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H I G H L I G H T S

• Functional/phylogenetic community
structure provides mechanistic links to
ecosystem services.

• We assessed multiple plant community
metrics for different ecosystem services
in green roofs.

• Functional traits of dominant plant spe-
cies predicted multiple green roof ser-
vices

• Functional diversity increased substrate
organic matter on extensive green roofs

• Phylogenetic diversity and traits of
dominant species predicted substrate
cooling
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Plant selection and diversity can influence the provision of key ecosystemservices in extensive green roofs.While
species richness does predict ecosystem services, functional and phylogenetic community structuremay provide
a stronger mechanistic link to such services than species richness alone. In this study, we assessed the relation-
ship between community-weighted trait values from four key leaf and canopy functional traits (plant height,
leaf area, specific leaf area, dry leaf matter content), functional diversity, and phylogenetic diversity to ten differ-
ent green roof functions, including ecosystemmultifunctionality, in experimental polycultures. Functional traits
of dominant plant species were a major driver for indicators of multiple green roof functions, such as substrate
nitrate-N, substrate phosphorus, aboveground biomass and ecosystemmultifunctionality. In contrast, functional
diversity alone increased substrate organicmatter.Moreover, both functional/phylogenetic diversity and identity
predicted canopy density, substrate cooling. This study highlights the first line of evidence that distinct aspects of
phylogenetic and functional diversity play a major role in predicting multiple green roof services. Therefore, we
provide further evidence that to maximize green roof functioning, a very careful selection of plant traits and
polycultures are needed.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Green roofs provide several ecosystem services in urban environ-
ments (Dunnett and Kingsbury, 2004). Studies of green roof ecosystem
services have prioritized roof temperature and heat flux moderation
(Raji et al., 2015; Takakura et al., 2000), stormwater retention
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(Mentens et al., 2006; Stovin, 2010) and the provision of habitat for bio-
diversity (Williams et al., 2014). Extensive green roofs are characterized
by shallow substrate, making it difficult to optimize any particular func-
tion due to limitations to plant biomass potential and species selection.
This leads to a trade-off between the cost of increasing substrate thick-
ness and the benefits of improved ecosystem function (Dusza et al.,
2017; Feitosa andWilkinson, 2016). Plant choice can influence the pro-
vision of many key services of extensive green roofs (Jim, 2015;
Williams, 2015; Zhao et al., 2014) but laborious testing of hundreds of
available plant species is logistically challenging. Consequently, ecolo-
gists have attempted to use species-level morphological and ecophysio-
logical traits to predict performance of important ecosystem properties
and services including drought tolerance (Lundholm et al., 2015), tem-
perature moderation in hot (Monteiro et al., 2016; Williams, 2015) and
cold seasons (Lundholm et al., 2014), stormwater capture (Farrell et al.,
2013; Nagase and Dunnett, 2012; Starry et al., 2014), and nutrient up-
take (Lundholm et al., 2015).

Green roofs provide a variety of services simultaneously, so it is not
surprising that a single type of vegetationwill not optimize all functions
(Ranalli and Lundholm, 2008; Tanner, 1996). Testing the ability of plant
species mixtures or polycultures (compared with monocultures) to im-
prove single ecosystem services or increase multifunctionality on green
roofs has been the focus of several studies (Cook-Patton and Bauerle,
2012; Dunnett et al., 2008; Franzaring et al., 2016; Johnson et al.,
2016; Lundholm et al., 2010). Extensive green roofs have shown incon-
sistent effects of plant species diversity on ecosystem functions, with
some showing better performance in species mixtures compared to
monocultures (Johnson et al., 2016; Lundholm et al., 2010; Lundholm,
2015), and others showing equivalent or a reduction in performance
(Dunnett et al., 2008; Franzaring et al., 2016; Nagase and Dunnett,
2012).

If a single function improves in a more species-rich community rel-
ative to a high-performing monoculture, this is referred to as mixture
advantage (also transgressive overyielding or intercrop advantage
(Trenbath, 1974; Vandermeer, 1981)). Mixture advantage has two po-
tential mechanistic bases. The first is interspecific facilitation, whereby
a species' contribution to the overall function of the system is enhanced
when grown with another species (Kinzig et al., 2001). The second is
niche complementarity (Kinzig et al., 2001) and occurs when two or
more species, due to resource acquisition differences, can overall more
fully exploit available resources, compared with monocultures, leading
to enhanced functioning. Both mechanisms rely on species grown in
mixtures being sufficiently different from one another in their func-
tional traits, thusmixture advantage relies on functional diversity. How-
ever, the functional difference between species varies greatly, and so
increasing species richness alone holds little guarantee of increasing
functional diversity. Species-rich communities can also exhibit high
levels of ecosystem functioning as they aremore likely, by chance, to in-
clude individual species that drive function (selection or sampling ef-
fect: Loreau and Hector, 2001)). In constructed ecosystems, however,
it is unlikely that designers will want to rely on chance in order to im-
prove ecosystem function, so it is important to identify important func-
tional traits that drive ecosystem functioning and determine whether
combinations of species can reliably improve functioning.

Ecologists recognize many forms of functional diversity but to date,
green roof studies have mainly emphasized taxonomic species richness
or morphological life form diversity as indicators of plant diversity
within species mixtures (Cook-Patton, 2015). If the species in a mixture
are relatively similar, e.g. all succulents, then functional diversity in
terms of the divergence of traits possessed by the species community
may be low, despite high taxonomic (species) diversity. The calculation
of functional diversity or dispersion relies on knowledge of functional
traits of each plant species in a mixture (Schleuter et al., 2010). Various
metrics have been proposed to quantify functional traits in ecological
communities (Schleuter et al., 2010), which are chosen based on the
given hypothesis and dataset. Another approach utilizes phylogenetic

diversity, which refers to the degree to which species in a mixture are
evolutionarily related to one another, and can serve as a proxy for func-
tional diversity in cases where it is easier to obtain phylogenetic infor-
mation on species compared with measured traits (Gerhold et al.,
2015). Both functional and phylogenetic diversity measures are likely
to be more closely related to ecosystem services in cases where facilita-
tion or niche complementarity could increase ecological process rates.
These approaches could be relevant to constructed and urban ecosys-
tems (Dusza et al., 2017; MacIvor et al., 2016), but have not yet been
used to evaluate the performance of extensive green roofs. Alterna-
tively, it is possible that mean trait values of species mixtures are stron-
ger drivers of ecosystem services than trait diversity. The mass-ratio
hypothesis proposes that ecosystem functions will be driven mainly
by traits shared by the dominant species in the mixture (i.e. functional
identity), as opposed to their functional or phylogenetic diversity
(Grime, 1998). Therefore, the goal of the current study is to evaluate
functional and phylogenetic diversity indices and mean trait values as
predictors of green roof ecosystem properties and services including
biomass, substrate organic content, storm-water capture and substrate
temperature reduction.

2. Methods

2.1. Study site

This study was conducted in the city of Halifax, Nova Scotia upon a
single building approximately 5 m above the ground on Saint Mary's
University campus in Halifax, Nova Scotia (446 399 N, 636 359 W).
Extensive green roof modules were replicated in a full factorial
design and complete details of the experimental setting and
climate conditions during the study period can be found in (Lundholm
et al., 2014, 2010). The original experiment was meant to test the
relationships between species diversity and ecosystem functioning;
the current study is a re-analysis of data collected during the original
study (Lundholm et al., 2010, 2015). Modules were plastic freely-
draining trays (36 cm × 36 cm × 12 cm) containing commercially
available green roof substrate (Sopraflor X, Soprema Inc., Drummond-
ville, QC, Canada) to a depth of 6 cm. Under the substrate layer,
we placed an Enkamat (Colbond Inc., Enka, NC, USA) followed by a com-
posite non-woven water retention mat (Huesker Inc., Charlotte, NC,
USA).

2.2. Experimental design

In this study, we focus on species mixture treatments only
(polycultures). Relationships between traits and ecosystem services in
monocultures were the subject of a previous analysis (Lundholm et al.,
2015). The plant communities within these green roof modules in-
cluded a combination of three species each from five life-form group-
ings: tall forbs (Campanula rotundifolia L., Plantago maritima L.,
Solidago bicolor L.), succulents (Sedum acre L., Sedum rosea (L.) Scop.,
Sedum spurium M. Beib.), grasses (Danthonia spicata (L.) Beauv.,
Deschampsia flexuosa (L.) Trin., Poa compressa L.), creeping forbs
(Sagina procumbens L. and two other species that disappeared from
the study after year 1 (see Table 1 for more details). As a result, we do
not include the creeping forb life-form group as it only contained a sin-
gle species. However, three and five life-form treatments containing the
creeping forb group (only Sagina procumbens) were analyzed. Each
module was originally planted with 21 individuals. For the single life
form treatment, seven individuals of each of three species in a particular
group were planted, alternating individuals of different species to max-
imize potential interactions between species (n = 5 replicates for each
life-form group treatment). For treatments comprised of three life-form
groups, each combination of the three life-forms were tested (n = 5
replicates for each combination) with individuals of the requisite spe-
cies added in random order until one of each was present, and then
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