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Summary	
English 

The environmental conditions on green roofs can strongly influence plant growth and survival. 

However, community scale study has been little conducted. We started an experiment in which green 

roofs differed in substrate depth and type (variation in organic matter rate, water capacity and drain-

ing capacity). The same seed mix were used to assure comparison. This mix consists of 22 species : 4 

generalists species and 3 corteges of 6 specialists species. During two months, with no irrigation, the 

abundance of individuals (seedlings and adults) was calculated in a way to potentially differentiate 

communities. It appears that the environmental conditions on green roofs resulted in community dis-

tinction as in analogous habitat. Both substrate depth and weather affected community evolutionary 

path. The plant individual dynamics, and consequently their success rate, might help to explain these 

differences. However, this study could not highlight any influence of their functional traits, especially 

SLA and Seed mass, that have demonstrated their value in providing information about rapid returns 

on leaf investments and improved seedling success in poor nutrient soil. As a conclusion, it is recom-

mended to incorporate environment conditions into appropriate plant selection. 

Français 

Les conditions environnementales des toitures vertes peuvent gravement impacter la croissance 

des plantes ainsi que leur survie. Cependant, les études à l'échelle de communautés n'ont été menées 

que très rarement. Nous avons ainsi démarré une expérimentation dans laquelle des toitures se 

distinguaient par leur type et profondeur de substrat (variation dans le taux de matière organique, la 

rétention en eau et la capacité de drainage). Le même mélange a été utilisé afin d'assurer la 

comparaison. Ce mélange consiste en un ensemble de 22 espèces : 4 espèces généralistes (ou 

compagnes) complétées des 3 cortèges comprenant chacun 6 espèces spécialistes. Durant 2 mois, sans 

irrigation, l'abondance des individus (semis et adultes) a été calculée afin de différencier de potentielles 

communautés. Il s'est avéré que les variations de conditions environnementales sur toitures vertes se 

sont soldées par une distinction entre communautés tout comme sur l'habitat analogue correspondant. 

La profondeur du substrat et la météo ont toutes deux affecté la trajectoire évolutive de la 

communauté. Les dynamiques individuelles des plantes, et par extension leur taux de succès, peuvent 

peut-être aider à expliquer ces différences. Toutefois, l'expérimentation n'a pu souligner aucune 

influence des traits fonctionnels, spécifiquement la surface foliaire spécifique et la masse des graines, 

qui ont démontré un intérêt tant au niveau du retour rapide d'investissement foliaire que du succès de 

germination sur un sol pauvre en nutriments. Pour conclure, il est recommandé d'intégrer les 

conditions environnementales dans une sélection appropriée des plantes.  
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Foreword		
This master thesis was carried out under the supervision of the Biodiversity and Landscape Unit 

of Liège University. It is part of the master program and follow a clear framework.  

In these circumstances, each student has to establish the review of literature. This part is followed 

by the resolution of scientific problem on a specific topic. 

However, the format of this study is quite different. As an opportunity, I finalised my study in the 

form of an article. Therefore, to be as rigorous as possible, I splitted my paper into two parts. They 

are complementary but could be understood separately. 

The first part depicts the concepts that will be discussed in the experimentation, from the main 

subject, green roofs, to restoration and analogous habitats concept. This part in synthesized in the 

second part. However, it may represent a real asset to catch all the nuances of this last one.  

The second part concerns the scientific article itself. It includes the main experiment and the out-

put results. It is the heart of this thesis and explains how this experiment fall within the current stud-

ies about green roofs. 
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Chapter	1	:	Study	framework	
 

Concrete represents a large part of cities areas and this situation leads to a poor installation and 

development of biodiversity. By 2030, more than 60% of the population will live in cities, but she will 

always be as dependent on nature as before (Bolund, 1999). Yet, anthropogenic actions are partly 

responsible for the rapid loss of urban biodiversity. Indeed, it is estimated that half or more of the 

known species are at risk of extinction in the near future (Sax, 2003). However, green infrastructures 

benefits demonstrate their importance for human well being and decision makers are gradually more 

receptive to them. Consequently, knowledge on urban green infrastructures has increased tremendous-

ly.  

To develop urban biodiversity in urban areas, it is necessary to balance the ratio between imper-

vious and green surfaces. On the one hand, it is vital to preserve existing ecosystems with maximum 

respect and caution. On the other hand, it is essential to take advantage of novel ecosystems with high 

biodiversity potential. In any event, those ecosystems need to be as resilient as possible. 

Whatever the type of green infrastructure developed, the selection of species matters. For in-

stance, native plants should be preferred to support biodiversity by providing shelter and food to local 

fauna and strengthening regional ecological network and landscape integration. 

Green roofs are essential component of urban green infrastructure and can support analogue habi-

tats of natural / semi natural ecosystems. Developing analogous habitats on green roofs need to con-

sider assembly rules that are based on the ecological niches or functional roles of each species. These 

ecological rules are the base of habitat restoration, providing added value for ecological networks.  

Green Roofs 

The history of modern green roofs started in Germany in the 1960s, and has since spread to many 

countries. Green roofs are now recognized for their capacity to deliver multiple ecosystem services. 

From environmental to aesthetic advantages (Dunnett, 2010) : i) regulation services with improved 

water quality (Dapolito Dunn, 2010), mitigation of air pollution (Tarran, 2007 ; Dapolito Dunn, 2010 ; 

Johnson, 1989 ; Arup, 2016 ; Rowe, 2011), reduction of suspended particles (Bernier, 2011), energy 

savings through shading, insulation, and evapotranspiration (Jim, 2011 ; Jaffal, 2012 ; Li, 2014) miti-

gating the urban heat-island effect (Dapolito Dunn, 2010 ; Arup, 2016 ; Brack, 2002),  improved 

storm-water management (Dapolito Dunn, 2010 ; Sacré, 2016 ; Fioretti, 2010 ; Nagase, 2011) or atten-

uating noise (Connelly, 2008) ii) support services, such as increased biodiversity and urban wildlife 

habitats (Alvey, 2006 ; Cornelis, 2004 ; Oberndorfer, 2007) iii) cultural services such as increased aes-
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thetic value of city buildings (Brack, 2002) and improved life environment (Bernier, 2011 ; Grahn, 

2003 ; Lohr, 2010) 

Green roofs are classified in three types based on their substrate depth (figure 1) : extensive green 

roofs with substrate depth lower than 15 centimetres (FLL, 2008), intensive ones over 15 centimetres 

and semi-intensive rooftops varying from 10 to 20 centimetres (O’Keeffe, 2008 ; Caldwell, 2010 ; Sut-

ton, 2012).  

 
Figure 1 Distinction between green roofs types (http://sandiegosolar.com/roofs.html) - A intensive green 

roof ; B semi-extensive green roof ; C extensive green roof. 

Generally intensive green roofs support a wider variety of plant types (figure 2) but need more ir-

rigation and maintenance than extensive infrastructure (Culnane, 2014), while semi-intensive systems 

combine aesthetic potential of intensive green roofs and environmental benefits of extensive ones 

(Dunnett, 2004).  

 
     Céline Froment © 

                                                 Céline Froment © 

                                                                                                 Rooflitesoil.com © 

Figure 2 Left : Extensive green roof ; middle : Semi-intensive design ; right : intensive rooftops 
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For this reason, and considering the current prevalence of aged buildings in city cores, light-

weight substrate (plant weight is negligible in extensive substrate) seems to be the only applicable 

solution that suits to load-bearing capacity on their infrastructure (Nektarios, 2011). 

According to Ondoño et al. (2014), the choice of substrate is also essential by providing support 

for plant growth (Nektarios, 2011). Availability of nutrients and water depends on the biogeochemical 

cycling properties and, therefore, on the presence of microorganisms (Roldan, 1994). Adequate capaci-

ty of nutrient and water is, so, needed in ideal substrate. Consequently, the value of maximum of 20% 

organic matter is accepted in all guidelines for green-roof in a way to maintain the balance between 

lightweight and well-drained material. This ratio enables to save large quantities of nutrients during 

run-off (Beattie, 2004; Dunnett, 2004 ; Li, 2014) but leads to lower microbial development than 50 

organic : 50 mineral compost dose (Ondoño, 2014).  

Moreover, plant growth and survival depends on substrate type and depth particularly in unirri-

gated extensive green roofs (Boivin, 2001; Dunnett, 2007; Durhman, 2007; Getter, 2006; Thuring, 

2010; VanWoert, 2005; Nektarios, 2011). Extensive extensive green roof may lead to high draining 

capacity, in the same way than natural habitats with shallow soils, (Lundholm, 2006) and plant viabil-

ity risks during during freezing periods (Getter, 2006).  

The biodiversity on green infrastructures is inversely proportional to substrate depth. Increasing 

substrate depth could lead, thus, to less extreme conditions and facilitate the plants establishment 

(Thuring, 2015). In a way to ensure the colonization of species and their persistence, it is though rec-

ommended to replicate faithfully a heterogeneous natural habitat through variation in roof substrate 

depth (Grant 2006). 

Furthermore, the green roofs are generally characterized by hostile environment for plants : high 

solar radiation or extended shaded time, extreme temperatures and drought, shelter or high levels of 

wind and decreased moisture (Piana, 2014 ; Walker, 2011 ; Oberndorfer, 2007). All this leads to gen-

eral stress like disturbance in resources availability to plant communities (Brown, 2015).  

The succulent plants are the most adapted species to green roofs. However, the selection are in-

creasingly focused on native plants providing opportunities to restore lost flora in the urban environ-

ment (Bousselot, 2011 ; Dunnett, 2010 ; Nagase, 2010). Moreover, their ability to better cope with 

ecosystem services than sedum spp system is an asset (Lundholm, 2010 ; Oberndorfer 2007). The crea-

tion of familiar habitats for the local fauna is an example (Nagase, 2011).  

Considering all roof constraints, it is commonly accepted that green roofs offer analogous condi-

tions to natural rocky habitats over shallow soil (Lundholm, 2006). The adaptations of plant species 

from urban-analogue environments allow them to survive in such harsh conditions.  
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More specifically, along with low depth and high draining capacity, extensive substrates are rela-

tively calcareous. These conditions are very similar to calcareous grasslands habitats, ecosystem with 

high biodiversity value that has tremendously decreased in Western Europe. 

Therefore, the choice of endemic shrub and herbaceous plants from calcareous grasslands has been 

accepted to provide added value to green roof design (Choi, 2012). 

Calcareous grassland flora may be able to tolerate dry period no matter what the depth and sub-

strate are. Nevertheless, it's important to notice that the correct balance of water is rarely encountered 

on green roofs (Latshaw K. , 2009). From drought to flood, the circumstances could be problematic 

and not only for plants. 

Analogue Habitat 

In contrast with natural ecosystem, there are anthropogenic habitats. They differ substantially 

from the natural ones they replaced due to Human disturbances such as alterations to resources avail-

ability, addition of toxic chemicals, etc. (Kozlov, 2007). According to anthropogenic influence, the 

habitat may result in functional novelty (novel ecosystem) or stay close to natural ecosystem (analo-

gous habitat). 

Generally, the difference between analogous habitat and novel ecosystem stands with the level of 

management, and thus its non-persistent nature (Hobbs, 2006; Kowarik, 2011; Lundholm, 2010) (figure 

3). Green roofs generally belong to the first category, analogous habitat.  

The similarities between natural and analogous habitats allow spontaneous spread of species from 

their endemic habitat to anthropogenic analogues (Ursic, 1997 ; Tomlinson, 2008). More specifically, 

urban ecosystems are mainly colonized by plants native from local natural ecosystems dominated by 

rocks or shallow soils (Woodell, 1979 ; Lundholm, 2006). 

Therefore, the analogous habitats may sustain the biodiversity in considerably modified ecosys-

tem. In England, for instance, 10% of self-spread invertebrate species are considered as nationally rare. 

The number of native species that have spontaneously colonized these habitats is quite low, though. It 

means that analogous habitats in cities could represent natural refuge for rare plant species 

(Lundholm, 2010) and biodiversity (Larson, 2000). 

Management to restore analogous habitats from a state of novelty would be a way to restore eco-

logical connections in the matrix of urban landscapes. Besides, green roofs may contain several analo-

gous habitats from shallow and dry to deep soil and wet soil. These conditions may even coexist 

through heterogeneity in substrate. Consequently, there is a lot of potential for engineering on roofs.  
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Increasing species diversity, and consequently many functional group, generally lead to a re-

sources-use complementarity by resident communities to avoid invasive plants to establish (Lundholm, 

2010 ; Young, 2009). 

 
Figure 3 Graphic representation of distinction between novel ecosystem and analogous habitat (Lundholm, 

2010). 

In these circumstances, restoration ecology can be based on two main questions. Are green roofs 

conditions similar enough to natural ecosystem to have potential value for native biodiversity ? Which 

species functional traits and habitat conditions promote colonization success of area with harsh condi-

tions as green roofs ? (Rehounkova, 2010).  

Restoration Ecology 

At the dawn of ecology restoration, we can find the Initial Floristics Model of Frank Egler (1954). 

His model provides keys to establish different types of stables communities based on variation in initial 

composition. Egler developed that late-successional species already present in the seedbank were the 

only one to be able to change the course of community2 development due to their sufficient numbers. 

This last point will later be linked to the priority effect. 

                                            
2 Community is defined as "an ecological unit composed of a group of organisms or a population of differ-

ent species occupying a particular area, usually interacting with each other and their environment". Source : 
biology-online.org/dictionary 
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As well explained by Young (2000), there is a profound consistency between restoration ecology 

and community ecology. Indeed, the greatest challenges and opportunities of restoration ecology is 

rooted in the restoration of complex communities.  

Wherefore, many theories were designed as conceptual bases in community ecology. From these 

theories, two main conceptual models emerged : community succession and community assembly. 

Broadly, community succession model predicts the climax3 and the assembly one developed the exist-

ence of many stable states. 

The first one is designed to predict changes in species composition after disturbance. The pattern 

of appearance and disappearance could be therefore determined as the causal mechanism of establish-

ment and persistence of species. It concentrates on the processes that bring back to a pre-disturbance 

community composition. One approach is to identify the traits that organise the species in a specific 

stages of a specific sequence. (Young, 2001) 

 In other words, the development of a specific community could be described as a fluctuation of 

species associations that replaced each other through time in a specific sequence (Young, 2001). 

The assembly theory, one the other hand, is the legacy of Egler's successional model (1954). It fo-

cuses on the multiple stable states that can exist instead of the role of transition processes. It provides 

explanation to composition, the similarities among communities even if it implicitly incorporates pro-

cess (Young, 2001). 

In terms of restoration, the community development is determined by several random parameters 

: species colonization rates, the likelihood of establishment and persistence of species in the community 

(Young, 2001). 

Therefore, several filters were highlighted to sustain this theory (figure 4). Firstly, dispersal limi-

tation that prevent species from reaching a restoration site (Clements, 1916 ; Egler, 1954 ; Funk, 2008) 

; The second filter concerns abiotic site conditions that favour the establishment and survival of spe-

cies (Hobbs, 2004 ; Cleland, 2013) ; Finally, the biotic concerns inter-specific interactions that limit 

the persistence and abundance of individual species (Funk, 2008; Cleland, 2013). 

In addition, four processes are important : the Priority effect is the time of arrival on site. The 

first species to arrive can become dominant in the community and block invasion particularly for 

plants with similar niches ; The Recruitment limitation effect that occurs during dispersal or estab-

lishment stage ; the Mechanisms of establishment (Young, 2001) ; and finally, Facilitation that occurs 

                                            
3 Climax is defined as "the last stage in ecological Succession. An ecosystem in which populations of all or-

ganisms are in balance with each other and with existing abiotic factors". Source : biology-online.org/dictionary 
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when a plant overcomes dispersal barriers thanks to species that change their environment to ease 

colonization (Bertness, 1994; Callaway, 1997).  

Taking all into account, it would be a mistake to simply plant a mix of species a priori appropri-

ated on a particular environment considering that the process of succession will lead the community to 

a pre-disturbance composition (Holl, 1999). 

Currently, as long as structural and functional attributes of the analogous ecosystem match those 

of the natural habitat, they are considered as identical (Schrader, 2006). Many projects are even using 

green roofs as habitat compensation (Williams, 2014). It is therefore crucial to evaluate the relevance 

of these assumptions. 

 
Figure 4 Community assembly filter model (Hulvey, 2014) 

In such cases, it is needed to approach the problem the wrong way round. The purpose of this 

study is the description of communities based on the same seed mix through different environmental 

variable on green roofs while common studies focus on setting specific parameters to restore specific 

communities. 

Calcareous Grasslands 

Roughly, grassland may be defined as "ground covered by vegetation dominated by grasses, with 

little or no tree cover" (Silva, 2008). UNESCO agreed on a limit of ten percent of trees and shrubs 

cover to be considered as grassland. 
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From almost desertic Mediterranean grasslands to north humid ones including steppic and mesic 

ecosystem, Europe gathers many types of grasslands : natural grasslands, semi-natural dry grasslands 

and scrubland facies, sclerophillous grazed forests, semi-natural tall-herb humid meadows and meso-

philic grasslands. 

The majority of European grasslands have been degraded and maintained as semi-natural state. 

Their maintenance is performed by agriculture through grazing and/or cutting regimes which are cru-

cial for this habitat and its species (Silva, 2008). Hopefully, there are still some natural permanent 

grasslands in Europe.   

The value of calcareous (chalky) grasslands concerns their species richness. These natural habitats 

support a high biodiversity by limiting the establishment and growth of the competitive species in 

harsh growing conditions. It gives more chance to less-aggressive plant to co-exist (Grime, 2002). The-

se ecosystems could gather up to 80 plant species per square meter and consequently high arthropod 

diversity per instance.  

The characteristics of calcareous grasslands soil are similar to green roofs : typically thin, light, 

and dry. It leads to an overlap of environmental conditions that suggests higher results and fewer 

maintenance requirements (Choi, 2012) 

According to FAO (2006), the area of grasslands in the EU declined by 12.8% from 1990 to 2003.  

It remains only strongly fragmented areas that leads to extinction of species. Furthermore, an-

thropogenic activity induced loss in habitat quality of the remaining grasslands (Choi, 2012). The 

threats are numerous like changes in livestock density, the intensification of grasslands management 

and mowing by the use of fertilisers, pesticides and phytocides, the lowering of watertable, etc. More 

specifically, the area occupied by dry grasslands has dramatically drop (Delescaille, 2005) by 90% of 

their area and 30% of their characteristic plant populations in 90 years (Piqueray, 2011) 

Recently, this habitat shows his potential and lead the ecologists to restore this forgotten habitat 

with the Commission’s environment and nature funding programme, LIFE. 

Functional traits  

As indicated by Sandel (2011), "functional traits and trait-based community ecology theory can 

provide a basis for predicting the success of a restoration treatment in a particular community". 

Hence, the inter-population restoration capability may be predicted from their traits (Lavorel, 2002 ; 

Pywell 2003 ; da Silveira Pontes, 2010 ; Roberts, 2010).  
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According to green roof conditions, Sandel (2011) suggested that inter-population restoration ca-

pability may be predicted from their functional traits4, which includes Specific Leaf Area (SLA) and 

seed mass. Therefore, in this study, these two last traits were selected to be representative of plant 

colonizing abilities on green roofs. SLA is globally a way to evaluate resource saving strategy of plant. 

Nonetheless, only his aspect of rapid returns on leaf investments is to be considered when soil re-

sources become more limiting (Knops, 2000). On the other hand, seed mass contributes to improved 

seedling success, in ecosystem poor in nutrients (Milberg, 1998).  

                                            
4 Functional traits are defined as "morphological, biochemical, physiological, structural, phenological, or 

behavioral characteristics that are expressed in phenotypes of individual organisms and are considered relevant to 
the response of such organisms to the environment and/or their effects on ecosystem properties" (Violle 
et al. 2007). 
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Chapter	2	:	Green	roofs	as	analogous	of	calcareous	grass-
lands	?	Species	response	to	substrate	heterogeneity.	

Abstract 

The environmental conditions on green roofs can strongly influence plant growth and survival. 

However, community scale study has been little conducted. We have undertaken an experiment in 

which green roofs differed in substrate depth and type (variation in organic matter rate, water capaci-

ty and draining capacity). The same seed mix was used to assure comparison. This mix consists of 22 

species : 4 generalist species and three corteges of 6 specialist species. During two months, with no 

irrigation, the abundance of individuals (seedlings and adults) was calculated in a way to potentially 

differentiate communities. It appears that the environmental conditions on green roofs resulted in 

community distinction as in analogous habitat. Both substrate depth and weather affected community 

evolutionary path. The plant individual dynamics, and consequently their success rate, might help to 

explain these differences. However, this study could not highlight any influence of their traits, especial-

ly Specific leaf are (SLA) and Seed mass, that have demonstrated their value in providing information 

about rapid returns on leaf investments and improved seedlings success in low-nutrients environment. 

As a conclusion, it is recommended to incorporate environment conditions into appropriate plant selec-

tion. 

Introduction 

Concrete represents a big part of urban cities areas and leads to a poor installation and develop-

ment of biodiversity. However, it is important to balance the ratio between impervious and green sur-

faces to maximize the possibilities for the development of biodiversity and ecosystems in urban settle-

ments. The history of modern green roofs started in Germany in the 1960s and has since spread to 

many countries. From that time, many studies have demonstrated green roof benefits, including eco-

system services support (Dapolito Dunn, 2010). 

Urban green infrastructures may be developed in a way to support biodiversity and restore ecolog-

ical networks. Historically, ecological restoration aimed to restore ecosystems to their original state 

before being impacted. However, in urban context, environmental conditions are drastically altered.  In 

these circumstances, urban ecological restoration would aim to develop analogous ecosystems or to 

manage novel ecosystem (Lundholm, 2010). Both of them result from Human disturbances (Kozlov, 
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2007). The analogous habitat stays close to natural ecosystem while the novel ecosystem results in 

functional novelty (Lundholm, 2010). 

Urban restoration ecology can be based on two main questions. Are analogous habitats similar 

enough to natural ecosystem to have potential value for native biodiversity ? Which species traits and 

habitat conditions promote colonization success of urban or post-industrial landscapes ? (Rehounkova, 

2010). These questions are even prominent in isolated and stressful environment such as on green 

roofs. 

Currently, green roofs are classified in three types based on the substrate depth : extensive green 

roofs with substrate depth lower than 15 centimetres (FLL, 2008), intensive ones over 15 centimetres 

and semi-intensive green roofs varying from 10 to 20 centimetres (O’Keeffe, 2008 ; Caldwell, 2010 ; 

Sutton, 2012). Generally intensive green roofs support a wider variety of plants types but need more 

irrigation and maintenance than extensive infrastructure (Culnane, 2014) while semi-intensive systems 

combine aesthetic potential of intensive green roofs and environmental benefits of extensive ones 

(Dunnett, 2004). However, considering the low load-bearing capacity of aged buildings (Nektarios, 

2011), extensive green roofs stays the most used solution. 

Precisely, considering hostile roofs constraints (Oberndorfer, 2007), it is commonly accepted in 

Western Europe that green roofs offer analogous conditions to natural rocky habitats over shallow soil 

(Lundholm, 2006). Therefore, the species selection is increasingly focused on native plants from calcar-

eous grasslands. They tolerate dry period regardless of substrate, provide allowance to lost flora in the 

urban environment (Dunnett, 2010) and better cope with ecosystem services than sedum spp. systems 

(Lundholm, 2010).  

Piqueray et al. (2007) identities seven calcareous grassland communities in Southern, Belgium 

(table 1). Those communities, that differ in plant assemblages, are correlated to environmental varia-

bles corresponding to main stress conditions on green roofs. Specifically, the different calcareous grass-

land plant communities present noticeable differences in soil depth with two main groups : mesophilic 

and xerophytic grasslands completed by an inter-substrate situation. Soil depth in calcareous grass-

lands varies between 0,5 and 15 centimetres Harzé (2016), a range similar to extensive green roofs. 

Furthermore, the variability in environmental conditions results in differences in hydrological status.  

Substrate type used on green roofs is also to be considered (Thuring, 2010) along with depth (On-

doño, 2014) to extend the range of environmental conditions. Indeed, water capacity increase with the 

organic matter content (Patriquin, n.d.). Consequently, extensive substrate leads to low water capaci-

ty, as natural habitats with shallow soils (Lundholm, 2006); and high viability risks during freeze peri-

od (Getter, 2006).  
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Table 1 Comparison of mean environmental variables between grassland communities identified on the basis 
of the TWINSPAN classification. Pairwise comparisons; using Kruskall-Wallis test. mF = pean Ellenberg indica-

tor value for soil moisture; mN = pean Ellenberg indicator values for nutrient status (Piqueray, 2007) 

Group I II III IV V VI VII 

Soil depth 4.14 8.90 4.67 2.78 2.26 2.90 3.57 

pH 4.99 6.27 6.75 6.61 6.47 4.88 4.68 

mF 3.58 3.92 3.77 3.09 2.98 3.28 3.12 

mN 2.89 3.19 3.08 2.39 2.13 2.86 2.40 

Consequently, green roofs may be seen as habitat analogue to calcareous grasslands and may be 

considered as an opportunity for biodiversity restoration in urban areas. It is viewed in the context of 

the dramatically shrunk of areas occupied by dry calcareous grasslands (Delescaille, 2005) while their 

undeniable high value, through their number of plant and animal species per square meter, is acknowl-

edged. 

In a way to ensure the colonization of species and their persistence, it is recommended to replicate 

faithfully a heterogeneous natural habitat through depth variation in roof substrate (Grant 2006).  

Elsewhere, according to green roof conditions, Sandel (2011) suggested that inter-species restora-

tion capability may be predicted from their traits. Two traits are regularly used as representative of 

colonizing abilities in a restoration programme, i.e. Specific Leaf Area (SLA) and seed mass. SLA 

providing information about rapid returns on leaf investments (Knops, 2000) and seed mass contrib-

uting to improve seedlings success, in ecosystem poor in nutrients (Milberg, 1998).  

In this study, we test whether plant species environmental conditions variation on green rooftops 

could lead to the same distinction of plant communities as on natural ecosystems. Specifically, we test 

the success of installation of plant species representative of the different calcareous grassland plant 

communities in relation to depth variation of two green roof substrates with different nutritive proper-

ties. 

Materials and Methods 

Study Site 

The system was disposed on Gembloux Agro-Bio Tech's campus in Gembloux, Belgium (50°33'52'' 

N, 4°41'53''). The study site extends over an area of a hundred square meters. According to the Kö-

ppen-Geiger classification, the climate is Cfb type. (https://fr.climate-data.org/location/12858/ , 

23/3/2017 at 9:30). Gembloux has a warm temperate climate with a year-round temperature of 9.6°C. 

There is significant precipitation, even during the driest month, with on average 830 mm each year. 
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Due to infrastructure, site may receive shade for portion of the day during winter along South-East 

side. In order to consider the potential shadow effects, randomized block design has been chosen. The 

blocks were oriented north-north-west to south-south-east to comply to constraints of the site. 

Green Roof System 

We used container units to mimic green roof system. Each one had the same seeded vegetation 

but differed by their soil environment. Indeed, this study aims at evaluating the two main characteris-

tics influencing plant development on extensive green roofs : two different substrate types (Substrat 

leger pour toiture verte Extensif Zinco® and Substrat leger pour toiture verte Lavandulis Zinco®) 

and three substrate depths (5, 10 and 15 centimetres). The growing substrate consisted in : mixture of 

recycled tile and bricks, selected ceramic material and adjuvant added to organic material for light 

extensive Zinco® substrate ; mixture of recycled ceramic material and selected additives supplement-

ed with organic material for Light Lavandulis Zinco® substrate. 

These substrates have been specifically chosen according to their characteristics. They differ under 

three criteria : organic matter, water flow and water capacity (table 2). Selected substrate depths are 

within the range of soil depth on calcareous grasslands (Piqueray, 2007 ; Harzé, 2016). 

Table 2 Characteristics of Zinco® substrate 

 Extensive Zinco® substrate Lavandulis Zinco® substrate 

Organic matter rate < 65 g/l 
 

< 90 g/l 
 

Water flow rate 0,6 – 70 mm/min 
 

0.3 – 30 mm/min 
 

Water capacity ~ 40% volume ~ 50% volume 

 

Each experimental module consisted of "pallet-case made of sheet steel, reduced height, with solid 

walls" (1x0,8x0,3m), draining layer (Fixodrain XD 20 Zinco®) that covers a protection layer (Natte 

de protection latérale SM-R Zinco®). 

Plant Material 

We selected twenty-two species of calcareous grasslands (table 3), all natives from Belgium and 

available as seed lots among fourteenth European green roof seed mix : ecosem.be, habitataid.co.uk, 

wildseed.co.uk, ecovegetal.com, vecover.com, optigreen.com, biodiversite-positive.fr, api-site-

cdn.paris.fr, greentop-greenroofs.com, ufasamen.ch, greenroofs.com, greenroofplants.com, neu.rieger-

hofmann.webseiten.cc, completed by the species mentioned by Min-Sung Choi (2012) in his PhD. 
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Selected species comprised four generalist species, with wide range of hydrology tolerance, and 18 

specialist ones. The 18 specialist species were divided in three groups of 6 species each (table 3). 

Groups of specialists are representative of the two main calcareous grasslands plant communities pre-

vailing in Belgium (Piqueray, 2007) characterized by different drought stress (Mesobromion erecti, 

Xerobromion erecti) and an intermediate association. We hypothesized that the three groups of spe-

cialist species will demonstrate a different reaction to green roof substrate depth and type used as a 

proxy of drought stress gradient. 

The experimental design was arranged in five blocks. They are made up of six growing containers 

for each environmental combination substrate type X depth. These five blocks experimentally stand 

for five replicates. Within blocks, the containers were located randomly and spaced from each other to 

limit interactions between them, and to allow walkways for access.  

One hundred and ten seeds per species and square meter were seeded on the 21th of April, 2017. 

Containers were monitored nine times from this date to the 6th of July. It was based on the counting, 

for each container, of the individuals (seedlings and adults) for any planted specific species. These 

plants received no water but rain. 

Statistical Analyses 

Descriptive statistics allowed to visualize differences in species success between substrate depth 

and type. These basic statistics performed on Excel® include the total sum, mean, minimum, maxi-

mum as well as the standard deviation (tableau 3) of the species abundance (number of individuals) 

according to the three parameters mentioned above : block, substrate type and substrate depth. 

General Linear Model (GLM) method were used to identify the relevance of our variables using 

Poisson distribution. This approach was chosen specifically as common and familiar method unbal-

anced count data. 

Departing from the same seed mix, the nail of the head was the characterization of communities 

through the abundance of the 18 specific plants. Due to a large proportion of null abundance in our 

data, we selected the principal coordinate analysis (PCoA) as ordination method. This ordination was 

based on the dissimilarity matrix calculated through Bray-Curtis method suggested for abundance 

data. It was realised in statistical software, R®. As abundance was quite heterogeneous among spe-

cies, data were modified through logarithmic transformation in a way to identify gradients while min-

imising the dominance of specific species in this analysis.  

Individual species dynamics was next studied. To that end, we focused on depicting abundance 

according to time. The Student multiple comparisons procedure (α = 0.05) helps us to statistically 
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identify significant differences between mean of abundance per species and substrate depth. This 

method was realised on the basis of a one-way GLM for each species. 

The two last analysis concerned how the functional traits can provide a basis for predicting the 

success of species as indicated by Sandel (2011). These ones concern one reading according to the seed 

mass and SLA. Seed mass have to be related to the abundance at beginning of the study (on the 14th 

of May) while SLA will concern the last survey (on the 6th of July) in accordance with the information 

they provide. Linear Regression between plants traits and species mean abundance was calculated to 

determine the relevance of these assumptions. 

Our trait analyses were made considering the values of functional traits given by the Universität 

of Oldenburg's database. This one was a collection of data from other universities and research studies. 

The mean of every specific trait value was considered since one single value was required. 

Results 

In regard of germination issue, six of the eighteen specialist species (A. eupatoria, A. sylvestris, C. 

glomerata, O. vulgare, P. veris and R. lutea) were removed from the GLM analysis along with the four 

generalist ones. 

General Linear Model (GLM) analysis – A preliminary global analysis on species abundance was 

realized in a way to demonstrate variables influence on the abundance of species with four-way mixed 

crossed model : block, species (plant), substrate type and depth. Blocks show a marginally significant 

influence (p-value = 0.014148). Therefore, we will not consider this variable to increase the power of  

the following analyses. 

Considering the site climate during the study, a comparison between drought and rainy periods 

has been added to the analysis. Indeed, according to IRM data, the week leading up to the 25th of 

June was marked by a heatwave (five days above at least 25 degrees, of which at least three days 

above 30 degrees or more) without rain. On the other hand, the weeks leading up to the 6th of July 

was marked by lower temperature which did not exceed 26.8°C maximum and daily rainfalls.  

In this situation, we realized two GLM with species abundance at the end of the drought period 

(at the 25th of June), on the one hand, and at the end of the wet period (at the 6th of July), on the 

other hand. We used a three-way determined crossed model. Interestingly, significant interaction is 

noticed between species and depth as well as substrate type at the end of the wet period (but not at 

the end of the dry period) (Table 4), indicating that species did not react in the same way to substrate 

depth and type variation. Moreover, the interaction between substrate depth and plant, as well as 
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substrate type and plant, is significant. It means that species react differently to substrate depth or 

type variation. Considering these interactions, it is not possible to study variables separately. 

Table 3 General Linear Model analyses  on species abundance testing the global effect of species, substrate 
type and substrate depth on species abundances (wet period and dry period separated) 

  Df Deviance Resid. Df Resid. Dev Pr (>Chi) 

wet period NULL   359 3006.66  

Substrate Depth 2 585.64 357 2421.02 < 2.2e-16 *** 

Substrate type 1 2.21 356 2418.81 0.136945 

Plant 11 1533.36 345 885.45 < 2.2e-16 *** 

Depth*type 2 2.35 343 883.10 0.308808 

Depth*plant 22 235.91 321  647.19 < 2.2e-16 *** 

Type*plant 11 43.86 310 603.33 7.701e-6 *** 

Depth*type*plant 22 47.23 288 556.10 0.001369 ** 

       

dry period NULL   359 2823.02  

Substrate Depth 2 860.34 357 1962.68 < 2.2e-16 *** 

Substrate type 1 2.99 356 1959.69 0.0840141 

Plant 11 1387.95 345 571.74 < 2.2e-16 *** 

Depth*type 2 30.36 343 541.39 2.559e-7 *** 

Depth*plant 22 92.70 321 448.69 1.187e-10 *** 

Type*plant 11 33.66 310 415.03 0.0004104 *** 

Depth*type*plant 22 26.24 288 388.79 0.2415055 

 

PCoA analysis - In the figure 5, an arch gradient is clearly visible. The first axis (dim1) explains 

35.48% of the variance while the second axis (Dim2) explains 12.02%.  

First axis clearly differentiates 5 centimetres containers, correlated to negative values of the first 

axis, from 10-15 centimetres containers correlated to positive values of axis 1. Substrate type is corre-

lated to the first axis but is not significant in regard of depth influence. Therefore, it won't be consid-

ered in the following analysis as it demonstrates no pattern influence whatever the period. 

Plant assemblages are much more heterogeneous on 5 centimetres depth compared to the 10 and 

15 centimetres depth, as demonstrated by the dispersion of 5 centimetres quadrats in the ordination 

plan. Five centimetres containers plant assemblages are mainly characterized by the absence or low 

abundance of a group of species : A. millefolium (mesophilic), C. scabiosa (meso-xerophytc), O. vicii-

folia (meso-xerophytic).   

To keep on with comparison of ecological groups, the proportion of the three groups of specialist 

species (xerophytic, meso-xerophytic and mesophilic) were calculated by dividing the total abundance 

of species per cortege by the total abundance of species of each substrate depth. The data are based on 

the mean of the five replicates and types. 
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Table 4 Seed mix sowed on experimental green roofs. Basic statistics are made regardless the variables. Sum = total number of individuals of the species in the experiment 
; Mean = mean number of individuals per container ; Maximum = highest number of indivudal in one container ; Minimum = lowest number of indivudal in one container ; 

Standard deviation = variability in the number of individuals per container 

Latin name Supplier Cortege SLA (m_.kg-1) Seed mass (10-3 gr) Sum Mean Maximum Minimum Standard 
deviation 

Carex flacca Rieger hofmann Hygrophilic - xerophytic 15.0 0.12 0 0.0 0 0 0.0 

Festuca rubra commutata Rieger hofmann Mesohygrophilic - mesophi-
lic 

- 0.12 0 0.0 0 0 0.0 

Hieracium pilosella Rieger hofmann Mesophile - mesoxerophytic 15.3 0.15 1 0.0 1 0 0.2 

Teucrium chamaedrys Rieger hofmann Mesoxerophytic - xerophytic 13.0 1.50 0 0.0 0 0 0.0 

Achillea millefolium Ecosem Mesophilic 16.7 0.17 412 13.7 32 0 9.9 

Agrimonia eupatoria Ecosem Mesophilic 17.0 23.08 0 0.0 0 0 0.0 

Anthriscus sylvestris Ecosem Mesophilic 30.0 3.83 0 0.0 0 0 0.0 

Geranium pyrenaicum Ecosem Mesophilic 25.8 1.41 309 10.3 26 0 9.2 

leontodon autumnalis Rieger hofmann Mesophilic 19.0 1.36 75 2.5 10 0 2.8 

Clinopodium vulgare Ecosem Mesophilic - mesoxerophytic 23.6 0.49 14 0.5 4 0 0.9 

Centaurea scabiosa Ecosem Mesoxerophytic 18.0 7.46 134 4.5 13 0 3.3 

Helianthemum nummularium Rieger hofmann Mesoxerophytic 14.0 1.38 15 0.5 8 0 1.6 

Malva sylvestris Ecosem Mesoxerophytic 22.5 3.72 318 10.6 21 0 6.2 

Onobrychis viciifolia Ecosem Mesoxerophytic 17.1 20.66 337 11.2 23 0 7.2 

Origanum vulgare Ecosem Mesoxerophytic 15.7 0.15 0 0.0 0 0 0.0 

Reseda lutea Ecosem Mesoxerophytic 21.0 0.91 0 0.0 0 0 0.0 

Allium schoenoprasum Rieger hofmann Xerophytic 10.4 1.18 55 1.8 5 0 1.9 

Anthyllis vulneraria Rieger hofmann Xerophytic 13.1 4.87 36 1.2 7 0 1.8 

Calendula arvensis Ecosem Xerophytic 31.1 2.60 352 11.7 21 0 6.0 

Campanula glomerata Rieger hofmann Xerophytic 22.1 0.17 0 0.0 0 0 0.0 

Echium vulgare Ecosem Xerophytic 16.0 2.81 280 9.3 16 1 4.3 

Primula veris Ecosem Xerophytic 16.0 1.06 0 0.0 0 0 0.0 
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Figure 5 Graphic representation of PCoA analysis on species assemblage in experimental modules. Species 

assemblages are distinguished between three variables in a way of comparison : wet (species abundance at 6th of 
July) and dry period (species abundance at 25th of June) respectively in black and grey ; Substrate type are distin-
guished in full shape for Lavandulis and empty shape for Extensive ; Substrate depth is represented by geometrical 

shape respectively square, round and triangle for 5, 10 and 15 centimetres  

Table 5 shows decreasing proportion of xerophytic plants with the substrate depth, while it's the 

opposite for the mesophilic species. The abundance of meso-xerophytic, on the other hand, is main-

tained regardless the depth of substrate.  

Table 5 Proportion of each group of specialist species according to the depth of substrate. 

 Mesophilic Mesoxerophytic Xerophytic 

5 cm 0.1 0.3 0.5 

10 cm 0.4 0.3 0.4 

15 cm 0.4 0.3 0.2 

 

Species dynamic - This topic was split in two parts. The first one (figure 7) is concentrated on the 

whole experiment period. In a way to be as clear as possible, the results are stated in twelve graphs 

presenting individual species dynamic. They present the evolution of the mean abundance of the plants 

through time on the three substrate depths. It can be noticed high difference in abundance patterns 

especially for the period to first germination events and influence of drought period. Indeed, C. arven-

sis (xerophytic), E. vulgare (xerophytic) and M. sylvestris (meso-werophytic) double their number of 

individuals in less than two weeks after drought. On the other hand, we can notice a better relative 
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tolerance to drought for A. millefolium (mesophilic), C. arvensis (meso-xerophytic), M. sylvestris (me-

so-xerophytic) and O. viciifolia (meso-xerophytic) than the others. Indeed, with regard to their abun-

dance, these species lose less than a quarter of their individuals during the drought. 

Five species on the twelve tested do not show significant difference in mean abundance among 

substrate depths (table 6) : A. schoenoprasum, A. vulneraria, C. arvensis, C. vulgare and H. nummu-

larium. Among other species, G. pyrenaicum and L. autumnalis show high difference in their abun-

dance according to the three depth modalities, with increasing abundance with increasing depth sub-

strate. Five species show significant differences in abundance between 5 cm and both 10-15 cm depth 

but no differences between 10-15 cm depth : A. millefolium, C. scabiosa, E. vulgare, M. sylvestris and 

O. viciifolia. 

Table 6 Student multiple comparisons procedure on mean of abundance per species  (final abundance at 6th 
of July) per substrate depth. Different letters indicate significant differences for α = 0.05 

 p-value 5 cm 10 cm 15 cm 

Geranium pyrenaicum 0,000*** 0,5 
a 

10,3 
b 

20,1 
c 

Leontodon autumnalis 0,000*** 0,3 
a 

2,4 
b 

4,8 
c 

Achillea millefolium  0,000*** 2,6 
a 

17,9 
b 

20,7 
b 

Centaurea scabiosa 0,000*** 1,2 
a 

5,5 
b 

7,1 
b 

Echium vulgare 0,000*** 5,1 
a 

10,3 
b 

12,6 
b 

Malva sylvestris 0,000*** 4,9 
a 

12 
b 

14,9 
b 

Onobrychis viciifolia 0,000*** 2,3 
a 

14,7 
b 

16,7 
b 

Allium schoenoprasum 0,049* 1 
a 

3 
a 

1,5 
a 

Anthyllis vulneraria 0,004* 0,1 
a 

0,9 
a 

2,7 
a 

Calendula arvensis 0,218 9,4 
a 

14,1 
a 

11,7 
a 

Clinopodium vulgare 0,139 0 
a 

0,6 
a 

0,8 
a 

Helianthemum nummularium 0,322 1,1 
a 

0 
a 

0,6 
a 

 

The second part (figure 6) is a success test considering the two selected traits. Indeed, seed mass 

is supposed to impact the germination capacity in non-optimal conditions while SLA operate on persis-

tence through time.  

Regression between species abundance (mean abundance per module all depth considered) at the 

14th of May and the 6th of July, respectively with seed mass and SLA were not significant (seed mass : 

r : 0.1364, P = 0.1428 ; SLA : r = 0.1174, P = 0.1477).  
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Figure 6 Left graph - Abundance of plant at the 6th of July according to specific SLA ; Right graph – 
Abundance at the 14th of May according to the specific seed mass. 

Discussion 

Our experimental design was made in view of technical constraints. The containers were ground 

level due to a lack of access to experimental roof. Although, we tried to replicate faithfully a high level 

roof, the containers were quite small and may have induced border effect like preferential water flow or 

unusual soil drying. 

Another point concerns the plant materiel. Four generalist plants were specifically chosen in a 

way to facilitate the germination of specialist species through facilitation effect. Unfortunately, two of 

them did not germinate and, consequently, could not play their role of nurse specie. In the future, 

germination tips have to be studied in a way to assure a high germination rate. 

Secondly, as mentioned before, chance of survival is higher in deepest substrate. Moreover, we ob-

served a specific spatial distribution in 10 and 15 centimetres containers. This observation leads us to 

hypothesize that the bigger individuals play a role of nurse specie. Therefore, it appears that it was 

sometimes impossible to determine individuals before they perish in the shallowest containers. Howev-

er, this situation represented maximum 5% of our observations and do not affect the global pattern. 

The calculation of abundance wasn't that easy. The first weeks has been managed without a prob-

lem. The last survey was nevertheless quite challenging. The number of species remains low, though. 

Indeed, to facilitate the recognition only six species per cortege were selected but are not sufficient to 

assure perfect comparison with natural habitats. 

Environmental conditions gradient as explanation for the differentiation of communities - It ap-

pears that calcareous grasslands could be a potential source of native species for green roofs in South-

ern Belgium. As explained by Sutton (2012), they may be an alternative onto green roofs to Sedum 

spp. However, quite a few studies developed this side of the problem. 
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Figure 7 Evolution of plant mean abundance according to time. Lightest line - 5cm substrate ; Darkest line – 
10cm ; Last one – 15cm. The two dashed lines put the light on the after drought survey. 
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Thuring (2010) demonstrated "how appropriate species selection in the design of unirrigated ex-

tensive green roofs may be directed by factors such as substrate type and depth, as well as anticipated 

drought conditions". Our paper goes further by answering positively to our main question : Yes, there 

is a foreseeable differentiation of seeded plant communities among environmental conditions on green 

roofs. More globally, specific corteges react on green roofs and natural habitats in the same way. These 

differentiations are mainly lead by climate and substrate depth. Indeed, each depth corresponds to 

specific proportion of the three corteges of calcareous grassland plant communities : while shallowest 

soil possesses highest proportion of xerophytic plants, the deepest containers proportionally contain 

more mesophilic plants. It concurs with the conclusions of Thuring (2015) and Brown (2015). However, 

we could not concur with Thuring (2010) on the effect of substrate type on species abundance. 

Currently, European seed mix are developed in two format, extensive and intensive one. Our ex-

periment challenges these options, though. Indeed, these mix are too general and only partially germi-

nate. Calcareous grasslands follow a gradient from 0 to 15 centimetres soil depth, seed mix should thus 

be adaptable to green roof environmental conditions, especially depth in this case.  

Functional traits as success marker - If I may paraphrase Sandel (2011), plants behaviours seem 

to be linked to traits. SLA and seed mass, generally chosen to explain quick start and rapid returns on 

leaf investments on low-nutrients soil, are our two markers. These assumptions could not be confirmed 

through our experiment as shown by the low coefficient of determination of the regression lines. Con-

sidering the short period of development, we have to be cautious with these results, though. Further-

more, some species did not germinate neither in greenhouse for germination test nor outside : specific 

conditions of germination are apparently required even if they are not resumed in literature. 

Conclusion 

The overall objective of this experiment was to reproduce environmental conditions heterogeneity 

on green roofs as a way of differentiation of communities as on natural soil. This assumption was lead 

on the basis of three groups of 6 specific species and 4 generalist ones. The abundance of individuals 

(seedlings and adults) was the indicator of individual dynamic of species. 

This study shows that, the reproduction of heterogeneity on green rooftops gives good results.  

First, globally, substrate depth is a significant variable in differentiation of communities. While 

the shallowest soils demonstrate a higher proportion of xerophytic species, the deepest ones got more 

mesophilic plants. 

This conclusion still needs to be seen as results on young green roof (<1 year). We guess that the 
future will lead these communities to greater analogy with natural ones. 
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With regard to the strategy of species, no statement could be made. Neither Specific Leaf Area, 

nor Seed mass seems to explain their success rate. However, those results have to be seen in the 

knowledge that we evaluated only eighteen species. Moreover, the specific characteristics could have 

played in germination issues. 

Therefore, it would be interesting first of all to carry the same study with less diversity in species 

characteristics. Sowing seeds who differ only from their SLA could be a way to identify traits influ-

ence.  

It would also be interesting to lead this study on real experimental rooftops and to check whether 

those conclusions could be acknowledged on real roof conditions.  

In the future, this study deserves to be continued as it founds its interest in developing new per-

spectives for green roofs in Belgium. These green infrastructures, generally seen as a constraint, are 

mainly realised with sedum spp. to be as autonomous as possible while concept of biodiversity is oust-

ed. Calcareous grasslands could be the perfect autonomous solution with shallow soil and high biodi-

versity rate. Moreover, heterogeneity is linked to high biodiversity rate. We could expect, in these 

circumstances, higher environmental and aesthetic benefits. 

  



 C. Boland – Green Roofs and Biodiversity | 30 

Bibliography 

Alvey A. A., 2006. Promoting and preserving biodiversity in the urban forest. Urban Forestry and Urban Green-
ing, 5(4), 195–201.  

Arup Group Limited, 2016. Cities Alive : Green Building Envelope. Available at : 
http://publications.arup.com/publications/c/cities_alive_green_building_envelope 

Beattie D.J. & Berghage R.D., 2004. Green roof substrate characteristics: The basic, p. 411–416. In: Proc. of 2nd 
North American Green Roof Conference: Greening Rooftops for Sustainable Com- munities Conference, Port-
land, OR, 2–4 June 2004. The Cardinal Group, Toronto, Canada. 

Bernier A., 2011. Végétalisation du bâtiment en milieu urbain : bénéfices et perspectives, 49–82. 

Bertness M.D. & Callaway R., 1994. Positive interactions in communities. Trends in Ecology and Evolution, 9, 
191-193. 

Boivin M., Lamy M., Gosselin A. & Dansereau B., 2001. Effect of artificial substrate depth on freezing injury of 
six herbaceous perennials grown in a green roof system. HortTechnology, 11, 409–412. 

Bolund P. & Hunhammar S., 1999. Ecosystem services in urban areas. Ecological Economics, 29(2), 293–301.  

Bousselot J. M., Klett, J. E. & Koski R. D., 2011. Moisture content of extensive green roof substrate and growth 
response of 15 temperate plant species during dry down. HortScience, 46, 518–522 

Brack C. L., 2002. Pollution mitigation and carbon sequestration by an urban forest. Environmental Pollution, 
116(SUPPL. 1). 

Brown C. & Lundholm J., 2015. Microclimate and substrate depth influence green roof plant community dynam-
ics. Landscape and Urban Planning, 143, 134–142. Available at: 
http://www.sciencedirect.com/science/article/pii/S0169204615001474. 

Caldwell M.M. & al., 2010. Ecological Studies: analysis and synthesis, 210, 619. 

Callaway R.M. & Walker L.R., 1997. Competition and facilitation: a synthetic approach to interactions in plant 
communities. Ecology, 78,1958- 1965. 

Choi, M., 2012. Investigation of the potential of calcareous grassland vegetation for green roof application in the 
UK, Thesis Submitted for the Degree of Doctor of Philosophy, under de direction of Professor Nigel Dunnett, 
University of Sheffield, 307. 

Cleland E.E., Larios L. & Suding K.N., 2013. Strengthening invasion filters to reassemble native plant communi-
ties: soil resources and phenological overlap. Restoration Ecology, 21, 390–398. 

Clements E.E., 1916. Plant Succession: An Analysis of the Development of Vegetation. Carnegie Institution of 
Washington. 

Connelly M., & Hodgson M., 2008. Sound Transmission Loss of Green Roofs. Proceedings of the 6th Annual 
Greening Rooftops for Sustainable Communities. Baltimore, MD. April 30–May 1. 

Cornelis J. & Hermy M., 2004. Biodiversity relationships in urban and suburban parks in Flanders. Landscape 
and Urban Planning, 69(4), 385–401.  

Culnane N. & al., 2014. Growing green guide, 142. 

da Silveira Pontes L., Louault F., Carrère P., Maire V., Andueza D. & Soussana J.-F., 2010. The role of plant 
traits and their plasticity in the response of pasture grasses to nutrients and cutting frequency. Annals of 
Botany, 105, 957–965. 

Dapolito Dunn A., 2010. Siting green infrastructure : legal and policy solutions to alleviate urban poverty and 
promote healthy communities. Environmental affairs, 37(41), 41–66. 

Delescaille L. M., 2005. "La gestion des pelouses sèches en Région wallonne. Biotechnologie, Agronomie, Société et 
Environnement 9: 119-124. 

Dunnett N. & Kingsbury N., 2010. Planting green roofs and living walls. 2nd Ed. Timber Press, Cambridge, UK. 



 C. Boland – Green Roofs and Biodiversity | 31 

Dunnett N. & Nolan A., 2004. The effect of substrate depth and supplementary watering on the growth of nine 
herbaceous perennials in a semi-extensive green roof. Acta Horticulturae, 643, 305–309. 

Dunnett N., Kingsbury N., 2004. Planting Green Roofs and Living Walls. Timber Press, Portland, OR. 

Dunnett N., Nagase A. & Hallam A., 2007. The dynamics of planted and colonising species on a green roof over 
six growing seasons 2001– 2006: Influence of substrate depth. Urban Ecosyst., 11, 373–384. 

Durhman A.K., Rowe D.B. & Rugh C.L., 2007. Effect of substrate depth on initial growth, coverage, and survival 
of 25 succulent green roof plant taxa. HortScience, 42, 588–595. 

Egler E.E., 1954. Vegetation science concepts. I. Initial floristic composition - a factor in old-field vegetation de-
velopment. Vegetatio, 4, 412-417. 

Food and Agricultural Organisation of the United Nations (FAO), 2006, FAO Statistical Yearbook. FAOSTAT 

Fioretti R., Palla A., Lanza L.G., Principi P., 2010. Green roof energy and water related performance in the Med-
iterranean climate. Build Environ. 45(8), 1890–1904 

Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau e.V. (FLL), 2008. Richtlinien für die Planung, 
Ausführung und Pflege von Dachbegrünungen. Richtlinien für Dachbegrünungen (Guideline for the planning, 
execution and upkeep of green-roof sites). Selbstverlag, Troisdorf. 

Funk J.L., Cleland E.E., Suding K.N. & Zavaleta E.S., 2008. Restoration through reassembly: plant traits and 
invasion resistance. Trends in Ecology & Evolution, 23, 695–703. 

Getter K.L. & Rowe D.B., 2006. The role of extensive green roofs in sustainable development. HortScience, 41, 
1276–1285. 

Grahn P. & Stigsdotter U. A., 2003. Landscape planning and stress. Urban Forestry & Urban Greening, 2(1), 1–
18.  

Grant G., 2006. Extensive green roofs in London. Urban Habitats, 4, 51–65 

Grime J.P., Mackey J.M.L., 2002, The role of plasticity in resource capture by plants, Evolutionary Ecology, Vol-
ume 16, Number 3, 299 

Harzé, M., Mahy, G. & Monty, A., 2016. Functional traits are more variable at the intra- than inter-population 
level: a study of four calcareous dry-grassland plant species. Tuexenia, 321–336. 

Hobbs R. J., & Norton D. A., 2004. Ecological filters, thresholds, and gradients in resistance to ecosystem reas-
sembly. Assembly rules and restoration ecology: bridging the gap between theory and practice, 72-95. 

Hobbs R.J. & al., 2006. Novel ecosystems: theoretical and management aspects of the new ecological world order. 
Global Ecology and Biogeography, 15,1–7. 

Holl K.D., 1999. Tropical forest recovery and restoration. Trends in Ecology and Evolution, 14, 378-379. 

Hulvey, K.B. & Aigner, P.A., 2014. Using filter-based community assembly models to improve restoration out-
comes. Journal of Applied Ecology, 51(4), 997–1005. 

Jaffal I., Ouldboukhitine S. E. & Belarbi R., 2012. A comprehensive study of the impact of green roofs on building 
energy performance. Renewable Energy, 43, 157–164.  

Jim C.Y., Tsang S.W., 2011. Biophysical properties and thermal performance of an intensive green roof. Build. 
Environ. 46, 1263-1274. 

John C. Johnson space center and NASA, 1989. Interior landscape plants for indoor air pollution abatement. 

Knops, J. and K. Reinhart. 2000. Specific leaf area along a nitrogen fertilization gradient. American Midland 
Naturalist 144:265–272. 

Kowarik I., 2011. Novel urban ecosystems, biodiversity, and conservation. Environment Pollution, 159, 1974–1983.  

Kozlov M.V. & Zvereva E.L., 2007. Industrial barrens: extreme habitats created by non-ferrous metallurgy. Re-
views in Environmental Science and Biotechnology, 6, 231–259. 

Larson D.W., Matthes, U. & Kelly P.E., 2000. Cliff Ecology. Cambridge University Press, Cambridge. 



 C. Boland – Green Roofs and Biodiversity | 32 

Latshaw K., Fitzgerald J. & Sutton R., 2009. Analysis of Green Roof Growing Substrate Porosity. Rurals : Re-
view of Undergraduate Research in Agricultural and Life Sciences, 4(1), p.Article 2. 

Lavorel S. & Garnier E., 2002. Predicting changes in community composition and ecosystem functioning from 
plant traits : revisiting the Holy Grail. Functional Ecology, 16, 545–556. 

Lee W. G. & Fenner M., 1989. Mineral nutrient allocation in seeds and shoots of twelve Chionochloa species in 
relation to soil fertility. Journal of Ecology, 77, 704–716. 

Li Y. & Babcock R.W., 2014. Green roofs against pollution and climate change. A review. Agronomy for Sustain-
able Development, 34(4), 695–705. 

Lohr V.I., 2010. Greening the human environment: The untold benefits. In XXVIII International Horticultural 
Congress on Science and Horticulture for People (IHC2010): Colloquia and Overview, 916, 159-170. 

Lundholm J., 2006. Green roofs and facades: a habitat template approach, 4. Urban Habitats, 87-101 availble at : 
http://www.urbanhabitats.org/v04n01/habitatpdf. 

Lundholm J., MacIvor J.S., MacDougall Z., Ranalli M., 2010. Plant species and functional group combinations 
affect green roof ecosystem functions. PLoS One, 5, 11 

Lundholm J.T. & Marlin A., 2006. Habitat origins and microhabitat preferences of urban plant species. Urban 
Ecosystems, 9, 139–159. 

Lundholm J.T. & Richardson, P.J., 2010. Habitat analogues for reconciliation ecology in urban and industrial 
environments. Journal of Applied Ecology, 47(5), 966–975. 

Milberg P., Perez-Fernandez M. A. & Lamont B. B., 1998. Seedling growth response to added nutrients depends 
on seed size in three woody genera. Journal of Ecology, 86, 624–632. 

Nagase A. & Dunnett N., 2010. Drought tolerance in different vegetation types for extensive green roofs: Effects 
of watering and diversity. Landsc. Urban Plan, 97, 318–327. 

Nagase A. & Dunnett N., 2011. The relationship between percentage of organic matter in substrate and plant 
growth in extensive green roofs. Landsc Urban Plan, 103(2), 230–236. 

Nektarios P.A. & al., 2011. Green roof substrate type and depth affect the growth of the native species Dianthus 
fruticosus under reduced irrigation regimens. HortScience, 46(8), 1208–1216. 

O’Keeffe G. & al., 2008. Design of an Instrumented Model Green Roof Experiment. GeoCongress, 1105–1112. 
Oberndorfer E., Lundholm J., Bass B., Coffman R.R., Doshi H., Dunnett N., Gaffin S., Kohler M., Liu K.K.Y., 

Rowe, B., 2007. Green roofs as urban ecosystems: ecological structures, functions, and services. Bioscience, 57, 
823-833. 

Ondoño S., Bastida F. & Moreno J.L., 2014. Microbiological and biochemical properties of artificial substrates: A 
preliminary study of its application as Technosols or as a basis in Green Roof Systems. Ecological Engineer-
ing, 70, 189–199. 

Patriquin D., n.d., Water, soil and organic matter: a complex relationship, available at 
https://www.cog.ca/documents/Water.pdf (consulted : 9/8/17 at 21:05) 

Piana M. R. & Carlisle S. C., 2014. Green roofs over time: A spatially explicit method for studying green roof 
vegetative dynamics and performance. Cities and the Environment (CATE), 7(2), 1. 

Piqueray, J. et al., 2007. Plant communities and the species richness of calcareous communities in southeast Bel-
gium. Belgian Journal of Botany, 140(2), 157–173. 

Piqueray J., Bisteau E., Cristofoli S., Palm R., Poschlod, P. & Mahy G., 2011. Plant species extinction debt in a 
temperate biodiversity hotspot: community, species and functional traits approaches. Biological Conservation, 
144, 1619-1629. 

Pywell R.F. & al., 2003. Plant traits as predictors of performance in ecological restoration. Journal of Applied 
Ecology, 40(1), 65–77. 

Rehounkova K. & Prach, K., 2010. Life-history traits and habitat preferences of colonizing plant species in long-
term spontaneous succession in abandoned gravel-sand pits. Basic and Applied Ecology, 11,45–53. 

Roberts R. E., D. L. Clark & M. V. Wilson, 2010. Traits, neighbors, and species performance in prairie restora-
tion. Applied Vegetation Science, 13, 270–279. 



 C. Boland – Green Roofs and Biodiversity | 33 

Roldan A., Garciaorenes F., Lax A., 1994. An incubation experiment to determine factors involving aggregation 
changes in an arid soil receiving urban refuse. Soil Biol. Biochem. 26, 1699–1707. 

Rowe D.B., 2011. Green roofs as a means of pollution abatement. Environ. Pollut., 159, 2100-2110 
Sacré J. & al., 2016. Le rôle des infrastructures vertes dans la gestion des eaux pluviales en ville, 
Sandel B., Corbin J.D. & Krupa M., 2011. Using plant functional traits to guide restoration: A case study in 

California coastal grassland. Ecosphere, 2(2), p.art 23. 
Sax D.F. & Gaines S.D., 2003. Species diversity: from global decreases to local increases. Trends in Ecology and 

Evolution 18, 561–566. 
Schrader S, Boening M., 2006. Soil formation on green roofs and its contribution to urban biodiversity with em-

phasis on Collembolans. Pedobiologia. 50, 347-356. 
Silva, J. P., 2008. LIFE and Europe's grasslands: restoring a forgotten habitat. Office for Official Publications of 

the European Communities. 
Sutton R.K. & al., 2012. Prairie-Based Green Roofs: Literature, Templates, and Analogs, Available at: 

http://www.journalofgreenbuilding.com/doi/10.3992/jgb.7.1.143. 
Tarran J., Torpy F. & Burchett M., 2007. use of living pot-plants to cleanse indoor air - research review 
Thuring C. & Grant G., 2015. The biodiversity of temperate extensive green roofs – a review of research and 

practice. Israel Journal of Ecology & Evolution, 9801, 1–14. 
Thuring C.E., Berghage R.D. & Bettie D.J., 2010. Green roof plant responses to different substrate types and 

depths under various drought conditions. HortTechnology, 20, 395–401. 
Tomlinson S., Matthes U., Richardson P. & Larson D.W., 2008. The ecological equivalence of quarry floors to 

alvars. Applied Vegetation Science, 11, 73–82. 
Ursic K.A., Kenkel N.C. & Larson D.W., 1997. Revegetation dynamics of cliff faces in abandoned limestone quar-

ries. Journal of Applied Ecology, 34, 289–303. 
VanWoert n.d., Rowe D.B., Andresen J.A., Rugh C.L. & Xiao L., 2005. Watering regime and green roof substrate 

design affect Sedum plant growth. HortScience, 40, 659–664. 
Violle C., Navas M. L., Vile D., Kazakou E., Fortunel C., Hummel I. & al., 2007. Let the concept of trait be func-

tional. Oikos 116, 882–892. 
Walker S. L., 2011. Building mounted wind turbines and their suitability for the urban scale—A review of meth-

ods of estimating urban wind resource. Energy and Buildings, 43(8), 1852–1862. 
Williams, N.S.G., Lundholm, J. & Scott Macivor, J., 2014. Do green roofs help urban biodiversity conservation? 

Journal of Applied Ecology, 51(6), 1643–1649. 

Wittig R., 2004. The origin and development of the urban flora of Central Europe. Urban Ecosystems, 7, 323–339. 

Woodell S.R.J., 1979. The flora of walls and pavings. Nature in Cities (eds I.C. Laurie), 135–156. 
JohnWiley&Sons, NewYork. 

Young S.L., Barney J.N., Kyser G.B., Jones T.S. & DiTomaso J.M., 2009. Functionally similar species confer 
greater resistance to inva- sion: implications for grassland restoration. Restoration Ecology, 17, 884–892. 

Young T.P., 2000. Restoration ecology and conservation biology. Biological Conservation, 92, 73- 83. 

Young T.P., Chase J.M. & Huddleston R.T., 2001. Community Succession and Assembly Comparing, Contrasting 
and Combining Paradigms in the Context of EcoloNcal Restoration. Ecological Restoration, 19, 5–18. 

 


