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Plants are key contributors to ecosystem services delivered by green roofs in cities

including stormwater capture, temperature regulation, and wildlife habitat. As a result,

current research has primarily focused on their growth in relationship to extensive green

roof (e.g., substrates <15 cm depth) ecosystem services. Green roofs are exposed to

a variety of harsh abiotic factors such as intense solar radiation, wind, and isolation

from ground-level habitats, making survival exceedingly difficult. Plants in natural habitats

benefit from a variety of interactions with fungi and bacteria. These plant-microbial

interactions improve mechanisms of survival and productivity; however, many green

roof substrates are sterilized prior to installation and lack microbial communities with

unstudied consequences for green roof plant health and subsequent survival and

performance. In this paper, we present six hypotheses on the positive role of microbes

in green roof applications. In natural and experimental systems, microbial interactions

have been linked to plant (1) drought tolerance, (2) pathogen protection, (3) nutrient

availability, (4) salt tolerance, (5) phytohormone production, and (6) substrate stabilization,

all of which are desirable properties of green roof ecosystems. As few studies exist that

directly examine these relationships on green roofs, we explore the existing ecological

literature on these topics to unravel the mechanisms that could support more complex

green roof ecosystem and lead to new insight into the design, performance, and broader

applications in green infrastructure.

Keywords: mycorrhizal fungi, endophytic bacteria, mycorrhizosphere, green infrastructure, biodiversity,

plant-fungal interactions, plant-bacteria interactions

INTRODUCTION

Microorganisms, including fungi and bacteria, comprise the majority of biodiversity on earth, and
therefore, have a significant impact on environmental health through the governance of ecosystem
functions relating to bio-geochemical processes (Morin and McGrady-Steed, 2004). In particular,
soil microbial communities have been found to directly and indirectly promote aboveground
biodiversity by enhancing nutrient pools and regulating plant species dominance (Torsvik and
Øvreås, 2002; Van Der Heijden et al., 2008). A wide diversity of microorganisms live and reproduce
in plant tissues and in the regions around plant roots. The best studied of them are mycorrhizal
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fungi, which are known to associate with >82% of all land plants
(Linderman, 1988; Brundrett, 2002). Most herbaceous plant
species used in horticulture normally associate with one or more
species of arbuscular mycorrhizal fungi (AMF). AMF hyphae link
the internal tissues of roots with large exterior networks, enabling
plants to access enhanced water and nutrient supplies from soil in
exchange for simplified hexose and other nutrients (Parke, 1991).
Equally as influential are the bacteria that occupy the soil, the
area of substrate that interacts with the roots (rhizosphere), and
those that live directly inside plant tissues—forming important
interactions that are only beginning to be understood. All of these
organisms contribute to the plant microbiome and are all largely
derived from the physical substrate that plants grow in with some
additions over time from the atmosphere and dispersing biota.
In nutrient poor ecosystems, soil microorganisms are important
regulators of plant productivity because they provide plants with
essential nutrients such as nitrogen (Van Der Heijden et al.,
2008) and phosphorus (Mehnaz and Lazarovits, 2006; Tomasi
et al., 2008). Therefore, substrates without microbes are generally
nutrient poor and lack the resources optimal for plant growth
(Nannipieri et al., 2003).

Plant-associated fungi are diverse and have been shown
to underpin plant diversity and productivity in natural
ecosystems (Van der Heijden et al., 1998; Zak et al., 2003).
One gram of soil may possess up to 200m fungal hyphae
and tens of thousands of species of bacteria (Leake et al.,
2004; Roesch et al., 2007). Research has revealed that soil
microbial communities vary with plant species and development
stage, largely because of the specific and changing nature of
plant exudates (Broeckling et al., 2008; Houlden et al., 2008;
Prober et al., 2015; Bili et al., 2016). Despite the importance
of these biological relationships in natural systems, rarely
are microbial communities considered in designed plantings,
including applications of urban greening, such as green roofs.
McGuire et al. (2015) were perhaps the first to explicitly point out
the importance of broad functional groups of bacteria and fungi
to green roof ecosystems. In this paper we highlight some of the
more specific plant-microbial relationships that are key to green
roof development.

Green roofs are comprised of plants and substrate on top
of conventional building roofs and are created to provide
key ecosystem services in an urban setting (Figure 1). For
instance, they are used to cool buildings, improve stormwater
management, and create green space in cities where traditionally
there would be none (e.g., on rooftops) (Oberndorfer et al., 2007).
Extensive green roofs (e.g., substrates< 15 cm depth) are difficult
growing environments for plants because they experience a high
degree of stress resulting from harsh microclimatic conditions
including sun and wind exposure as well as limited growing
space (Dunnett and Kingsbury, 2008). They also experience
drought conditions frequently as water accumulated following
a rain event not lost to runoff quickly dries due to the
high rates of evapotranspiration in these exposed environments
(Bengtsson et al., 2005). Green roof plant communities are also
subject to low nutrient availability (Rowe, 2011). Other site-
specific factors and construction details can impact survival,
including shading, solar reflectance by windows, or excessive

wind scour from nearby or adjacent buildings (Buckland-Nicks
et al., 2016).

There is growing interest in the biological properties of green
roof substrates and their contribution to green roof ecosystem
service delivery. Newly installed green roofs have depauperate
microbial communities because substrates are sterilized prior
to installation or are derived mostly from dry mineral materials
(John et al., 2014). This is common practice so that any persistent
spontaneous weed seedlings, or other presumed potentially
harmful biological agents are removed (McGuire et al., 2013).
In many installations compost or commercial inoculants may
be added, but there is very little research on the microbial
content of the various media formations at the outset and over
time. McGuire et al. (2013) surveyed the fungal communities
of several green roofs in New York comprised of the same
substrate and plant communities. All the fungal communities
were less diverse than those found in New York park soils. John
et al. (2014) planted bait plants into the growing media used on
their experimental roofs to look for fungal colonization. Fresh
media (as purchased), unplanted media could only “sparsely”
colonize the bait plants. Significant mycorrhizal content was
only introduced by green roof plantings themselves—and
these had originated in fields. Ondoño et al. (2014) compared
compost:brick formulations to compost:soil media and showed
the former had far less microbial activity and fewer nutrients
than the latter. As more and more research shows, plants derive
so many benefits from their microbial associates that they
operate as multi-organismal holobionts rather than as isolated
individuals (Bordenstein and Theis, 2015), As holobionts they are
far better equipped to deal with various environmental stressors
(Vandenkoornhuyse et al., 2015). In a sterile substrate, plants
will be not be able to form these critical relationships. Green
roofs can be blank slates to study the underlying mechanism of
plant-microbial relationships that improve growing conditions
on green roof ecosystems, such as water and nutrient availability.
Without a robust microbial community in the substrate, green
roofs might be more susceptible to homogenization due to
competition from plants capable of surviving in less microbially
active substrates.

In this paper, we discuss six hypotheses that collectively
suggest there are positive direct and indirect impacts of microbial
activity on green roof plant survival and performance. With the
rise of ever improving methods of next generation sequencing,
it is possible to determine the diversity and abundance and
even some functions of microorganisms within communities
(Joynt et al., 2006; Caporaso et al., 2012; Schmidt et al., 2013;
Lallias et al., 2015). This encourages us to study the ways in
which microbial diversity and abundance can be integrated
practically into green roof design and construction. The addition
of microbial communities into green roof ecosystems could
improve plant (1) drought tolerance, (2) protection from
pathogens, (3) access to limiting nutrients, (4) salt tolerance, (5)
productivity, and (6) stabilization of the green roof substrate
(John et al., 2014; Molineux et al., 2014; Ondoño et al., 2014)
(Figure 2). There are a considerable number of research studies
on these topics from natural and experimental systems but our
knowledge is very limited in how these processes occur on green
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FIGURE 1 | A green roof comprised of shallow substrate and drought tolerant vegetation at the Berliner Wasserbetriebe in Berlin, Germany (Photo credit: Kelly

Ksiazek-Mikenas).

roofs (John et al., 2017). As a result, we include recommendations
for research into practical components of microbial additions
into green roof ecosystems including the importance of host plant
specificity, the role of diversity and the mode of inoculation.

HYPOTHESES

Hypothesis 1: The Existence of Microbes
Increases Green Roof Plant Drought
Tolerance
Green roofs experience severe drought conditions which can
greatly impact plant survival. This is largely because weight
restrictions on green roof substrates dictate that they not be too
thick (Berndtsson, 2010) and also because of the inherent lack of
shade on roof top systems. On green roofs, water uptake by plant
roots declines in efficiency when substrate temperatures increase
above 25◦C (Sutton et al., 2012). In a study that examined the
survival of native perennial wildflowers on extensive green roofs
in Michigan, 100% of the plants tested perished due to drought

stress (Monterusso et al., 2005). Therefore, drought tolerances
dictate planting choices in many cases (Kokkinou et al., 2016;
Johannessen et al., 2017; Szota et al., 2017). AMF, an important
type of mycorrhiza linking plant and soil nutrients, can alleviate
this stress (Smith et al., 2010). These fungi enable plants to
have enhanced water and nutrient acquisition with the substrate
in exchange for simplified hexose and other nutrients (Parke,
1991), thereby reducing drought stress on the plant communities
through a variety of mechanisms (Rillig, 2004; Ruiz-Lozano et al.,
2012). AMF hyphae access more substrate by improving organic
substrate aggregation through physical binding and conditions
for plant root systems (Auge, 2004). AMF penetrate into the
soil in natural systems—both vertically and horizontally—in
search of water which is then made accessible to the plant roots,
permitting plants to form dense patches and survive periods
of inundation and drought. Utilizing water more effectively,
AMF hyphae should increase the water holding capacity of the
substrate and therefore the green roof substrate for the next rain
event. In one study, Allen et al. (1980) found that Bouteloua
gracilis (Willd. ex Kunth) Lag. ex Griffiths transpiration rates
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FIGURE 2 | Framework for hypotheses for the role of microbial community

diversity on green roof plant survival, diversity, and ecosystem service delivery.

increased 100% and showed no signs of stress during periods
of drought when in symbiosis with AMF vs. without. Grasses
in the genus Bouteloua are regularly used on green roofs but
often planted into sterilized green roof substrate without any
consideration of their potential relationships with AMF (Sutton
et al., 2012).

In addition to fungi, both rhizospheric and endophytic
bacteria can also alleviate drought stress in host plants. Improved
drought resilience via inoculation with specific bacteria has been
documented in several species, including the common bean
(Figueiredo et al., 2008), mung bean (Sarma and Saikia, 2014),
maize (Sandhya et al., 2010; Naveed et al., 2014), switchgrass
(Wang et al., 2016), broom grass (Brachypodium distachyon)
(Gagné-Bourque et al., 2015), and timothy grass (Gagné-Bourque
et al., 2016). Our understanding of the mechanisms involved in
bacterially-induced drought resilience are not as advanced as for
AMF, but the production of compounds that affect osmosis in
plants, protection from oxidative stress and changes in plant gene
expression have been shown to play important roles (Naveed
et al., 2014; Gagné-Bourque et al., 2016). These findings have
received no attention in the design of green roofs.

Hypothesis 2: Microbial Associations
Increases Plant Protection from Pathogens
Plant health, and consequently, green roof performance, is
strongly affected by the interplay between beneficial and
pathogenic microorganisms. Plant communities on green roofs
may be more susceptible to pathogens present in the urban
environment, because of persistent stressful conditions or the
high density and low diversity of plantings typical of green
roof systems The suppression of pathogenic disease and reduced
infection rates in plants has been linked to increased microbial
activity (Garbeva et al., 2004) and AMF relations (Bodker

et al., 1998). Wehner et al. (2010) examined the role of AMF
diversity in substrates on plant pathogenic protection and
found few studies illustrating an impact; however, green roofs
as “designed experiments” could provide model systems to
manipulate these relationships to determine functional roles and
additional ecosystem service delivery.

Rhizospheric and endophytic bacteria are frequently
phyto-protective and lessen levels of attack from pathogenic
bacteria and fungi (Van Loon et al., 1998). Some protective
bacteria act through the induction of a general plant systemic
immunity, and others via the direct production of antibiotic
chemicals. For example, Actinobacteria are well-known for
antibiotic production and among most commonly encountered
members of endophytic bacterial communities (Rosenblueth
and Martínez-Romero, 2006) The production of secondary
metabolites produced by plant-associated Actinobacteria are
currently understudied (Brader et al., 2014). Some microbes can
also lessen the amount of volatile organic compounds emitted
that are used by herbivores and parasites to orient toward host
plants (e.g., the green roof vegetation) (D’Aleessandro et al.,
2014).

More work is needed to investigate these relationships as the
augmentation of bacteria populations overall might inadvertently
increase the likelihood of a negative association being formed
(e.g., accidentally adding microbes that have negative plant
associations). Very little is known about the presence or
abundance of bacterial species on green roofs vertically isolated
from ground level (Molineux et al., 2015). Therefore, a lack
of maintenance (e.g., inoculation) could mean that bacterial
communities could take longer to develop if left to accumulate
naturally over time.

Hypothesis 3: Microbial Diversity Increases
the Availability of Limiting Nutrients
Green roofs are limited in both macro- and micro-nutrients
required for the growth of most plant species (Ampim et al.,
2010). This can generally result in reduced plant growth and
the need to manually fertilize or re-plant, adding unknown
maintenance-associated costs to a constructed ecosystem that
must appease client expectations for how it should appear and
function (Rowe, 2011).

For green roofs in temperate climates, newly mixed substrates
during installation contribute the phosphorus required for plant
growth (Whittinghill and Rowe, 2012). However, phosphorus
needs to be converted to a usable form, it becomes readily
available because plants, fungi and bacteria alike produce
numerous types of phosphatase enzymes that can release
phosphate from the substrate (Whitelaw, 1999). Hyphal networks
created by mycorrhizal fungi allow them extend further into
the soil, where phosphates can be taken up and translocated
to the root tissues (Bolan, 1991). One potential issue is that an
imbalance of solubilized phosphate and plant uptake may occur,
resulting in excess phosphate running off of the green roof after
significant storm events. This is known to occur with green roofs
receiving compost or fertilizers during set up (Berndtsson,
2010); however, phosphorus leaching is rare in natural
ecosystems.
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Nitrogen is often limiting on green roofs and microbial
communities are responsible for improving its availability.
Johnson et al. (2016) showed that plant richness on green
roofs increases nitrogen sequestration and reduced runoff.
This increase could be mediated by an increase in AMF
abundance and/or diversity. Bacteria are also critical for
nitrogen availability. For example, rhizobial nodule-forming
bacteria of legumes (Proteobacteria such as Azorhizobium,
Bradyrhizobium, Rhizobium, Ensifer, Mesorhizobium) reduce
atmospheric nitrogen to ammonia, allowing plants to thrive
in systems limited by sources of nitrogen and to enrich their
surroundings (De Meyer et al., 2016; Lemaire et al., 2016). In
addition, several other types of nitrogen fixing bacteria exist
in association with different plant groups. Actinorhizal bacteria
such as Frankia species form nodules with a wide variety of
non-leguminous trees and shrubs and few herbaceous plants
(e.g., Datisca sp.) (Swensen, 1996). Non-nodulating diazotrophs
have also been found to be active within the tissues of certain
grasses and responsible for nitrogen fixation (Santi et al., 2013).
For example, Burkholderia sp. are common non-nodulating
nitrogen fixing endophytes (Estrada-De Los Santos et al., 2001)
and if inoculated into green roof substrates or transported in
horticultural plant stock could make green roof systems more
habitable for a wider range of plant species.

Availability of organic matter on green roofs can also have
a significant impact on plant growth but many green roofs are
designed with lightweight minerals and inorganic aggregates
(Hill et al., 2016). The decomposition of plant biomass on
green roofs through microbial mineralization can be a significant
source of organic matter for plants (Buffam and Mitchell, 2015)
and could curb reliance on supplemental fertilizers (Ampim
et al., 2010). Both above and below ground plant litter is
decomposed by a great number of bacteria and fungi and the type,
volume, and chemical composition of plant litter and humus
can significantly influence the microbial community (Lindahl
et al., 2007; Fulthorpe et al., 2008). Numerous saprophytic
fungi are responsible for carbon mineralization by decomposing
freshly fallen litter, and AMF also contribute to nutrient cycling
from organic matter (Cheng et al., 2012; Paterson et al., 2016).
Distributed at the underlying soil horizon, mycorrhizal fungi
mobilize nitrogen of decomposed litter and humus and deliver
them to their host plants. However, excess biomass from grasses
and forbs is often removed during maintenance on green roofs
to minimize risk of fire (Monterusso et al., 2005). Manipulating
litter levels and composition on green roofs to examine the
impact on decomposition resulting from microbial communities
and surveying the respective communities for the most effective
species could lead to improved maintenance strategies and
ecosystem service delivery.

Hypothesis 4: Microbial Associations Can
Increase Salt Tolerance of Green Roof
Plants
Many non-halophilic plant species subjected to saline (NaCl)
conditions experience stress and reduced growth rates (Marsalek,
2003; Kaushal et al., 2005). Salt loads on green roofs are of

concern in coastal areas, but also potentially in temperate urban
regions where the atmospheric resuspension of deicing salt on
roads is a real phenomenon (Nicholson and Branson, 1990).
Numerous bacteria have been demonstrated to improve plant
growth under salt stress when used as soil inoculants (Yang et al.,
2009; Egamberdieva and Legtenberg, 2014). For instance, Ashraf
et al. (2006) detail the impact of six exopolysaccharide-producing
bacteria on wheat growth after inoculated to naturally saline root
zone soils. The authors found that the inoculation improved root
growth, protection from sodium ions, and nutrient acquisition,
all of which would improve plant health and subsequent green
roof ecosystem service delivery.

Endophytic bacteria can also reduce the impacts of excess
salts in substrates on plant growth (Mayak et al., 2004). Many
plants cannot tolerate salt levels higher that 30mM, but one study
showed that the endophyte Bachybacterium paraconglomeratum
improved growth of the annual herb,Chlorophytum borivilianum
experiencing 150mM salt stress conditions (Barnawal et al.,
2016). Akhtar et al. (2015) found that inoculants of Burkholderia
phytofirmans PsJN and Enterobacter FD17 improved maize
growth in salt conditions (25mM NaCl) relative to non-
inoculated stressed controls, exhibiting higher photosynthetic
rates, stomatal conductance, and reduced sodium uptake. Nabti
et al. (2007) reported restoration of wheat growth under stress
from 150 to 200mMNaCl after seed inoculation with a halophilic
strain of Azospirillum brasilense isolated from saline soil. Ali
et al. (2014) investigated the impact of Pseudomonas fluorescens
and P. migulae endophytes on the ability of tomatoes to
withstand up to 185mM NaCl. Both of these strains allowed
growth under these extremely stressful conditions, at least
partially through the suppression of ethylene. Needless to say,
there are many directions for research into microbial species
and communities to improve stressful conditions for plants
experiencing salt contamination on green roofs and other forms
of green infrastructure, such as roadside water retention ponds.
The need for this research is expected to increase with increasing
sea level rise and a dependence on de-salinized water for
irrigation and other non-potable uses in green infrastructure.

Hypothesis 5: Microbial Diversity Will
Increase Overall Plant Health
The impact that microbial associates have on plant growth
and resistance to various stress is now just being realized, as
more endophytic organisms are being studied. Both fungal and
bacterial endophytes and inhabitants of the rhizosphere are
capable of a producing a variety of phytohormones—auxins,
gibberillins, cytokinins, absisic acid, to name a few (Allen et al.,
1980; Ali et al., 2017). These plant growth stimulators affect
productivity and other processes (Costacurta and Vanderleyden,
1995; Yang et al., 2009).

The difference that microbial associates can make to
plant growth is not trivial. Tomato plants inoculated with
Sphingomonas sp. LK11 were compared to controls grown
in sterilized horticulture media supplemented with water or
nutrient broth (Khan et al., 2014). LK11 was originally isolated
from Tephrosia appolinea—a dryland legume studied for its
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wide range of secondary metabolites. Tomato plants inoculated
with LK11 exhibited 41, 37, and 14.5% increases in shoot
length, dry weights, and chlorophyll contents relative to nutrient
broth controls. The effect was attributed to the production of
physiologically active gibberillins and indole acetic acids, both of
which stimulate plant growth by the bacteria. In another example,
Paecilomyces formosus, isolated from cucumber plants, produces
giberillins and IAA among other compounds. It was tested for
the growth stimulation of japonica rice under normal and heat
stress conditions. Waqas et al. (2015) report increases in dry
weight of 35 and 47% respectively, and attribute these effects to
phytohormones and nutrient effect. For many food plants grown
on green roofs where agricultural yield is important function of
the plants selected (Whittinghill et al., 2013), microbial diversity
and abundance will be important for crop protection from pests
and environmental stress.

Particular relevant to plant recovery from various stress is the
role that many bacteria play in changing ethylene production
levels. Plants produce ethylene throughout their lives to regulate
key developmental processes, and ethylene production integrates
inputs from environmental stresses and hormones alike (Ecker,
1995). Many microbes can capture 1-aminocyclopropane-1-
carbozylate (ACC) and convert it into alpha-ketogutyrate and
ammonia, in doing so they interfere with the plants own
stress response. This prevents the growth inhibition that would
normally follow from a variety of both biotic and abiotic
impediments (Glick, 1995; Glick et al., 1998; Santoyo et al., 2016).
Phytohormones are also used by plants to reduce damage from
insect feeding (Shikano et al., 2017).

Hypothesis 6: Microbial Activity Increases
Substrate Stabilization
Newly planted green roofs are susceptible to high winds that
can cause substrate to blow off a roof, negatively impacting
plant health by increasing water evaporation, exposing roots,
and decreasing substrate depth. Moreover, substrate stabilization
is important on sloped roofs where gravity leads to substrate
loss over time, exposing plants at higher points on the roof. In
natural systems, microbial communities play a significant role in
stabilizing soil communities (Lützow et al., 2006). By including
them in substrate mixes, practitioners could reduce substrate
loss due to the unique microclimate and technical factors
experienced on green roofs that impact substrate stabilization.
The geomorphological processes on green roofs which result
in weathering, erosion and other changes to the substrate
which impacts the vegetation community can be reduced with
substrates that are colonized with AMF as mycorrhizal networks
increase plant root binding which will secure them in place
(Jastrow and Miller, 1998; Six et al., 2002). Often green roofs
utilize a stabilization mat of mesh biodegradable plastic or other
products (Hill et al., 2015), and mycorrhizae in substrate mixes
might be used in place reducing the necessity for additional
materials and associated costs. Even bacteria can contribute
to substrate stabilization. For example, Cyanobacteria such as
Nostoc can be added as a soil amendment—they contributes
to structure by acting like cement, bonding soil particles that
could be susceptible to erosion (Maqubela et al., 2009). This can
include substrate formation and the decomposition of organic

matter required for vegetation. Overall, through their production
of extracellular polymeric substances, bacteria contribute to the
formation of substrate aggregates, binding particles to roots,
organic matter and to each other (Forster, 1990).

Research Challenges for Green Roof
Implementation
If we take as given that microbial associates of plants are desirable
components of green roof systems, then we must consider the
best way of seeing that these are introduced and maintained. To
this end there are some knowledge gaps that require filling.

ARE GREEN ROOF PLANT-MICROBIAL
RELATIONSHIPS SPECIFIC OR IS THERE A
“ONE SIZE FITS-ALL” SOLUTION? THE
QUESTION OF HOST PLANT SPECIFICITY

The degree to which most plant species have their own specific
microbial associates is not well-studied. Although it is generally
accepted that many mycorrhizal fungi are generalists (Opik
et al., 2009) and can contribute to the health of many plant
species, little is known about the host specificity of rhizospheric
and endophytic bacteria. If applied to green roofs, a subset of
“generalist” mycorrhizal and bacterial inocula may be sufficient
and desirable in terms of benefits to plants and cost but there
are few data to support this idea. The tendency for industry to
formulate a “one-size fits all” mixture of the same strains of well-
knownmicrobes underscores the underlying assumption that the
benefits of these microbial communities are not host specific.
In contrast, differential plant responses to stress-alleviating
bacterial inoculants reveal that plant-microbial relationships
are not universal (Hardoim et al., 2008). Rumble and Gange
(2017) added mycorrhizae, Bacillus species and trichoderma
to 8-year old Sedum planted roofs—with no impact on roof
colonization by mycorrhizae. Similarly John et al. (2014) found
that a commercial growing media results in differential levels
of mycorrhizal colonization of three roof plants, and none at
all in Sedum. host-specificity research should be a priority—
especially for well-studied green roof plant species groups, such
as Sedum Following wider investigations of other common green
roof plant species as well as local plants in regional green roof
markets, knowledge of host-specificity will increase the range of
plant species that are successful on green roofs, diversifying their
applications on different buildings in cities.

IS THERE A VALUE TO OVERALL
MICROBIAL DIVERSITY AS OPPOSED TO
THE PROVISION OF A SIMPLE SET OF
GREEN ROOF PLANT BENEFICIAL
ORGANISMS?

Green roof plant communities may also benefit from the addition
andmaintenance of microbial diversity—not just a small number
of generalist or even specialist species. Provision of optimal
microbial diversity is the opposite approach from that suggested
above. In the absence of knowledge of specific plant-microbial
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needs, one provides as close to natural levels of diversity as
possible. Cultivating diversity in the microbial community might
be one approach to ensuring resilience in the plant community to
harsh green roof conditions, thereby sustaining ecosystem service
delivery. Empirically, diversity has been linked to benefits such
as disease suppression and buffering impacts of environmental
stress in natural plant communities (Garbeva et al., 2004;Wehner
et al., 2011). More specific studies have linked plant diversity to
improved green roof ecosystem service delivery (Lundholm et al.,
2010; Philippot et al., 2013; Lundholm, 2015). New sequencing
techniques that allow us to accuratelymeasuremicrobial diversity
and link this information to plant diversity and ecosystem
services in green roofs and other forms of green infrastructure
present an exciting new research direction in the field of applied
urban ecology. More work is needed to link microbial diversity
to key ecosystem services that can be a point of reference for
practitioners and ecologists interfacing with designers that create
green roof plant and substrate communities.

ARE SOME MODES OF INOCULATION
BETTER THAN OTHERS? SHOULD
MICROBES BE INTRODUCED INTO THE
GROWING MEDIUM, OR IS
INTRODUCTION IN PLANTING ROOT
SYSTEM (NURSERY STOCK) SUFFICIENT?

The mode and effectiveness of inoculation is important to ensure
added microbes form ongoing associations with the plants and
that practitioners can minimize the frequency of re-application
and associated costs (Gianinazzi and Vosátka, 2004). These
are important to consider on green roofs and the modes of
inoculation can vary pre- and post- green roof installation
(Figure 2). Green roof media typically include some organic
matter or animal manure and many native seed companies
will inoculate seeds prior to application to stimulate growth.
Do these initial communities persist? The microbial community
compositions may change over time due to wind and rain events,
and through other biological vectors including animals that visit
the green roof, and the growth of the plants themselves. The
dynamics of these communities have not been established. More
work is needed to elucidate the most effective ways of inoculating
green roof systems with microbes that lead to plant health and
subsequent ecosystem service delivery.

Very few studies have actually looked at the effect of microbial
inoculants on green roof ecosystem service delivery. In those
that have the results vary based on the nature and age of the
roof installations and of course the nature of the inocula A
study carried out on a green roof in London, UK looked at
the effects of added AMF, compost “tea” (a source of bacteria)
or both on artificial media (Molineux et al., 2014). Inocula
enhanced microbial biomass levels, plant heights, and plant root
biomass. However, these benefits diminished in a year following
inoculation (Molineux et al., 2017).

ARE SOME GROWING MEDIA MORE
CONDUCIVE TO THE MAINTENANCE OF
MICROBIAL COMMUNITIES THAN
OTHERS?

Comparative studies on soil microbial communities from
different systems using next generation sequencing methods
have established that soil characteristics strongly influence the
microbial community compositions, with pH being the most
influential factor (Fierer and Jackson, 2006). Soil texture also
strongly affects microbial community compositions, largely
through the effects of particle size on nutrients, habitat space,
moisture, and redox levels (Kaiser et al., 2016). Molineux et al.
(2017) showed, the effectiveness and persistence of microbial
inocula on green roofs differed according to whether or not the
substrate was concrete or brick based. There is considerable need
to study the impact that media type has on the microbes it will
support.

CONCLUSIONS

Research and applications in microbial ecology and diversity
present new and novel opportunities for integration into green
infrastructure and specifically green roof design to improve
plant survival and delivery of ecosystem services. Few studies
have examined the nature of microbial communities on green
roofs, the influence of modes of inoculation, or of substrate
types on their establishment. Even fewer have experimentally
manipulated these green roof microbial communities to examine
impacts of those changes to green roof ecosystem service
delivery. In completing this paper, we call for research on these
interdisciplinary themes, and in particular on how microbial
communities can be cultivated in green roof ecosystems to
realize the improvements in plant productivity, nutrient use, and
stress resistance. Microbial additions to green roofs presents a
potentially fruitful avenue for basic research in ecology, as well
as improvements to green roof design that will yield economic
and environmental benefits.
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