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Green roofs are a way for cities to mitigate environmental sssors, such as heatwaves
and droughts. However, these environmental stressors can @versely affect green
roof vegetation, causing challenges for plant growth and swival and subsequently
reducing the ability of green roof systems to deliver critad ecosystem services, such
as heat mitigation and nutrient cycling. Plant-associatednicrobes may facilitate the
resilience and tolerance of green roof vegetation to climatassociated stress. However,
despite their crucial role in plant growth and survival in raral ecosystems, there
has been little research on plant-associated microbes in gen roof systems. Plant
choice on green roofs may also determine which microbes estaished in green roof
growing media, and particular plant-microbial combinatins may be more resilient to
environmental stress. This project sought to characterizesoil microbial community
composition on green roofs across New York City with diffenet plant palettes and
assess how different combinations of green roof plant speeis and root-associated
microbial assemblages responded to isolated and simultar@us heat and drought
treatments. We surveyed green roofs planted with eitheBedum species or with a mixed-
vegetation palette (i.e., wild owers, grasses, and succuents). We found that mixed-
vegetation and Sedum green roofs had distinct soil bacterial and fungal communis
(p < 0.0001) with a higher relative abundance of mycorrhizal fugh on mixed-vegetation
roofs, and higher pathogen loads on Sedum roofs. Concurrently, we conducted
a greenhouse experiment in which plants were grown from seedvith live inocula
collected from the two different types of vegetation on the geen roofs we surveyed.
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Hoch et al. Green Roof Soil Microbial Communities

We observed that plant species, soil inoculum, and abiotic tsess treatment was
correlated with shifts in soil fungal communities. This stly demonstrated that soil
microbial assemblages on green roofs are linked to the roofegetation, and that they
may facilitate green roof plants' tolerance and resilienct environmental stressors.

Keywords: urban ecosystem services, green roof, AM fungi, pla nt-growth promoting bacteria, plant-microbial
interactions

INTRODUCTION or eld experiments evaluating the link between green roof
plant and fungal assemblages, and there is no information
In urban areas, green roofs are increasingly used t@n bacterial communities in green roof substrates. No stadi
mitigate environmental problems associated with urbanat to date have explicitly evaluated di erences in soil microbial
such as the urban heat island e ediakebayashi and Moriyama, community composition between mixed-vegetation and single
20079. Green roofs are vegetated roof surfaces where th§enus Gedum plant communities on green roofs.
vegetative layer cools roof surfaces through a variety of whijle most studies focus the performance of green roof
mechanisms including re ecting solar radiation, absorptiand  plant communities, underlying mechanisms facilitating flan
evapotranspiration\(an\Woert et al., 2005 Plant transpiration  tolerance and resilience to the environmental extremesteela
is one mechanism that provides the cooling bene t of greemjrectly to soil microbial communities in green roof ecosyss.
roofs, where CQ entry and water loss occur through the leaf|t js well-established that plant-associated bacteria angifare
stomata, and as a result plants lose about 99% of water througltegral for plant growth, tolerance to environmental ssess,
transpiration (ambers et al., 2008However, not all plants and nutrient acquisition in non-engineered systenr(Iriguez
photosynthesize and transpire at the same rate, so individuak a., 2004; Yang et al., 200Thus, like plant communities,
plant species may have dierential e ects on roof cooling.variation in soil microbial composition and function may a ec
Green roof vegetation is also subject to extreme envirortalen the bene ts and services green roofs provide in urban ecosyste
conditions, including severe drought and elevated tempeeat Microbial composition can vary in response to abiotic factors
(Dunnett and Kingsbury, 20Q8and not all plants can tolerate (Chaudhary et al., 2016; Lenoir et al., 2D&8 well as biotic
these stressors. Consequently, many green roofs are plaitted  factors, such as plant compositioBrfialla et al., 2001; Kowalchuk
species ofSedum(Crassulaceae), a genus of drought-tolerantet a|., 2002; Bever et al., 2)&hd traits (opez-Garcia et al.,
succulent plants, which can tolerate the extreme uctuasiom  2014): it is therefore essential to link this variation in micriab
roof conditions. Despite the widespread useSefdumspecies, composition to shifts in ecosystem function. To date, there ar
di erent plant types, such as grasses and tall forbs, have al$gw studies assessing the role of soil microbiota on planitiea
been shown to establish successfully on green roofs and cgRd overall function in green roof systemg¢Guire et al., 2013,
often outperform Sedumin terms of green roof substrate 2015: John et al., 2014, 2017; Molineux et al., 2014; Fulthorpe
cooling (Monterusso et al., 2005; Wolf and Lundholm, 2008t al., 2018; Rumble et al., 2018; Xie et al., RGir&l no studies
Lundholm et al., 2010 Plant choice on green roofs not only to date have explicitly evaluated di erences in soil microbial
aects roof longevity and associated cooling benets, but issommunity composition between mixed-vegetation and single
important for the multifunctionality of green roof services genus Gedum plant communities on green roofs.
including the maintenance of biodiversity in urban ecosyss This project aimed to evaluate how soil microbial assembly
(Lundholm etal., 2010 and function vary with plant community composition on green
The link between plant community and soil microbial roofs across New York City. We surveyed 32 green roof systems
community composition and diversity has been demonstrategvith either Sedumspecies or with a mixed-vegetation palette
in natural ecosystems/gn der Heijden et al., 1998; Reynolds(i.e., wild owers, grasses, and succulents) and charaegtriz
et al., 2003; Zak et al., 2008ut no studies have evaluated this bacterial and fungal composition across these two plant palate
relationship in engineered ecosystems. Bene cial fungimely  Concurrently, we conducted a greenhouse experiment in which
mycorrhizal symbionts, decomposers, and endophytes, hare beplants were grown from seed in autoclaved green roof medium
detected in high abundance in green roof substratédsGuire inoculated with live microbiota collected from a subset of
et al.,, 2013; John et al., 2014lant growth-promoting and our green roof survey sites representing the two dierent
endophytic bacteria also enhance plant vigor and survivakund plant palates; once established, the plant-soil communities wer
harsh environmental\((ang et al., 200)6and biotic conditions subjected to environmental stress treatments (heat andgino).
(van Loon et al., 1998 and likely play an important role in The green house experiment allowed us to directly evaluate th
green roof ecosystems as wéllcGuire et al., 2015; Fulthorpe contribution of variations in soil microbial inoculum to pia
et al., 201p John et al. (2014jeported arbuscular mycorrhizal vitality and ecosystem service delivery, and our survey dat
(AM) fungal colonization on green roof plant species in theallowed us to explore soil microbial assembly patterns across
families Asteraceae and Poaceae, providing crucial infdoma di erent green roof vegetation communities. We hypothesized
on the potential role of AM fungi and their host plants in that (1) Sedumand mixed-vegetation plant communities would
green roof ecosystems. However, there are no additionakysr host distinct soil bacterial and fungal communities; (2egn
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roofs planted with a mixed-vegetation palette would havetgrea 1,110 mm (Graphical Climatology 2018). All samples were
bacterial and fungal diversity due to higher plant diversity collected between July 10 and 21, 2017. Green roof buildings
(3) there would be greater relative abundance of AM fungranged from 1.5 to 12 stories and vegetated roofs ranged from
on mixed-vegetation green roofs; and (4) plants inoculated 96-6,070.28 Fin area {Table 1). The average area covered
with the mixed-vegetation green roof soil would have greateby soil core sampling is 88.73no account for species-area
survivorship, biomass, and stomatal conductargggif response relationships and the areas surveyed on green roofs ranged fr
to environmental stressors. Connecting the variation innpla 15 to 100 . Two categorieSedurand mixed-vegetation, were
associated microbial assemblages with their functiondésro used to broadly characterize the plant communities on eacérgre
in providing plant tolerance and resilience to environmentalroof. Sedumgreen roofs denote rooftops planted exclusively
stressors in green roof ecosystems is crucial to maximitieg with Sedunspecies while the mixed-vegetation category captures
bene ts obtained by green roofs. roofs planted with any or all of the following: grasses, wilders,
and succulentsHigure 2).
METHODS To survey soil bacterial and fungal communities on each
roof, we collected nine randomized 10-cm deep soil samples
Soil Microbial Community Survey using 2.5-cm diameter soil corers. Since host plant specigs ma
To characterize green roof soil microbial assemblaged, sdm uence root-associated microbial assemblagésélla et al.,
samples were collected from 32 green roof sites across Nei01; Kowalchuk et al., 2002; Singh et al., },00€ collected soil
York City (Figure1). New York City has a mean annual samples adjacentto speciesSeidunfrom the Sedungreen roofs
temperature of 16.4 and average annual precipitation isand adjacent to species of Asteraceae on the mixed-vegetatio

Green Roof Survey Sites °
° Bronx
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% °e
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P L] @
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° Queens
o ©
e
Legend s
Green roof sites
@ Mixed-vegetation e
® Sedum
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Staten Island ®
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e f ST Sy Sy ey i
Esri-HERE, Celorme, Mapmyindis, ® CpenStreetMep contriouiors, and the GIS user community
FIGURE 1 | Locations of the green roofs sampled in the study across the Bnx, Brooklyn, Manhattan, and Queens. Blue and red points ehote roofs planted with
Sedum and mixed-vegetation, respectively.
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TABLE 1 | Roof information for each green roof system included in miobial community survey.

Roof name Vegetation type Year built  Height (stories) Fertil izer (Y/N) Irrigation (Y/N) Substrate depth (cm) Roof size (m 2)
Columbia University Sedum 2007 6 N N 7.62-12.7 310
FIT Sedum 2014 6 N N 7.62-12.7 1,400
Javits Center Sedum 2014 3 N N 7.62-12.7 27,316
Fieldston school—upper Sedum 2007 4 N N 10 5,100
The point CDC Sedum 2011 2 60.387
5 Boro—Xero Flor 20 Sedum 2009 2 N N 5.08 589.93
5 Boro—Xero Flor $0 Sedum 2011 2 N N 7.62 589.93
Jackson Ave, Bronx Sedum 2016 4 N Y 12.7 231.98
W 11th street Sedum 2013 5 N N 7.62 15.61
Silvercup studios Sedum 2005 Y Y 5.08 3251.6
Bronx County Courthouse Sedum 2006 10 Y N 10.16 700
Barnard college Mixed-vegetation 2010 5 N N 10-15 96
PS 40 Mixed-vegetation 2012 4 Y N 7.62-12.7 9,000
Chelsea Rec Center Mixed-vegetation 2010 6 N N 10-15 96
Fieldston School—lower Mixed-vegetation 2007 3 N N 20.32 12.23
Jackie Robinson Rec Center Mixed-vegetation 2010 2 N N 10-15 96
Hansborough Rec Center Mixed-vegetation 2010 2 N N 10-15 96
5 Boro—Wild ower Roof Mixed-vegetation 2009 2 N N 15.24 60.39
5 Boro—Bioroof Mixed-vegetation 2010 2 N N 25.4 25.36
Sorrentino Rec Center Mixed-vegetation 2010 2 N N 10-15 96
Beach 117th street Mixed-vegetation 2016 2 N Y 12.7 24.71
Linda tool Mixed-vegetation 2008 15 Y Y 15.24 970
Sunset Park Rec Center Mixed-vegetation 2010 15 N N 10-15 96
Brooklyn Grange—BK Mixed-vegetation 2012 12 N Y 254 6070.8
Lost Battalion Rec Center Mixed-vegetation 2010 2 Y N 10-15 <]
Brooklyn—LIC Mixed-vegetation 2010 7 N Y 25.4 4046.86
Grand street Mixed-vegetation 2004 7 Y Y 5.08 92.9
Kingsland Wild owers Mixed-vegetation 2017 5 Y Y 15.24 18,00
VICE media Mixed-vegetation 2015 2 N Y 17.78-22.86 1858.06
Wild project Mixed-vegetation 2007 2 Y Y 10.16 74.32
Saint Simon Stock School Mixed-vegetation 2017 3 N N

Saint Mary's Rec Center Mixed-vegetation 2010 25 N N 10-15 ]

Cells colored in green denote missing values and were excludeddm analysis.

roofs. We chose this method of targeted sampling to account fdareenhouse Experimental Design

potential variation in soil microbial community compositiafue  To assess the e ects of green roof soil microbial communities
to di erences in plant species. Asteraceae plants were sefiected on plant physiological response to heat and drought, we
targeted sampling due to frequent use of Asteraceae plantspectonducted a replicated, fully factorial experiment in the Anth

on green roofslficGuire et al., 2013; Aloisio et al., 2Q1bueto  Ross Greenhouse at Barnard College, Columbia University
variation in green roof design, samples were arranged acuprd (New York, NY, USA). We germinated 1Zanicum virgatum

to the layout of vegetation. On green roofs with continuous(Poaceae) and 128olidago nemoralifAsteraceae) individuals
patches oSedunor Asteraceae plants, soil cores were obtaineffom seed (Greenbelt Native Plant Center, Staten Island, NY,
at three points along three randomly arranged transects. ThSA) and propagated 128edum tetractinun{Crassulaceae)
second method was unigue to mixed-vegetation roofs, whiére glants from cuttings (NYC Department of Parks and Recreation
patches of Asteraceae species were numbered and subseque@ttywide Nursery, Bronx, NY, USA). Soil microbial commueii
selected for sampling using a random number generator. Wevere established in greenhouse pots via inoculation witld- el
also collected additional roof information from either the collected soil from eight conventional green roofs planted
green roof database managed by the Green Roof Researcheith Sedummats and eight green roofs planted with mixed-
Alliance, when possible, or contacted green roof managersegetation (grasses and wild owers), and autoclaved greefi r
directly (Table 1). media (roo ite Semi-intensive green roof mix) as a control.
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FIGURE 2 | Examples of aSedum green roof on the Javits Center(a) and a mixed-vegetation green roof, on the Wild Project Theat (b).

Hereafter, the soil treatments are referred to Ssdumsoil, completed, three soil samples from each plant-soil-treatment
mixed-vegetation soil, and autoclaved control soil, repely. combination were collected to investigate root-assodiatagal
Experimental pots were arranged in nine total treatmentsdéhr and bacterial communities (108 samples total).
focal plant species three soil types)Kigure SJ.

Inthe greenhouse, plants underwent four treatments: draughMicrobial Analyses
stress, heat stress, h€tlrought stress, and a well-watered, non-To characterize bacterial and fungal communities from the
heated control. Following a 90-day period to allow soil inladi®  green roof survey and fungal communities from the greenleous
fully establish in each treatment, drought was induced oroB0 experiment, DNA was extracted from0.25 g of each soil sample
the plants by withholding water for 10 days, simulating summe from the soil survey and greenhouse experiment using a DNeasy
drought conditions in NYC. Germination heat mats (VIVOSUN) PowerSoil Kit (Qiagen). For fungal OTUs, PCR ampli cation
were placed beneath pots receiving heat and I@atrought  of the internal transcribed spacer region 1 (ITS1F) was edrri
treatments for 10 days, increasing substrate temperatuna fr out using the fungal-specic primer pair, ITS1F and ITS2R,
an average of 27.2-290. Pots that were not drought treated adapted for the Illlumina platform NicGuire et al., 2013 For
received water every 3 days, which was estimated before¢iss s bacterial OTUs, PCR amplicons for the 16S rRNA gene and a
treatments began by measuring soil moisture and pot weigttt ea corresponding lllumina dataset were generated.
day (soil moisture declined from an average 22.3% moistare 0 For ITS data, reads were de-multiplexed, quality- Itered,
the day of watering to 2% after 3 days post-watering). and processed using QIIMEC@poraso et al.,, 20).0 The

We used plant survivorship, biomass, agg to evaluate UNITE fungal reference database was used to de ne operational
individual plant responses to abiotic stressors. Twice pekweetaxonomic units (OTUs). High-quality sequences from each
plants were recorded as either alive or dead. Final fresh and dsample were rari ed to 13,000. OTUs were assembled using the
biomass was collected f8r tetractinunby rst removing all soil  QIIME V1.9.1 1 pipeline.
from the plant root system, and separating above-ground and For 16S data, sequences were de-multiplexed and all sequences
below-ground parts of the plant. Prior to oven-drying the plant with a quality score<20 were excluded from analysis. OTUs
all roots and shoots were weighed to obtain fresh mass. Digsmawere selected using the UCLUST algorithm and taxonomy was
was estimated by weighing the roots and shoots after theg weassigned using the greengenes reference databéseo(ald
oven-dried for 48 h at 60 degrees C. et al., 201pwith the RDP classi er specialized for 16S rRNA

For each plant-soil-treatment combination, one leaf on foursequences/(ang et al., 2007 For both ITS and 16S data, data
individuals was selected for repeatggl For all plants,g, were transformed using the “phyloseq” and “dplyr’ packages
leaf temperature, and pot weight measurements were collectéd R (McMurdie and Holmes, 2013; Wickham and Francois,
from 10:00 to 13:00 using an SC-1 leaf porometer (Decagon01 to join metadata with the cleaned OTU tables prior to
Devices). Measurements were obtained on alternate days fdownstream analysis.
control and drought, and heat and heat and drought treatnsent
following watering schedules, totaling ve samples for eath oStatistical Analyses and Data Visualization
the four replicates in each plant-soil-treatment combinatidll  |n R, we computed Shannon-Weiner and Simpson diversity
measurements were collected 2 days after watering for thieado  indices (Oksanen et al., 20)8to compare bacterial and
and heat treatments. Immediately after the treatments wergingal alpha diversity measures between vegetation contieani
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and tested statistical signi cance of diversity indiceswzen

vegetation communities using PermANOVA in Rufderson, 100% T

200). We assessed fungal and bacterial community similarity Il Ascomycota

by using Bray-Curtis dissimilarity index to calculate pase | , ... | ke

distances among fungal and bacterial communities due to oué I Calcarisporiellomycota
. . B Chytridiomycota

method of sampling (maximum area of 10Fmn a green roof) g il Entomophthoromycota

and its use in similar studies evaluating community comgongit | | s0% =Sl'g|$§ﬂzf:nyy°cz’;

on green roofs, including microbial communitiesi¢Guire etal., | £ [ Monoblepharomycota

2013; Parkins and Clark, 2015; Partridge and Clark, 01§ & i

Using non-metric multidimensional scaling (NMDS) plots, we| * =l Il oipidiomycota

visualized fungal and bacterial community clustering. Wstéd =uRf,’,f,2','ﬁ,¥,’£°ta

statistical signi cance of observed clustering patternspbant 0% [ Zoopagomycota

community using PermANOVA in R. A random forest model Mixed-vegetation Sedum

was used to test if vegetation type could be classi ed based o1. Vegetation community

bacterial and fungal scaled relative abundartlwv(/_ and Wiener, FIGURE 3 | The relative abundance of fungal phyla detected from greeroof

2012; Evans and Murphy, 20118To explore which taxa were | ¢ cirates.

associated with mixed-vegetation compare&edungreen roof
systems, we used the R package indicspe€iesdaceres and
Legendre, 20090 run an indicator taxa analysis.
We assessed fungal and bacterial community similarity omlpha diversity among indices for bacteria, there was siamtly
a subset of samples from the NYC Parks Department Fivkeigher observed (dD 1, F D 78.39,p < 0.001) and Shannon
Borough Building, using the same index and analysis that wggf D 1, F D 7.024,p < 0.01) alpha soil fungal diversity on
employed for the city-wide assessment (Bray-Curtis didanity ~ mixed-vegetation green roof systems.
index, PermANOVA). Green roof soil fungal communities were signi cantly
For the greenhouse experiment, we used generalized lineaorrelated with both biotic and abiotic factors. Mixed-vesgen
models (GLMs) to explore if each variable (plant species, saind Sedumgreen roof plant communities had signi cantly
treatment, and environmental treatment) was predictive @il  di erent fungal communities (RD 0.27,p < 0.001;Figure 4A)
response (survivorship, biomass, agjl GLMs were employed and bacterial communities (R 0.03,p < 0.01;Figure 4B). Soll
as the data were not normally distributed. We ran a GLM at eacfungal communities were compositionally distinct across plant
sampling time forgs and used the nal biomass and survivorship genera (RD 0.38,p < 0.001), roof age (® 0.13,p < 0.001),
as response variables. Since nal survivorshipis a binayaese and by green roof system (R 0.44,p< 0.001).
variable, we speci ed the family as binomial in the GLM for To account for our large sample size D 266), we focused
plant survivorship. on green roof systems sampled from the NYC Parks Department
Using the R package FUNGuild\guyen et al., 20)5we  Five Borough Building, which is planted with a variety of gree
categorized all OTUs into the following functional groups:roofs containing dierent plant palates and soil types. This
animal endosymbiont, animal pathogen, arbuscular mycaahi allowed a local test of di erences in microbial communities
ectomycorrhizal, endophyte, epiphyte, ericoid mycorrhizalassociated with di erent plant communities, while keeping the
fungal parasite, lichen, plant pathogen, saprotroph, andbcationconstant. We sampled four green roof systems, whieh ar
unclassi ed. All data visualization and gures were crehtsing  on the same roof and were built between 2009 and 2011. Among
“ggplot2” (Wickham and Francois, 20).5 the four green roof systems on the Five Borough Buildingrehe
were signi cant di erences in fungal community composition
between vegetation typ&(D 0.8237p < 0.001) and across the

RESULTS green roof systemsR(D 0.6292p < 0.001;Figure 5A). There
A . . . were signi cant di erences in bacterial community compositi

Soil Microbial Diversity on NYC Green by vegetation typeR D 0.69p < 0.001Figure 58).

Roofs We ran random forest models to determine if vegetation

After ltering the dataset for high-quality sequences, ivevere type (mixed-vegetation oiSedum could be classied based
13,332 fungal OTUs among the 266 samples with an average bacterial and fungal scaled relative abundance. Both
of 494 OTUs per sample. The most abundant phyla werbacterial and fungal communities could classify vegetation
Ascomycota (67.2%), Basidiomycota (19.1%), Glomeromycotgpe the majority of the time. Running 1,000 permutations,
(6.4%), and Mortierellomycota (3.5%) in both vegetation99% of samples from mixed-vegetation roofs were classied
systems Figure 3). Green roofs planted with mixed-vegetation using bacterial communities compared with 97% with fungal
communities had a greater number of fungal OTUs in eacttommunities; and 90.7% of samples fr@adungreen roofs were
sample (540.85 110.28) compared to roofs planted wiliedum  correctly classi ed with bacterial communities and 94% hwit
species (411.90 75.51). A total of 486,026 bacterial OTUs werefungal communities.

classi ed and samples were rare ed to an even depth of 82,376 Saprotrophs were the most abundant fungal functional group
OTU per sample. Though there were no signi cant di erences inon both mixed-vegetation (55.71%) and Sedum (40.83%) green
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FIGURE 6 | The relative abundance of fungal functional groups detectéfrom
green roof substrates.

A total of 398 fungal OTUs were signi cantly associated
with either the mixed-vegetation or th&edumgreen roof
sites. Twenty-nine of the 42 fungal indicator families assied
with mixed-vegetation roofs aligned with Ascomycota andeni
aligned with Basidiomycota. Two families, Archaeosporaesa
Claroideoglomeraceae, are in the phylum Glomeromycota (AM
fungi). All indicator families forSedungreen roofs were within
Ascomycota or Basidiomycota.

There were 48 bacterial indicator families associated with
mixed-vegetation green roof systems, 22 of which aligned
to the phylum Proteobacteria. Indicator taxa included genera
recognized as plant growth-promoting bacteria, suclBasillus
(Glick, 2012 and Azospirillum(Saikia et al., 20)4There were
38 bacterial indicator families fd8edumgreen roofs, including
Rhizobiaceaeand Bradyrhizobiaceaehoth of which contain
plant-associated bacterial species.

Spearman's correlation between green roof abiotic and
biotic factors revealed a strong association between the
substrate depth and vegetation typed 1). A redundancy
discriminant analysis revealed a much larger proportion of
unconstrained variance (0.82) compared to constrained naga
(0.18), though vegetation type explained the most variance
in soil fungal community composition compared to all other
variables analyzed.

Greenhouse Experiment

Plant Survivorship, Biomass, and g s

Sedum tetractinumhad the highest mean survivorship
(0.9 0.09) compared toP. virgatum (0.79  0.21) andS.
nemoralis(0.73  0.21). Survivorship foiS. tetractinumwas
not signicantly aected by any environmental stressor or
soil treatment. HoweverP. virgatumand S. nemoralisvere
signi cantly a ected by all the stress treatmentp € 0.01).

roof systemsKigure 6). Plant pathogens comprised 14.51% ofPlants subjected to drought had the lowest survivorship
OTUs on Sedumgreen roofs, compared to 11.11% on mixed-compared to the well-watered control, heat and heat and

vegetation roofs. The relative abundance of AM fungi was drought treatments for bothP. virgatum (0.67
times higher on mixed-vegetation green roofs (1.37%) contpbareS. nemoralis(0.59
to Sedum green roofs (0.

32%).

0.25) and
0.20). S. nemoralishad slightly lower
survivorship under heat (0.71 0.20) and heatC drought
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(0.70  0.19) compared toP. virgatum (0.78  0.19; 0.79 DISCUSSION

0.26, respectively). The survivorship Bf virgatum and . . . . ..
P ) ’ g Soil Microbial Community Composition

S nemoraliswere not signi cantly associated with any soil o o )
inoculum treatment. The distinct soil microbial assemblages &edumcompared

Compared with the well-watered and heat stress treatment§9 mixed-vegetatiorj green .roofs suppqrt our rst .h.ypothgsis
S. tetractinunplants subjected to drought had the highest above!'at green roof soil microbial community composition shifts
ground (0.50 0.23g) and below-ground biomass (0.12 with host plant species as observed in natural ecosystears (
0.07) while those subjected to heat stress had the loweseaboU¢" Helden et al., 1998; Reynolds et al., 2003; Zak et al,
ground (0.41 0.20g) and below-ground biomass (0.09 2003. Potential ecological mechanisms supporting these ndings
0.05g). While there were no signi cant correlations betwee include microbial host-speci city%antos-Gonzalez et al., 2007

above- or below-ground biomass and environmental treattnen host plant root structural di erencese( Zahar Haichar et al.,

S. tetractinumhad greater below-ground biomass when grownzooa' and functional group complementaritNewsham et al.,

in the autoclaved soil (0.12 0.06 g) compared to the mixed- 1993. We found that within a single roof (the NYC Parks

vegetation (0.09 0.03g) andSedun(0.10 0.06 @) green roofs Five Borough Building roof), microbial community compositi
soil (Figure 7). varied with plant composition and that 99% of the time,

There were no signi cant overall dierences in stomatal vegetation communities could be classi ed based on bactnidl

conductance among plant species, soil treatments, or abiotangaI’ strongly suggesting that soil microbial assemsagre

stress treatments. However, consistent trends were fourfaptsolelydriven by di erences in roof_location and roof plamg
such thatPanicum virgatumhad the highest mean stomatal history, but also by the plant community assemblages theresel

conductance (46.71 46.66 mmol m2 1) followed by S. Therg.is amplg material supporting.microbial community
nemoralis(45.04  74.24 mmol m? %) and S. tetractinum composition as drivers of _plant community structurgeynolds
(29.60 26.33 mmol m? 1). Stomatal conductance was et al., 20(_)3; van der _Heuden et al., 2006; Bever et QI.,)Z_OlO
higher for P. virgatum(52.12  50.99 mmol mm? %) and throu_gh direct interactions between plant roots a_nd micabi

S. tetractinum(31.5  33.38 mmol m2 1) plants grown functional groups, such as pathogens and mutualists, and from

in mixed-vegetation green roof soil, compared $edumand microbial nutrient cycling. As constructed ecosystems, green
autoclaved soil roofs are planted with a speci c palette, enabling a directiona

T2 and T3 represent 5 and 10 days, respectively, of heg{srspec_ti_ve on thPT € ect of plant c_om_munities on soll mic_robial
and/or drought stress. At T2S. nemoralishad signi cantly compos!t!on. Previous wqu has highlighted th? role ofmhnm
higher g (112.21 114.95 mmol mm2 1) compared toP. composition on successional _plant gommunlty establishment.
virgatum (63.33  69.63 mmol m2 1) and S. tetractinum Ur_wman_aged green _roof_s are ideal sites _to explore the role of
(342 31.29 mmol m? 1). During T2, meanS. nemoralis microbial communities in plant community development on

g was signi cantly lower when subjected to drought stresd'€€N roofs. . )
(p < 0.01; 31.28 46.11 mmol m% 1) and higher under We chose to target species in Asteraceae on the mixed-

heat stressg < 0.01: 130.33 93.34 mmol mm? 1), At vegetation roofs, thus our results may re ect di erences ot

T3, P. virgatum had signi cantly higher gs (p < 0.0001; associated microbial communlty co.mposmon among Sedum

4462 49.28 mmol m2 1) compared withS. nemoralis arlld Agteraceae p!a}nt species. Stud|e§ assessing rooa@ou

(23.93  42.86 mmol m® 1 and S. tetractinum (30.39 microbial communltleswn_h more intensive sampling are 0_alc _
22.74 mmol m? L: Figure 8. Solidago nemoraliplants  © further assess associations between plant and microbial

grown in mixed-vegetation green roof soil had signi cantly assemblages on green roofs.
higher g (p < 0.01; 38.59 547 mmol m% 1) at T3 Our eld survey did not control for green roof substrate type

compared to those grown in autoclaved (11.089.55 mmol and initial i_nocul_um, which is crucial to o_btai_n a c_Iearer pimu_

m % 1) or Sedumgreen roof soil (24.1 49.93 mmol of the relatlonsh_lp between plant and s_,0|l mlcroblql cc_)mr’rtg_ml

m 2 L Figure 9. assemblages/olineux et al. (2014manipulated soil microbial
communities using compost tea and AM fungi in two di erent
substrate types, revealing the key role of substrate type and
depth on green roof microbial ecology (measured by biomass).
After Itering the dataset for high-quality sequences, &U Nonetheless, the fact that we observed a di erence in miedobi

table was rareed to 3,972 OTU per sample. Soil fungapommunities associated with the di erent plant communities,
community composition di ered signi cantly with plant species [réspective of substrate type and initial inoculum, suggéisat
(RD 0.57,p< 0.001), soil inoculumR D 0.25,p< 0.001), and the e ect of the plant community is a robust driver of microbial
abiotic stress treatmenR(D 0.20,p < 0.01). A multiplicative ~assembly in these systems.

model showed signi cant clustering of soil fungal commuynit ~ McGuire et al. (2013found distinct soil fungal communities
composition by soil inoculum and plant specie® D 0.22,p<  between replicate green roofs and nearby city parks. Many
0.001) as well as with soil inoculum and abiotic stress inesit ~ bacteria and fungi are wind dispersed and AM fungi spores
(R D 0.26,p < 0.05). However, no signi cant interaction are more e ectively transported by animals capable of reaching
was observed when combining plant species and abiotic stresgoftops (Camargo-Ricalde, 20)2thus dispersal limitations
treatment or with all three variables combined. could have been driving these di erences. Initial inoculum i

Soil Fungal Community Composition
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FIGURE 7 | Above and below-ground biomass forSedum tetractinumby soil and environmental stress treatment (C, control; D,rdught; DH, drought and heat; H,
heat). Sedum tetractinumhad greater average below-ground biomass when grown in autclaved control soil compared to mixed-vegetation andSedum soils.

Water loss for each plant-soil combination at peak stress
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FIGURE 8 | Stomatal conductance for each plant-soil combination afte 10 days of heat and drought treatments (T3)Panicum virgatumhad signi cantly higher
stomatal conductance compared to Solidago nemoralisand Sedum tetractinum (p < 0.0001). Asterisks denote signi cance.

the starting green roof substrate or on plant roots growing inexample, species Mortierella the most abundant fungal genus
nursery soil may exhibit priority e ects, which could impactegh in mixed-vegetation green roof soils, and has been con rmed
ability of other microbial taxa to establish after plantifgumble in a variety of habitats including natural compost and forest
et al. (2018)reported high levels of independent mycorrhizal soils {(Vagner et al., 20)3 On the Sedumroofs, the most
colonization ofSedunspecies$. album, S. spurium, S. re exim abundant fungal genus on green roofs planted w&edum
in a eld experiment (92%), whilelohn et al. (2014jeported wasCorynesporaspeci cally the specieGorynespora cassiicpla
no mycorrhizal colonization ofSedum acrebut colonization which is a plant pathogen. This fungal species is widespread
of all other green roof species, especially Solidago bicolor in its geographic distribution and was recently described to
(Asteraceae) anDanthonia spicatéPoaceae). cause “stem spot” an economically-important succulent plant i
The most abundant microbial taxa we identi ed in green roof Europe (Vladriz-Ordefana et al., 20).7The pathogens identi ed
soils are also widespread in other temperate ecosystems. Rorour survey may manifest as disease-causing agents for the
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FIGURE 9 | Stomatal conductance for each soil-treatment combination(C, control; D, drought; DH, drought and heat; H, heat) aftet0 days of heat and drought
treatments (T3) forSolidago nemoralis When grown in mixed-vegetation soilSolidago nemoralisplants had signi cantly higher stomatal conductance compaed to
those grown in autoclaved control orSedum green roof soil p < 0.01). Asterisks denote signi cance.

green roof plants. Proteobacteria are also found in a vanéty = The fact that AM fungi were most abundant in mixed-
habitats and comprise a wide array of functions, ranging fromvegetation soil under drought condition&igure 10, compared
pathogens to nitrogen xing bacteria. to all other soil inoculum-treatment pairings in the experinien
We found that AM fungi were abundant in all green roof suggests that AM fungi may play a role in maintaining plant
samples, suggesting that plant-fungal mutualisms are swstaincooling bene ts under dry conditions on green roofs. Numeso
on green roof ecosystems, which corroborates with previougld and greenhouse experiments have shown the e ects of
studies investigating microbial communities on green sof mycorrhizal fungi on stomatal conductance, the rate at \whic
(McGuire et al., 2013; John et al., 2014; Molineux et alCO, enters and water exits the leaf, with higher stomatal
2014; Rumble et al., 20[8Mixed-vegetation roofs had a conductance in droughtvs. well-watered conditioAsi(j€, 2001;
greater abundance of AM fungi than tH@edumroofs, which  Augé et al., 2005 While adverse abiotic conditions reduce AM
had lower plant and microbial diversity. Mycorrhizal fungi fungal diversity compared to non-disturbed soil, some AMdin
colonize the root systems of 95% of plant famili€sn(th and  exhibit opportunistic life history strategies including esting
Read, 199 often beneting the host by enhancing drought energy into spore productionfeclerck et al., 20QJand, in the
tolerance, increasing aboveground biomass, and promotingase ofRhizophagus irregularisapidly colonizing plant roots
plant survivorship through enhanced nutrient uptake andafter disturbancegykorova et al., 200.1n the green roof survey
resistance to pathogen attack.(gé, 200). Due to environmental samples, the three most abundant OTUs in Glomeromycota
characteristics of green roofs, such as shallow growingianedaligned toRhizophagus irregularighich occurs in high relative
and drought and heat stress during the summer, grasses amdundance with Asteraceae plarité€hner etal., 200)4and have
forbs on green roofs likely highly depend on AM fungal previously been observed in green roof fungal communities in
symbionts for growth and survival. AM fungi can also mitigat New York City (McGuire et al., 2013 In this study, we collected
the harmful e ects of soil pathogens through reducing pathogerand sequenced bulk soil communities from the rhizosphere of
growth (Borowicz, 200}, eliciting plant defense mechanisms target plant species; this sampling strategy likely only detect
and competing with other rhizosphere biota associating withAM fungal taxa extraradical mycelia and spores. Since plant
host plants fzcon-Aguilar and Barea, 197 urther research biomass and survivorship during drought conditions hasrbee
elucidating AM fungal community assembly and functiontightly correlated with mycorrhizal colonizationAQgé, 200},
in green roof systems is necessary to better understamguantifying percent root colonization and characterizingA
the roles of these mutualists in stressful environments. Wéungal taxa present in plant roots rather than just bulk soil
detected additional fungal functional groups, includindceid is necessary to further elucidate the assembly patterns and
mycorrhizal fungi and ectomycorrhizal fungi. A number of functional roles of AM fungi in green roof systems.
ectomycorrhizal host plants are temperate forest tree species The shifts in relative abundances of plant-growth promoting
common in New York City's canopyHregitzer et al., 20)9but  bacteria on mixed-vegetation compared $&dumgreen roofs
these are not planted on green roofs; however, fungal spores suggests the importance of integrating knowledge of soil
association with these tree species likely dispersed thrttugh bacteria into green roof strategies. Plant growth-promotamgl
air and landed in the green roof substrate where we sampled. endophytic bacteria promote plant vigor and survival under
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succulents, grasses, and forbs as they relate to coolingityapac
When subjected to droughtS. tetractinumhad the greatest
above and below-ground biomass, 8sdumspecies may be
more adversely a ected by overwatering than by under-watgri
(Sterphenson, 1994We found thatS. tetractinumplants had
signi cantly greater root biomass when grown in autoclaved
soil, which contrasts to previous work, in which plant-assted
bene cial microbes increased shoot and root biomassSezfum
alfredii (Ma et al., 2015 However,John et al. (2014found no
colonization of Sedum acren green roofs. We speculate that
S. tetractinunmay have greater root biomass in autoclaved soil
since it may have less percent root colonization by mycoathiz
fungi and as a result, needs to grow its root network to access
nutrients in the soil.

Di erences among plant species and stomatal conductance
(&), which were especially pronounced during peak stress,
highlighted the e ects of plant life form and on potential green
roof cooling bene ts. Previous studies reported that taltbf®
and grasses, includingolidago bicoloexperienced high water
loss, compared to succulentdofin et al., 20)4and that grass
had the highest water loss across all watering treatmentie wh
forbs had equivalent water loss to grasses in well-watereld an
intermediate drought conditions\{/olf and Lundholm, 2008
FIGURE 10 | The relative abundance of fungal functional groups detecte Planting green roofs with grass and forb species may cort&ibu
from greenhouse experiment substrates. to greater cooling bene ts due to the relatively high tramagibn
rates in grasses and forbs compared to succulents, with tleatav
that forbs lose cooling capacity under severe drought.

The elevatedy of P. virgatumat peak heat and drought
conditions indicate its potential usefulness in maintaining
cooling bene ts under abiotic stress conditions. Converss.
nemoralishad relatively lowgs at peak stress, but had elevated

when grown in mixed-vegetation soil during the heat and

rought treatments.Solidago nemoralibad extremely lowgs
under all treatments when grown in autoclaved soil. We spaeul
that AM fungi present in the eld-collected inoculum enablé&d
nemoralido retain elevatedsin a variety of conditions including
well-watered and moderate heat stress.

harsh environmental\(Vang et al., 200)6and biotic conditions
(van Loon et al., 1998and thus likely play an important role
in green roof ecosystem#&I¢Guire et al., 2015; Fulthorpe et al.,
2019. Xie et al. (2018jnoculated a variety of plant species with
Bacillus amyloliquefaciena plant-growth promoting bacteria
that associates with plant roots and confers benets, suc
as pest resistance and nutrient absorption to the host. |
addition to facilitating plant shoot growthB. amyloliquefaciens
demonstrated promotion of host colonization by AM fungus
R. irregularis(Xie et al., 2018 The co-occurrence of plant
growth-promoting bacteria and mutualist fungi associateithw
mixed-vegetation roofs suggest the role of root-assodtibietic
interactions in facilitating plant growth, survival, andsequent CONCLUSIONS

ecosystem function on green roofs. . _— .
4 g This study demonstrated that soil microbial assemblages on

. . green roofs are directly linked to the roof plant species

Plant Survivorship, Growth, and composition, and that root-associated microbial commuesti
Physiological Response to Abiotic Stress confer tolerance to abiotic stressors in green roof ecosystem
Obtaining direct measurements on plargs and biomass, Patterns of microbial functional group composition across
and tracking survivorship of plants grown with di erent soil vegetation community, speci cally the presence of important
microbial inocula in controlled conditions enabled a more AM fungal taxa and plant growth-promoting bacteria, and high
focused understanding of the soil microbial control on plantrelative abundance of plant and animal pathogens Sedum
vitality and overall ecosystem services in green roof syste green roofs, indicated that green roof soil management s¢ed
The high survivorshipf S. tetractinunaligns with results from consider biotic elements more explicitly. High survivogshi S.
previous green roof experiments, which have shown the rasiie tetractinumand elevated of P. virgatumindicated the utility of
of Sedumspecies to abiotic stress on green rodf(iterusso  maintaining a diverse plant palette in order to optimize cooling
et al., 2005; Lundholm et al., 2010; Nagase and Dunnett,)201bene ts associated with green roofs. Further, the crucidé of
These results also demonstrate the negative impact of dtougtoot-associated microbial taxa, speci cally AM fungi andrgla
relative to heat on the survivorship of grasses and forbs. growth promoting bacteria, in mitigating drought and heatests

The unique response db. tetractinumcompared withP.  onS. nemoralifosts demonstrated the need for correspondingly
virgatum and S. nemoraligo abiotic stress treatment and soil diverse microbial assemblages to promote green roof plairtthea
inocula suggest potential functional complementarity betweeand ecosystem function.
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