résultat d’une toiture verte
extensive congue comme un habitat analogue de milieux (semi-) naturels. Dans tous
les cas, quelques espéces dominent le couvert de la communauté tandis que certaines
especes semées ne se développent pas et que les autres especes semées ou spontanées
sont présentes de fagon éparse. Les communautés végétales sont principalement
dominées par des espéces tolérantes au stress, alors que la banque de graines est
majoritairement constituée d’espéces spontanées rudérales. Les communautés
végétales d’une toiture verte sont dynamiques. Elles évoluent au cours du temps et en
fonction des conditions microenvironnementales présentes a I’échelle de la toiture.

Figure 7-1 : Illustrations des especes dominantes : Anthoxanthum odoratum L., Anthyllis
vulneraria L., Bromus erectus Huds., Echium vulgare L., Sedum acre L., Sedum album L.,
Sedum rupestre L.
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1.2. Evolution temporelle des communautés végétales

Les chapitres 2 et 4 ont mis en évidence que la dynamique temporelle jouait un role
plus important dans la composition taxonomique et fonctionnelle que les conditions
microenvironnementales d’une toiture verte extensive.

1.2.1. Evolution taxonomique des communautés végétales

Une augmentation de la richesse spécifique au cours du temps a pu étre constatée
sur la toiture in situ dans le chapitre 2, mais cette tendance ne s’est pas confirmée dans
les mésocosmes du chapitre 4. Seule I’augmentation du nombre d’espéces spontanées
au cours du temps est commune entre les deux études, le nombre d’espéces semées
ayant augmenté au cours du temps sur la toiture in situ analogue aux pelouses séches
et diminué dans les expérimentations de communautés végétales mixtes CSR. Cette
différence sera abordée dans la partie 1.2.3. La colonisation des espéces spontanées
se fait principalement par des espéces anémochores ou zoochores (oiseaux ou
personnes visitant la toiture) (Dunnett, Nagase, and Hallam 2008). L’augmentation de
la richesse en espéces spontanées au cours du temps, couplée a la diminution du
nombre d’espéces semées, est souvent observée dans les communautés végétales des
toitures vertes (Bates, Sadler, and Mackay 2013; Madre et al. 2014; Olly et al. 2011;
Piana and Carlisle 2014; Thuring and Dunnett 2019).

Ces espéces spontanées dominent la banque de graines, mais trés peu le couvert. Ce
dernier est majoritairement composé d’espéces semées. Toutefois, la différence de
composition entre le couvert végétal et la banque de graines tend a s’estomper au
cours du temps. Les espéces de pelouses seches semées présentes dans la banque de
graines n’ont pas reconstitué leur stock de graines équivalent au semis initial. Dés
lors, la réserve en graines s’épuise au cours du temps. Ce comportement est similaire
dans leur milieu naturel. Les espéces de pelouses séches ne disposent pas d’une
bangue de graines permanente et investissent davantage de ressources dans la survie
individuelle gue dans la production de graines (Bisteau and Mahy 2005; Bossuyt,
Butaye, and Honnay 2006; Davies and Waite 1998; Eriksson and Eriksson 1997).
Ainsi, la survie de ces especes au cours du temps dépend principalement de la survie
des individus matures et de la régénération directe a partir des productions annuelles
de graines. A I’inverse, les espéces rudérales allouent leurs ressources a la production
d’un grand nombre de graines et trés peu dans le développement d’un large couvert
végétal (Sera and Sery 2004), dominant ainsi la banque de graines des toitures vertes
mais trés peu leur couvert.

La colonisation des espéces spontanées sur une toiture verte permet de diversifier
les communautés végétales en intégrant des espéces qui supportent les conditions
spécifiques d’une toiture verte extensive (Olly et al. 2011). Ces espéces sont
principalement des espéces locales et dépendent de I’environnement & proximité de la
toiture. Dans cette these, la dynamique des communautés végétales a été étudiée sur
un seul site. La dynamique de colonisation des espéces spontanées pourrait donc étre
différente d’une situation a I’autre suivant le contexte paysager. Cependant, le chapitre
4 révele qu’un semi diversifié comprenant des espéces de stratégies C, S et R ne se
maintient pas au cours du temps, peu importe les conditions de profondeur ou de
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fertilisation du substrat. Bien que les especes spontanées soient majoritairement des
especes de stratégie R, elles ne maintiennent pas un couvert important au cours du
temps. De maniére globale, le couvert des communautés végétales des toitures vertes
extensives resterait dominé par des espéces de stratégie S, typiques des milieux
stressants, indépendamment de la colonisation d’espéces spontanées et du contexte
paysager.

1.2.2. Evolution de la composition fonctionnelle des communautés végétales

Parallélement a la composition taxonomique, la composition fonctionnelle, et donc
les stratégies CSR, évoluent aussi au cours du temps. La stratégie de tolérance au
stress (S) devient dominante dans la composition de la communauté végétale que ce
soit pour le chapitre 2 ou 4, et ce méme au départ d’un semi diversifié. Cependant,
1I’évolution des deux autres stratégies C et R differe entre ces deux chapitres. En effet,
la stratégie C augmente au cours du temps sur la toiture in situ dans le chapitre 2 mais
la tendance inverse s’observe dans les mésocosmes du chapitre 4. L’évolution de la
stratégie R est moins évidente.

Selon Grime (1988), I’évolution des stratégies CSR d’une succession primaire est
caractérisée par une dominance de la stratégie S dans un premier temps et qui sera
ensuite remplacée par la stratégie C. Cette tendance est discutée. En effet, la littérature
ne s’accorde pas sur 1’évolution des stratégies CSR de la communauté végétale des
toitures vertes (Brown and Lundholm 2015; Catalano et al. 2016; Kelly Ksiazek-
Mikenas and Kohler 2018; Thuring and Dunnett 2019). Ces divergences ont pu étre
observées entre le chapitre 2 et le chapitre 4 de cette thése. In situ dans le chapitre 2,
a partir d’un semi d’espéces de pelouses seches, I’évolution des stratégies CSR est
cohérente avec la dynamique de succession primaire développée par Grime (1988).
Tandis que les mésocosmes du chapitre 4, avec au départ un semi de composition
fonctionnelle diversifiée des stratégies C, S et R, ne sont pas caractérisés par cette
tendance. Ces deux chapitres se concentrent sur le méme laps de temps de quatre ans
qui correspond aux premiers stades de la succession primaire, I’installation et
I’évolution des premiéres années. D’autres études se concentrent sur un pas de temps
plus long pour étudier cette dynamique d’évolution des stratégies CSR des toitures
vertes extensives (Catalano et al. 2016; Kelly Ksiazek-Mikenas and Kéhler 2018). De
maniere générale, la dominance de la stratégie S est démontrée par plusieurs études
(Catalano et al. 2016; Thuring and Dunnett 2019; Van Mechelen et al. 2014). La
présence d’especes de stratégies R peut s’expliquer par la dispersion répétée de
propagules (Buffam and Mitchell 2015; Catalano et al. 2016; Kelly Ksiazek-Mikenas
and Kohler 2018; Thuring and Dunnett 2019), et sa diminution peut étre expliquée par
I’absence de perturbations (Kelly Ksiazek-Mikenas and Kdéhler 2018). Bien que les
espéces spontanées soient bien souvent des espéces rudérales et que celles-ci
dominent la banque de graines, elles ne deviennent pas dominantes dans le couvert de
la végétation au cours du temps.
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1.2.3. Influence des systemes expérimentaux sur les dynamiques temporelles

des communautés végétales

Les différences de dynamique dans la composition taxonomique ou fonctionnelle
des communautés végétales entre les chapitres 2 et 4 peuvent s’expliquer notamment
par la sélection des especes lors du semi initial. En effet, in situ dans le chapitre 2, la
gamme d’espéces de départ est limitée, car seules les especes caractéristiques des
pelouses seches sont sélectionnées. Toutefois, dans les mésocosmes du chapitre 4, les
espéces proviennent d’une gamme plus large d’habitats et de stratégies. Cette
différence peut donc expliquer la perte d’especes observée au cours du temps dans le
chapitre 4 ainsi que les variations de dynamique des stratégies CSR.

De plus, bien que I'utilisation des mésocosmes permette d’étudier des paramétres
difficilement mesurables sur les toitures vertes en situation réelle, certaines limites a
ces systemes sont observables. Les différences observées entre les chapitres 2 et 4
pourraient découler, non seulement, des différentes communautés végétales semées,
mais aussi de I’utilisation de systémes expérimentaux différents. En effet, la
dynamique de végétation et les flux d’eau des mésocosmes peuvent étre différents par
rapport & une situation réelle, car le volume de sol est réduit et s’asséche plus
rapidement. La dynamique végétale sur le long terme pourrait étre influencée par la
taille des mésocosmes et par leur disposition au sol qui facilite la colonisation
d’especes spontanées.

Les variations interannuelles ont été observées et sont notamment expliquées par les
conditions météorologiques. In situ dans le chapitre 2, le couvert de la végétation n’a
pas évolué de maniére linéaire au cours du temps, avec un pic observé lors de la
deuxiéme année. Dans cette thése, ces variations de développement de couverts sont
notamment influencées par les variations météorologiques qui peuvent limiter le
développement de la végétation. Par exemple, la sécheresse printaniere observée en
2022 (IRM 2022) a conduit a un développement plus limité de la végétation cette
année-la. Les phénomeénes de sécheresses printaniéres et de fortes précipitations
devenant de plus en plus fréquents en Europe tempérée en raison du réchauffement
climatique (Seneviratne et al. 2021), I’évolution d’une toiture verte au cours du temps
dépendra donc des conditions météorologiques au printemps, mais aussi du
développement végétal des années précédentes. Dans ce contexte, il est essentiel de
sélectionner une large gamme d’espéces et de favoriser les espéeces tolérantes au stress
afin de garantir la survie et le développement d’au moins une partie des espéces qui
assureront un développement végétal lors des années les plus seches, telle que I’a été
I’année 2022.

Pour diversifier les toitures vertes extensives, il est essentiel d’utiliser les traits
fonctionnels pour identifier les espéces potentielles adaptées a ces milieux. Cette
approche compléte I’hypothese de I’habitat analogue, car il n’est pas réalisable de
tester individuellement toutes les espéces des habitats analogues. La sélection des
habitats analogues et de leurs espéces devrait donc favoriser les espéces de stratégies
S parmi les espéces des milieux pionniers, des pelouses seches et des milieux xériques.
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1.3. Evolution des communautés végétales selon les conditions
micro environnementales

Bien que moins prononcée que la dynamique temporelle dans les gammes de
conditions  explorées dans cette these, [linfluence des conditions
microenvironnementales a 1’échelle d’une toiture verte extensive modifie également
la composition fonctionnelle et taxonomique des communautés végétales.

Cependant, I’effet des conditions microenvironnementales n’est pas constant dans
le temps et dépend du facteur qui les induit.

L’expérience en mésocosmes du chapitre 4 met en évidence que 1’effet de ’apport
de fertilisant est plus marqué sur les communautés végétales lors de la premiére année
d’installation qu’apres 4 ans de développement. Les variations liées a la fertilisation
s’estompent au cours du temps, en raison de la perte des éléments, ce qui entraine une
réduction des différences de conditions microenvironnementales entre les modalités.
Les communautés végétales qui s’étaient différenciées la premicre année selon le
niveau de fertilisation tendent a se ressembler au cours du temps. Cette tendance est
renforcée par la perte en espéces observée au cours du temps.

Les variations de profondeurs de substrat étudiées en mésocosmes dans le chapitre
4 et in situ dans le chapitre 2 combinées aux variations d’ensoleillement, influencent
la composition taxonomigue et fonctionnelle tout au long du développement de la
végétation.

In situ, les zones les plus stressantes (faible profondeur de substrat et ensoleillement
important) ont un couvert végétal moins développé et composé principalement
d’especes xérophiles, comparées aux zones les moins stressantes (grande profondeur
de substrat et ensoleillement faible) qui ont un couvert plus important et composé
d’espéces mésophiles (chapitre 2). Les zones les plus stressantes ont donc une plus
grande proportion de sol nu. La proportion de sol nu pourrait influencer la densité de
la banque de graines (Vanstockem, Somers, and Hermy 2019) mais I’étude de la
banque de graines in situ du chapitre 3 ne confirme pas cette hypothése.

En mésocosmes, le succés des stratégies CSR est également influencé par la
profondeur du substrat (chapitre 4). Les espéces tolérantes au stress (S) ont un couvert
relatif plus important dans les zones plus stressantes, ou la profondeur de substrat est
plus faible.

In situ, les conditions microenvironnementales influencent également 1’évolution
des propriétés du substrat par I’intermédiaire des variations de développement de la
végétation (chapitre 2). Ces différenciations de substrat pourraient accentuer le
développement de communautés végétales distinctes selon les conditions
microenvironnementales. En modulant les conditions microenvironnementales d’une
toiture verte, il serait possible de créer des communautés végétales hétérogénes a
I’échelle de la toiture, favorisant ainsi le développement d’espéces et de stratégies
specifiques a différentes zones de la toiture (Bates, Sadler, and Mackay 2013; Thuring
and Dunnett 2019). Par exemple, en variant les profondeurs de substrat, des
microclimats différents et des zones ombragees pourraient étre créés.
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1.4. Constituer des communautés vegétales

La composition des communautés végeétales dépend donc de nombreux facteurs tels
gue les conditions abiotiques et la dynamique temporelle, comme mis en avant dans
cette these. Plusieurs filtres peuvent influencer cette composition. Le filtre a la
dispersion joue un réle tres important. En milieu urbain, le pool d’espéces adaptées
aux toitures vertes n’est pas toujours présent dans le paysage. Grace au semi d’espéces
sélectionnées sur base de I’hypothése de 1’habitat analogue, ce filtre peut étre levé. Le
filtre & la dispersion influence plutét la composition en espéces spontanées.

Le filtre biotique n’a pas été abordé dans cette thése, mais les interactions entre
especes modifient également la composition des communautés végétales. Sur les
toitures vertes extensives, le comportement de facilitation peut étre observé. Bien
souvent, le sedum agit comme une espece nurse et facilite I’installation d’autres
especes dans son environnement immédiat (Butler and Orians 2011). Le couvert en
sedum des toitures vertes étant assez développé, ce comportement de facilitation peut
étre important et structurer la dynamique spatiale des communautés végétales.
D’autres interactions interspécifiques pourraient étre observées. La présence
d’espéces de la famille des fabacées, telles que Anthyllis vulneraria L., Medicago
lupulina L., Vicia sativa L., Trifolium pratense L. et Trifolium arvense L., pourrait
influencer I’installation d’autres espéces. Les fabacées ont la capacité de fixer ’azote
atmosphérique grace a la symbiose de bactéries Rhizobium. La présence de nodosité
sur les racines des fabacées permet d’attester de cette symbiose. D’autres especes
peuvent donc profiter de cette accumulation de I’azote pour se développer, surtout
dans un contexte de substrat pauvre de toitures vertes. Dans cette thése, le couvert de
ces especes de fabacées peut atteindre 20% et, parmi ces cing especes, trois sont des
espéces spontanées qui dépendent donc du contexte paysager. Le role des fabacées
dans le développement des communautés végétales de toiture verte extensive a été
tres peu étudié (Dusza et al. 2017).
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2. Contribution des communautés végétales a la
régulation hydrologique

2.1. Effet de la présence des toitures vertes

Les chapitres 5 et 6 mettent en évidence 1’effet de la présence des toitures vertes
dans la réduction des quantités d’eau écoulées a des échelles différentes. Sur le long
terme, les résultats du chapitre 5 indiquent que la moitié des précipitations sont
retenues dans le systéme sur une période d’un an. Sur une échelle de 3 jours, ce
pourcentage est en moyenne de 75% (chapitre 5) et peut atteindre 90 a 100% pour les
plus faibles précipitations sur de courtes durées (chapitres 5 et 6). Ces valeurs, bien
que dépendantes d’autres variables explorées par la suite dans cette thése, soulignent
I’intérét des toitures vertes extensives dans la réduction de 1’eau de ruissellement apres
une précipitation, limitant ainsi le volume d’eau évacué dans les canalisations
urbaines.

2.2. Influence des traits fonctionnels de la végétation analogue
sur U’hydrologie d’une toiture verte

Diversifier les espéces des toitures vertes, comme présenté dans la premiére partie
de cette thése, permet aussi de diversifier les traits fonctionnels des espéces végétales.
Le chapitre 5 étudie si les traits fonctionnels de la végétation influencent la réduction
de I’eau écoulée au travers du systéme, et a quelle échelle, comparé a I’effet du
substrat et des parametres météorologiques. Cette expérience sous pluie naturelle
permet d’étudier ces interactions sous différentes gammes de précipitations. Le
chapitre 6 compléte 1’étude de I’influence des traits fonctionnels de la végétation sur
I’écoulement de 1’eau, en testant différentes intensités de précipitations contrélées.

Les résultats du chapitre 5 indiquent que I’écoulement de 1’eau dépend
principalement des conditions météorologiques (précipitation et température) et de la
derniére précipitation (étudiée au travers de I’humidité du substrat). Les traits
fonctionnels de végétation n’interviennent que lors de faibles précipitations
(<4.25mm) (chapitre 5) et seulement quand les quantités d’eau écoulées dépassent 2
mm (chapitre 6). Dans ces gammes de valeurs, seules la hauteur de végétation, la
biomasse aérienne (chapitres 5 et 6) et le type de racine (chapitre 6) ont été identifiées
comme des traits fonctionnels influencant la quantité d’eau écoulée, mais dans une
moindre mesure que les paramétres précédemment cités.

Pendant des épisodes de faibles précipitations (<4mm), qui correspondent a 25%
des événements de précipitations sur un an dans la zone étudiée, la quantité d’eau
écoulée peut étre réduite jusqu’a 50% si la hauteur de végétation est triplée ou la
biomasse aérienne quadruplée (chapitre 5). Lorsque les précipitations sont plus
intenses mais sur de courtes durées (17mm pendant 5 min), la quantité d’eau écoulée
peut étre réduite jusqu’a 50% si la hauteur est quadruplée. L’utilisation d’espéces aux
racines pivotantes permet de retenir 65% de 1’eau précipitée contre 55% pour les
espéces aux racines fibreuses (chapitre 6). Ces valeurs dépendent donc du régime de
précipitation, mais aussi de 1’humidité du substrat au moment de la précipitation. Ce
dernier paramétre est principalement influencé par les précipitations précédentes.
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L’effet relatif de la variation des traits reste faible comparé a 1’effet des conditions
météorologiques.

L’écologie fonctionnelle abordée dans cette partie, bien que complétant 1’é¢tude
taxonomique, présente aussi quelques limites. Le chapitre 6 met en évidence que
I’utilisation des valeurs moyennes des traits fonctionnels des espéces, obtenues de
bases de données, ne garantit pas toujours d’obtenir la composition fonctionnelle
attendue au sein des communautés végeétales. Les bases de données des traits
fonctionnels des espéces végétales compilent les valeurs observées dans la littérature
scientifique. La plasticité phénotypique des espéces ne permet pas toujours d’observer
les valeurs de traits attendues dans la littérature. Les conditions stressantes d’une
toiture verte extensive, n’assurant pas les conditions optimales au développement de
la végétation, pourraient modifier les valeurs de traits fonctionnels des individus, une
croissance plus lente entrainant une biomasse aérienne moins développée par
exemple. Cette limite est a considérer lors du choix des espéces et pourrait limiter
I’utilisation des traits fonctionnels dans le design des toitures vertes.

Pour les chapitres 5 et 6, les traits fonctionnels mesurables a 1’échelle de 1’individu
ont été utilisés dans les analyses en exploitant leurs moyennes. Les variations de
valeurs des traits a I’échelle des unités expérimentales n’ont donc pas été considérées.
La complexité architecturale de chaque communauté végétale n’a pas été prise en
compte alors que celle-ci peut aussi modifier la dynamique d’écoulement de 1’eau
(Lundholm et al. 2010). D’autres expériences portant sur les effets de la complexité
architecturale et des variations de valeurs de traits fonctionnels au sein de la
communauté végétale sur 1’écoulement de 1’eau pourraient compléter la
compréhension de I’influence des traits fonctionnels sur les flux d’eau.

2.3. Quel est le réle réel de la vegétation des toitures vertes dans

le cycle hydrologique ?

La présence de toitures vertes peut réduire de maniére significative les quantités
d’eau écoulées. Toutefois, dans cette these, seul le réle de la végétation a été étudié.

L’ensemble des expérimentations menées dans cette thése utilisent la méme couche
de drainage Fixodrain® XD 20 Zinco®©, qui peut stocker jusque 3L/m2 et évacue
0.52L/(s.m) sur une pente de 2%. L’utilisation d’une couche de drainage aux
parametres différents pourrait modifier I’écoulement de 1’eau en retenant plus ou
moins d’eau dans le systéme, ce qui modifierait par conséquent la teneur en eau du
substrat et donc potentiellement le développement végétal. Aussi, 1’utilisation
mésocosmes en systeme plus petit avec des parois plus exposées auront tendance a
s’assécher plus vite. L utilisation d’un volume de sol plus faible peut induire des flux
hydriques différents de ceux observés sur une toiture verte en situation réelle sur un
toit.

L’influence de la variation des caractéristiques de la végétation sur le ruissellement
de I’eau reste limitée aux petites pluies distantes les unes des autres. La recherche sur
le rble des toitures vertes extensives dans le cycle hydrologique devrait aussi
considérer 1’étude du retour de 1’eau dans 1’atmosphére grace a 1’évapotranspiration.
En effet, I’enjeu de maintenir le cycle hydrologique complet en ville est important
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face a la perte de la végétation en centre urbain (Richards and Belcher 2020) et
I’augmentation des épisodes de sécheresse en ville causés par le changement
climatique (Dodman et al. 2022). De plus, dans le cadre de 1’association de panneauX
photovoltaiques sur les toitures vertes, la végétation, grace a I’action de
I’évapotranspiration, améliore 1’efficacité de la production électrique (Schindler et al.
2016).

2.4. Interaction substrat-végétation-eau

La sélection du substrat et des conditions microenvironnementales lors de la mise
en place d’une toiture est importante car, en plus de modifier la composition
spécifique des communautés végétales, le développement plus important du couvert
dans certaines zones de la toiture pourrait réduire la quantité d’eau écoulée. La
sélection appropriée des especes pour les toitures extensives doit donc considérer un
ensemble de facteurs tels que leurs habitats naturels d’origine, leur stratégic CSR et
leurs traits fonctionnels individuels, couplés aux conditions microenvironnementales
observées a I’échelle de la toiture. Cette sélection optimisée est d’autant plus
importante compte tenu des changements climatiques attendus, caractérisés par des
précipitations plus intenses et des périodes de sécheresse plus fréquentes en Europe
tempérée (Seneviratne et al. 2021).

La composition du substrat est un facteur sous-jacent a I’ensemble des dynamiques
évoquées précédemment. La texture, la proportion en nutriment, le type de matériaux
utilisés ou encore I’évolution au cours du temps des propriétés du substrat modifient
le développement de la végétation et ’écoulement de ’eau. Etant donné que la
végétation influence également I’écoulement en eau, il est difficile de distinguer
I’effet de chaque compartiment et de délier cette interaction eau-substrat-végétation.
Les chapitres 5 et 6 étudient ces éléments au travers de différentes expériences qui
permettent d’isoler I’effet de chaque facteur indépendamment. Ces chapitres mettent
en avant que I’influence des traits fonctionnels de la végétation est limitée a une
gamme de faibles précipitations et dépend de I’humidité du substrat, liée notamment
a sa composition. Il est, par conséquent, important de prendre en considération ces
¢léments avant d’extrapoler les conclusions & d’autres situations.

Les deux substrats utilisés ne présentent pas de différences notables, que ce soit du
point de vue de leur analyse granulométrique ou de leur influence sur le ruissellement
de I’eau (chapitre 5). Dans ce chapitre, nous étudions un substrat commercial classique
pour toitures vertes extensives et un substrat créé par nos soins qui est composé de
matériaux locaux recyclés locaux. Les éléments grossiers de ce substrat sont un
mélange de briques et de céramiques concassées issus de la destruction de batiment,
fourni par Tradecowall®. Il est donc possible de créer un substrat basé sur le recyclage
de matériaux locaux pour construire des toitures vertes extensives biodiversifiées.
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3. Les toitures vertes diversifiées grace a
I’hypothése de I’habitat analogue et aux traits
fonctionnels, une solution face au marché des toitures
vertes monospécifiques ? Apport de la thése et
recommandations

Actuellement, la plupart des entreprises spécialisées dans la construction et
I’installation de toitures vertes proposent des solutions « clés en main » telles que des
tapis de sedum ou autres produits similaires pour les toitures vertes extensives. Ces
solutions ne sont pas adaptées ni au climat local ni au contexte biogéographique. Les
especes proposées sont essentiellement des especes exotiques, et ['utilisation
d’espéces locales est rare (Sutton et al. 2012). Bien que ces solutions permettent
d’obtenir un aspect vert et végétalisé dés 1’installation de la toiture, les services
écosystémiques qu’elles fournissent, largement mis en avant par ces entreprises, sont
dérisoires et négligeables (Farrell et al. 2022; Thuring and Grant 2015). La mise en
place de toitures vertes est victime de greenwashing (Gatecka-Drozda et al. 2021,
Perini and Novi 2014) et I’installation de toitures vertes composées d’espéces locales
et de communautés végétales diversifiées, réfléchies en fonction des conditions de la
toiture et de I’environnement immédiat, qui rendent effectivement les services
attendus mais dont I’aspect visuel varie au cours du temps, pourrait patir de ce marché
de toitures juste « vertes ».

3.1. Sélection des especes

Cette thése apporte des éléments de recommandations pour le design de toitures
vertes extensives diversifiées en lien aux services de support a la biodiversité et de la
régulation hydrologique. A partir de 5-10 centimétres de profondeur de substrat, il est
possible de créer des toitures vertes diversifiées. La sélection des especes a
I’installation est un point central et doit étre adaptée selon la zone biogéographique et
les services écosystémiques désirés. Une sélection optimale des espéces semées au
départ a pour objectif de créer des communautés végétales les plus résilientes et
résistantes possibles face aux différents stress rencontrés sur une toiture verte
extensive.

Selon les habitats présents dans la région biogéographique, les espéces
recommandées sont des espéces qui supportent les conditions seches et stressantes
d’une toiture verte extensive comme par exemple les especes des milieux pionniers,
des pelouses séches ou encore des milieux xériques. Les espéeces de la stratégie S sont
a favoriser car elles représentent une part importante dans la constitution des
communautés vegeétales des toitures vertes extensives.

Pour la zone d’étude de cette thése, nous avons pu mettre en évidence une série
d’espéces qui peuvent constituer les éléments principaux des communautés
végétales : Anthoxanthum odoratum L., Anthyllis vulneraria L., Bromus erectus
Huds., Echium vulgare L., Sedum acre L., Sedum album L., Sedum rupestre L.
(Figure 7-1). D’autres especes telles que Briza media L., Daucus carota L., Dianthus
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carthusianorum L., Medicago lupulina L., Papaver argemone L., Sanguisorba minor
Scop., Scabiosa columbaria L., Silene vulgaris (Moench) Garcke, Sonchus oleraceus
L., Trifolium arvense L., Trifolium pratense L., Verbascum sp. et Vicia sativa L. sont
des espéces compagnes et complétent les communautés végétales. Parmi ces especes
semées, seule une fraction de la diversité floristique des pelouses séches a été testée
dans les différentes études de cette these. En effet, ces milieux présentent 1’une des
diversités floristiques locales les plus riches d’Europe tempérée (Piqueray et al. 2007).
Seulement, la disponibilité commerciale des graines de ces espéces est limitée, et a
restreint la possibilité de sélection d’especes pour les études menées dans cette thése.
D’autres espéces floristiques de ces milieux pourraient donc étre des candidats
potentiels pour diversifier la composition des communautés végétales de toitures
vertes extensives. Pour cela, il est important que ces graines soient disponibles sur le
marché.

Aussi, une meilleure connaissance de l'effet des traits de végétation permet
d'améliorer le service de régulation de I'eau en effectuant une meilleure sélection
d'espéces, favorisant les especes avec une plus grande hauteur de végétation et
développant une plus grande biomasse aérienne. Cette sélection élargit ainsi la gamme
d'espéces utilisées sur les toits verts extensifs au-dela des espéces de sedum typiques
qui ont un faible impact sur la réduction du ruissellement (Dunnett, Nagase, and
Hallam 2008). Cependant, les traits de la végétation jouent un réle assez limité dans
la réduction de la quantité d’eau ruisselée.

La sélection des especes doit également considérer les conditions
microenvironnementales de la toiture verte. Selon le microclimat observé, des espéces
différentes peuvent se développer sur diverses zones de la toiture, créant des
communautés végétales hétérogénes (Bates, Sadler, and Mackay 2013; Thuring and
Dunnett 2019), et diversifiant la composition taxonomique et fonctionnelle globale a
I’échelle de la toiture verte extensive mise en place. Dans les zones les plus
ombragées, des especes de pelouses seches mésophiles peuvent se développer, tandis
que dans les zones les plus ensoleillées, les espéces de pelouses séches xérophiles sont
a privilégier.

3.2. Gestion

Ces toitures vertes diversifiées n’ont besoin que de trés peu d’entretien. Sur
I’expérience menée in situ, I’intervention S’est limitée a I’arrachage des débris de
végétation une seule fois apres les quatre années d’étude. Aucun arrosage ou sursemis
n’a été effectué. Les conditions abiotiques limitant fortement le développement de la
végétation, les toitures vertes extensives ne demandent pas d’interventions
supplémentaires. Toutefois, une fois par an, il peut étre nécessaire de vérifier les
installations pour éviter 1’obstruction des zones d’évacuation de 1’eau.

Selon la visibilité de la toiture par rapport a I’environnement urbain, un certain
aspect esthétique peut étre recherché. L aspect visuel des toitures vertes développées
dans cette these évolue au cours du temps et est lié aux conditions météorologiques.
Ces toitures vertes, composées de communautés végétales diversifiées, offrent une
palette de couleurs lors de la floraison qui évolue mois aprés mois. La diversité des
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hauteurs de végétation et des especes apporte un aspect plus naturel que les toitures
vertes couvertes de tapis de sedum. Il est important de noter que ces toitures vertes
diversifiées ne restent parfois pas vertes toute 1’année, notamment en hiver (Figure
7-2). Aussi, en cas de sécheresse lors du développement végeétal, certaines especes
peuvent ne pas se développer cette année-la. Néanmoins, ces espéces sont résilientes,
il est tout a fait possible qu’apreés le retour des précipitations, la toiture reprenne des
couleurs (Figure 7-3).

Il est fréquent d’observer une perte d’espéces semées au cours du temps dans les
communautés végeétales établies (Bates, Sadler, and Mackay 2013; Dunnett, Nagase,
and Hallam 2008; Madre et al. 2014; Thuring and Dunnett 2019). Si une série
d’espéces désirées disparait au cours du temps, des sursemis ponctuels peuvent étre
réalisés afin de compenser cette disparition. Les especes déja en place sur la toiture
telles que les sedum pourraient également faciliter 1’établissement et la germination
de ce nouveau semis (Callaway and Walker 1997).

Dans le chapitre 3, nous avons pu observer la présence d’espéces exotiques
envahissantes telles que le Buddleja davidii Franch. 1l est important de surveiller et de
controler le développement de ces espéces invasives par un arrachage annuel ou
biannuel (Monty et al. 2019; Tallent-Halsell and Watt 2009).

=

Figure 7-2 : Illustration de la toiture in situ en hiver (février 2022)
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Figure 7-3 : Evolution d’une zone ombragée de la toiture in situ aprés un épisode de
sécheresse printanier

3.3. Etudes futures

Cette thése ouvre des portes pour les recherches futures au sujet des toitures vertes
extensives.

Au niveau des communautés végétales, I’étude des dynamiques interspécifiques
telles que le phénoméne de facilitation pourrait permettre d’affiner les propositions de
mise en place des communautés végétales, en proposant par exemple des semis
différés, un premier semi d’especes nurses suivi d’un autre semi d’especes facilitées.

L’¢étude de la taille des parcelles n’a pas été abordée dans cette these. Des zones de
toitures vertes plus petites pourraient étre soumises a des variations de conditions
environnementales plus extrémes.

Au niveau de 1’étude du substrat, cette thése ouvre la porte & la création de substrats
basés sur le recyclage de matériaux locaux. L’étude de ces substrats au niveau de leur
comportement hydrologique et de I’évolution temporelle de leurs parameétres
physicochimiques pourrait permettre de proposer une gamme de substrats adaptés aux
différentes situations rencontrées.

Finalement, 1’évapotranspiration des toitures vertes devrait étre un point d’étude car
ce sujet est rarement abordé dans ce cadre.
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L’étude de toitures vertes en situation réelle reste rare. Bien que 1’étude en
mésocosme offre une meilleure compréhension des effets de certains parametres, le
suivi de toitures vertes in situ est essentiel pour connaitre leurs effets en situation
réelle. La mise en place de toitures vertes dédiées a la recherche pourrait permettre
d’étudier les dynamiques et 1’évolution temporelle de leurs différents composants sur
le long terme. Ces toitures pourraient notamment étre utiles pour analyser de maniére
plus précise et sur le long terme les flux hydriques. L’installation d’un systéme de
mesure de I’eau ruisselée, de 1’eau précipitée, ainsi que des capteurs d’humidité dans
le substrat permettrait d’évaluer les quantités d’eau évapotranspirées.
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Annexes

Annexe 1 : Results of the interaction between "year", "substrate depth" and "fertilizer
supply" of the repeated ANOVA on the species richness

Interaction | df | P
substrate depth 1 053
year 1 | <0.001
fertiliser supply 1 |0.40
substrate depth: fertiliser supply 1 |0.06

Annexe 2 : Results of the interaction between "year", "substrate depth" and "fertilizer
supply" of the repeated ANOVA on the Pielou index

Interaction | df | P
substrate depth 1 1044
year 1 | <0.001
fertiliser supply 1 |0.66
substrate depth: fertiliser supply 1 |0.68
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Annexe 3 : ACP based on the functional traits values or classes from scientific literature
(Kattge et al. 2020; Kleyer et al. 2008) for a list of species that can tolerate the conditions of
an extensive green roof : height, SLA, biomass, leaf area and root type. Root types are
identified with colours. Species selected for the experiment that maximize the variation of
functional traits are in bold.
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Annexe 4 : Calibration TEROS 11

For each substrate, an air dried sampling was weighted before and after drying in a
drying oven (BINDER® ED 240) to estimate the gravimetric water content of air dry
sample (air dried, 9/9).

Weightofairdriedsample(g) — Weightofdrysample(g)

Wairdried =

Weightofdrysample(g)

A second sample of air dried substrate of a known volume (V, cm?3) was weighted
(MO, g). The dry mass (Mdry, g) of this second sample can be calculated with wair dried-

Mdry = My — My X Wgirdriea

The bulk density (p , g/cm?) can be calculated using the volume (V, cm3) and the
dry mass (Mary, 0).

MDry
P="y

Gradually increasing volumes of water were added to the dried sample, and before
each addition, the sample was weighed (Mory+water, g) and the humidity sensor (TEROS
11) was inserted twice into it (at two different positions) to obtain two raw values of
the moisture content. The gravimetric water content of each step was calculated (o,
0/g) and used to calculate the volumetric water content (6, m3/m3) for each volumes
of water added.

M
Myater = Mpry+water — Mpryw = J—ame =wXp
Dry
This procedure was carried out for both substrates, resulting in a dataset associating
the volumetric moisture content (8, m3/m3) with the raw data provided by the sensors
(x) for each volumes of water added. An equation predicting the volumetric moisture
content based on the raw data was then fitted by regression. The 2nd-degree

polynomial model was selected for both substrates.
Substrate 1 : 8(m3/m3) = 1.459 — 1.419 x 107 3x + 3.82 x 10~ 7x? (R?=0.98)
Substrate 2 : (m3/m3) = —3.173 + 2.449 x 107 3x + 3.87 x 10~ 7x? (R2=0.93)
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Annexe 5 : Results of the multiple regression stepwise of plant traits (vegetation height,
SLA, cover*height and plant cover), initial substrate humidity (humin) and weather
parameters (precipitation [prec3d], mean temperature [temp3d]) influencing final substrate

AIC for each model is indicated.

humidity (humfin) over 3 days for each substrate.

Parameters AlIC Parameters AlIC
Humin Humin
Prec3d Prec3d
Temp3d Cover
Coverheight -1251.61 Temp3d -1308.33
Height Height
Cover SLA
SLA Coverheight
Humin Humin
Prec3d Prec3d
Temp3d Cover
Coverheight -1253.56 Temp3d -1310.31
— | Height o | Height
% Cover % SLA
E Humin E Humin
= Prec3d 3 Prec3d
Temp3d -1255.30 Cover -1312.06
Coverheight Temp3d
Height Height
Humin Humin
Prec3d Prec3d
Temp3d -1255.40 Cover -1312.90
Coverheight Temp3d
Humin Humin
Prec3d -1258.40 Prec3d -1313.60
Temp3d Cover
Humin
Precad -1314.00
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Annexe 6 : Results of the multiple regression stepwise of plant traits (vegetation height,
SLA, cover*height and plant cover), initial substrate humidity (humin) and weather
parameters (precipitation [prec3d], mean temperature [temp3d]) influencing significantly
runoff quantity over 3 days for each substrate for all precipitation (precan), low (preciow,
below the first quartile) and high (precnign, above the third quartile) precipitations. AIC for
each model is indicated.

PreCan PreCiow Prechign
Parameters AIC Parameters AIC Parameters AIC
Prec3d Prec3d Prec3d
Temp3d Temp3d Temp3d
Humin Humin Humin
Coverheight 495.18 | Coverheight -192.56 | Coverheight 131.82
SLA Height Cover
Cover Cover SLA
Height SLA Height
Prec3d Prec3d Prec3d
Temp3d Temp3d Temp3d
Humin Humin Humin
— | Coverheight 493.2 Coverheight -194.56 Coverheight 130.66
2 | sLA Height Cover
E Cover Cover SLA
7 | Prec3d Prec3d Prec3d
Temp3d Temp3d Temp3d
Humin 491.36 Humin -196.17 Humin 129.35
Coverheight Coverheight Coverheight
SLA Height Cover
Prec3d Prec3d
Temp3d 489.94 Temp3d 128.17
Humin Humin
Coverheight Coverheight
Prec3d
Temp3d 127.88
Humin
Prec3d Prec3d Prec3d
Temp3d Humin Temp3d
Humin Coverheight Humin
Coverheight 523.14 | Height -223.65 | Cover 390.06
SLA SLA SLA
Height Temp3d Height
Cover Cover Coverheight
Prec3d Prec3d Prec3d
Temp3d Humin Temp3d
Humin Coverheight Humin
o | Coverheight 521.14 Height 22552 | Cover 388.26
£ | sLA SLA SLA
E Height Temp3d Height
7 | Prec3d Prec3d Prec3d
Temp3d Humin Temp3d
Humin 520.57 | Coverheight -226.73 | Humin 387.28
Coverheight Height Cover
SLA SLA SLA
Prec3d Prec3d Prec3d
Temp3d Humin Temp3d
Humin 519.34 Coverheight 22132 | imin 386.96
Coverheight Height Cover
Prec3d
Temp3d 386.40
Humin
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Annexe 7 : Mean, min and max percentages retention for 3 days periods for each mini

green roof

Substrate | Species Mean retention | Min retention |Max retention

(%) (%) (%)
1 Achillea millefolium L. 78.29+28.35% 11.81 100
1 Anthoxanthum odoratumL. 76.07+30.54% 4.93 100
1 Anthriscus sylvestris (L.)Hoffm. 72.18+32.6% 8.52 100
1 Centaurea scabiosal. 77.99+28.47% 15.91 100
1 Centranthus ruber (L.)DC. 72.76+33.49% 1.57 100
1 Draba aizoidesL. 71.95+33.44% 1.57 100
1 Erysimum cheiri(L.) Crantz 73.66+30.99% 13.14 100
1 Geranium sanguineumL. 76.49+30.9% 14.48 100
1 Helianthemum nummularium (L.) Mill. | 76.37+29.68% 14.77 100
1 Helleborus foetidus L. 73.26+31.97% 8.27 100
1 Jasione montana L. 74.7+£31.21% 2.46 100
1 Leucanthemum vulgare Lamk. 74.51+31.06% 15.91 100
1 Lotus corniculatus L. 80.78+26.21% 15.91 100
1 Onobrychis Viciifolia Scop. 78.53+£27.94% 16.48 100
1 Polypodium vulgare L. 73.08+33.19% 0.72 100
1 Prunella vulgaris L. 72.19+33.84% 4.26 100
1 Pulmonaria officinalis L. 73.44+32.48% 4.00 100
1 Scabiosa columbarialL. 78.35+29.11% 5.34 100
1 Verbascum thapsusL. 77.63+£29.49% 15.81 100
1 Without 74.72+32.25% 0.00 100
2 Achillea millefolium L. 78.68+27.73% 12.42 100
2 Anthoxanthum odoratumL. 78.42+26.65% 14.27 100
2 Anthriscus sylvestris (L.) Hoffm. 75.76+£30.19% 15.96 100
2 Centaurea scabiosal. 74.56+30.8% 9.14 100
2 Centranthus ruber (L.) DC. 75.15+30.71% 10.68 100
2 Draba aizoidesL. 72.32+33.68% 7.60 100
2 Erysimum cheiri(L.) Crantz 73.02+33.04% 1.23 100
2 Geranium sanguineumL. 74.85+31.31% 8.16 100
2 Helianthemum nummularium (L.) Mill. | 75.18+30.82% 8.11 100
2 Helleborus foetidus L. 77.58+28.75% 10.83 100
2 Jasione montana L. 71.84+33.82% 3.54 100
2 Leucanthemum vulgare Lamk. 76.84+30.85% 12.42 100
2 Lotus corniculatus L. 78.66+28.81% 12.89 100
2 Onobrychis Viciifolia Scop. 76.45+31.08% 13.66 100
2 Polypodium vulgare L. 78.48+28.75% 12.73 100
2 Prunella vulgaris L. 73.32+32.68% 3.85 100
2 Pulmonaria officinalis L. 74.65+32.08% 0.00 100
2 Scabiosa columbarial. 73.52+31.7% 9.45 100
2 Verbascum thapsusL. 79.12+28.91% 12.42 100
2 Without 73.85+31.21% 2.06 100
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Annexe 8 : Results of segmented regressions for each green roof : precipitation quantity at

break-point value (mm) and slope of the second part of the segmented regression (value, P-

value and R?).

: Break-point Slope

Code | Substrate | Species value (mm) Value | P Rz

11 |1 Achillea millefolium L. 5.08 0.68 | <0.0001 | 0.91
12 |1 Anthoxanthum odoratum L. 5.08 0.73 | <0.0001 | 0.90
13 |1 Anthriscus sylvestris (L.) Hoffm. 5.08 0.81 <0.0001 | 0.93
14 |1 Centaurea scabiosa L. 4.57 0.70 | <0.0001 | 0.94
15 |1 Centranthus ruber (L.) DC. 4.95 0.74 | <0.0001 | 0.92
16 |1 Draba aizoides L. 5.08 0.79 | <0.0001 | 0.94
17 |1 Erysimum cheiri (L.) Crantz 5.08 0.73 | <0.0001 | 0.93
18 |1 Geranium sanguineum L. 4.95 0.69 | <0.0001 | 0.91
19 |1 Helianthemum nummularium (L.) Mill. 4.59 0.72 <0.0001 | 0.94
110(1 Helleborus foetidus L. 4.95 0.74 | <0.0001 | 0.92
1111 Jasione montana L. 4.59 0.69 | <0.0001 | 0.89
1121 Leucanthemum vulgare Lamk. 4.56 0.72 | <0.0001 | 0.93
113|1 Lotus corniculatus L. 4.83 0.68 | <0.0001 | 0.86
1141 Onobrychis viciifolia Scop. 4.95 0.70 | <0.0001 | 0.93
115(1 Polypodium vulgare L. 3.93 0.72 | <0.0001 | 0.92
1161 Prunella vulgaris L. 4.03 0.70 | <0.0001 | 0.89
1171 Pulmonaria officinalis L. 4.57 0.73 | <0.0001 | 0.92
1181 Scabiosa columbaria L. 4.95 0.71 <0.0001 0.92
1191 Verbascum thapsus L. 4.59 0.68 | <0.0001 0.9
1201 Without 4.12 0.74 | <0.0001 | 0.94
21 |2 Achillea millefolium L. 6.35 0.66 <0.0001 0.83
22 |2 Anthoxanthum odoratum L. 4.15 0.58 | <0.0001 | 0.85
23 |2 Anthriscus sylvestris (L.) Hoffm. 5.08 0.67 <0.0001 | 0.89
24 |2 Centaurea scabiosa L. 4.83 0.70 | <0.0001 | 0.89
25 |2 Centranthus ruber (L.) DC. 3.73 0.61 | <0.0001 | 0.85
26 |2 Draba aizoides L. 4.09 0.70 <0.0001 0.89
2.7 |2 Erysimum cheiri (L.) Crantz 4.04 0.67 <0.0001 | 0.87
28 |2 Geranium sanguineum L. 4.95 0.69 | <0.0001 | 0.87
29 |2 Helianthemum nummularium (L.) Mill. 5.08 0.73 | <0.0001 | 0.90
2102 Helleborus foetidus L. 4.00 0.64 | <0.0001 | 0.89
21112 Jasione montana L. 3.56 0.61 <0.0001 0.82
212 |2 Leucanthemum vulgare Lamk. 3.56 0.60 | <0.0001 | 0.82
2132 Lotus corniculatus L. 4.57 0.57 | <0.0001 | 0.83
214 2 Onobrychis viciifolia Scop. 4.57 0.66 | <0.0001 | 0.87
2.15|2 Polypodium vulgare L. 4.33 0.64 | <0.0001 | 0.88
216 |2 Prunella vulgaris L. 6.35 0.71 <0.0001 | 0.83
2172 Pulmonaria officinalis L. 3.55 0.62 <0.0001 0.85
2182 Scabiosa columbaria L. 5.08 0.67 | <0.0001 | 0.88
2192 Verbascum thapsus L. 6.35 0.67 <0.0001 | 0.85
2202 Without 3.99 0.70 | <0.0001 | 0.89
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Annexe 9 : Correlation matrix between vegetation traits
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Annexe 10 : Marginal regression of vegetation traits influencing runoff from precipitation
of return period of 20 years during 300 sec. 1 : dry substrate; 2: humid substrate; A: mean
height; B: aerial biomass, C: cover
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Annexe 11 : Results of multiple stepwise regression of plant traits (vegetation height,
aerial biomass, root biomass, cover and leaf area) and initial substrate humidity influencing
the runoff from 20y300s precipitations on dry and humid substrate. AIC for each model is

indicated.
Return period 20 years
Time 300 sec
Dry substrate Humid substrate

Parameters AIC | Parameters AIC
Initial substrate humidity -53.49 | Initial substrate humidity -44.24
Final mean height Final mean height
Aerial biomass Cover
Root biomass Leaf area
Cover Aerial biomass
Leaf area Root biomass
Initial substrate humidity -55.46 | Initial substrate humidity -46.05
Final mean height Final mean height
Aerial biomass Cover
Root biomass Leaf area
Cover Aerial biomass
Initial substrate humidity -57.07 | Initial substrate humidity -47.70
Final mean height Final mean height
Aerial biomass Cover
Root hiomass Leaf area
Initial substrate humidity -58.81 | Initial substrate humidity -49.51
Final mean height Final mean height
Aerial biomass Cover

Initial substrate humidity -49.60

Final mean height
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