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29  https://figshare.com/articles/dataset/Rare genera differentiate urban green space soil bact

30 erid communities in three cities across the world/13900901.
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31  Abstract

32 Vegetation complexity is potentially important for urban green space designs aimed at

33  fostering microbial biodiversity to benefit human health. Exposure to urban microbial

34  biodiversity may influence human health outcomes viaimmune training and regulation. In
35 thiscontext, improving human exposure to microbiota via biodiversity-centric urban green
36  spacedesignsisan underused opportunity. Thereis currently little knowledge on the

37  association between vegetation complexity (i.e., diversity and structure) and soil microbiota
38  of urban green spaces. Here, weinvestigated the association between vegetation complexity
39  and soil bacteriain urban green spaces in Bournemouth, UK; Haikou, China; and the City of
40  Playford, Australia by sequencing the 16SrRNA V4 gene region of soil samples and

41 ng bacterial diversity. We characterized these green spaces as having ‘low’ or ‘high’
42  vegetation complexity and explored whether these two broad categories contained similar

43  bacterial community compositions and diversity around the world. Within cities, we observed
44  dgnificantly different alpha and beta diversities between vegetation complexities; however,
45  these results varied between cities. Rare genera (< 1 % relative abundance individually, on
46  average 35 % relative abundance when pooled) were most likely to be significantly different
47  in sequence abundance between vegetation complexities and therefore explained much of the
48  differencesin microbial communities observed. Overall, general associations exist between
49  soil bacterial communities and vegetation complexity, although these are not consistent

50 between cities. Therefore, more in-depth work is required to be done locally to derive

51  practical actionsto assist the conservation and restoration of microbial communitiesin urban

52 areas.
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53  Introduction

54  Microorganisms are important to every major biogeochemical process on Earth. They fix

55  nitrogen, draw carbon-dioxide down from the atmosphere, weather rocks, decompose organic
56  material, and, among many other things, form the base of the food web (Cockell & Jones

57  2009; Rousk & Bengtson 2014). Furthermore, microorganisms form symbiotic relationships
58  with many plants and animals where they often have important roles in regulating host health
59 (Rook et al. 2003; Rosado et al. 2018; Carthey et al. 2020). However, these ecosystem

60 functions and services are being degraded by anthropogenic global change leading to climate,
61  biodiversity and health crises. Urbanization in particular islinked to a public health crisis of
62  rapidly rising non-communicable disease rates that are linked to losses of human exposure to
63  microbial biodiversity (Rook et al. 2003; von Hertzen et al. 2011). Indeed, there have been
64  repeated callsto conserve and restore microbial biodiversity (Blanco & Lal 2008; Bello et a.
65 2018; Millset a. 2019; Carthey et a. 2020) due to the impact of human activities on

66  ecosystem and human health (von Hertzen et a. 2011; Zuo et al. 2018).

67 One potential area where microbial communities could be conserved and restored is

68  urban green spaces, and these areas are already used to help mitigate many issues that

69  urbanization has on public health in general (Kabisch et al. 2017; Mills et al. 2019). Certain
70  urban green space designs can reduce air pollution (Ferkol & Schraufnagel 2014; Xing &

71  Brimblecombe 2020) and heat island effects (Aflaki et a. 2017), while potentially restoring
72  microbia biodiversity to benefit ecosystem services (Hoch et al. 2019; Joyner et al. 2019).

73 Indeed, restoring the urban microbiota by planting native vegetation could improve the

74  exposure to microbes that humans need for immune training and regulation, thus contributing
75  toreducing the immune disease prevalence found in cities (Rook et al. 2003; von Hertzen et
76  a.2011; Mills et al. 2017). Further, there is growing evidence that environmental microbiota

77  can transfer readily to humans through inoculated play-ground media (Hui et a. 2019) or by
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78  smply using green spaces (Selway et al. 2020), and that vegetation type or diversity near the
79  homeisassociated with human microbial diversity (Pearson et al. 2020).

80 Community characteristics of vegetation, such as species richness and functional

81 diversity, are closely linked to microbial communities, including urban soils (Hui et al. 2017;
82  Laforest-Lapointe et a. 2017; Mills et al. 2020). Soil in revegetated urban areas have

83  microbia communities more representative of remnant areas compared to typical Victorian-
84  eragreen spaces, such as lawns (Baruch et al. 2020; Mills et al. 2020). These associations are
85  likely driven by plant-microbe-soil chemistry feedback loops (Berendsen et al. 2012; Fierer
86  2017). However, this evidence for the relationship between vegetation complexity of urban
87  green space and their associated soil microbiota remains limited. As such, here we build on
88  our earlier work in asingle city (Mills et al. 2020) to focus on the association of vegetation
89  complexity and soil bacterial communities both within and between three cities across

90 different regions of the world.

91
92 Methods
93  Study sites

94  Wefocused our study on urban green spaces that represented ‘low’ or ‘high’ complexity

95  vegetation in the cities of Bournemouth, UK; Haikou, China; and the City of Playford

96 (hereafter known as Playford), Austraia (Figure 1). Bournemouth has a‘marine’ climate

97  with short dry summers and heavy precipitation during mild winters, Haikou has a “humid

98  subtropical’ climate, and Playford has a‘Mediterranean’ climate. The green spaces were

99 categorized as ‘high’ (i.e., remnant woodlands, revegetated woodlands, or regenerated
100  woodlands) or ‘low’ (i.e., lawns, vacant lots, or parklands) complexity vegetation based on
101 thediversity and structure of their vegetation (Figure 1). These two categories were based on

102  our previous quantification of vegetation diversity (i.e., plant species richness) and structure
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103  (i.e, layers of plant growth-forms creating 3D structure) in the urban green space sites of

104  Playford (quantified in Mills et al. 2020). In each city, we selected six sites of ‘low’ and six
105 gtesof ‘high’ complexity vegetation (example photosin Figure 1) by using local knowledge
106  of existing urban green space vegetation types. Within each site, a25 x 25 m quadrat in a
107  NSEW orientation was sampled, with geo-references and photos taken at the SW corner.

108

109  Soil sampling

110  Soilswere sampled for DNA extraction according to the Biomes of Australian Soil

111  Environments (BASE) project protocol (Bissett et al. 2016) in September and October 2016.
112  Inbrief, 100-200 g of soil from nine points within the quadrat were randomly sampled,

113  pooled, and homogenized. From this pooled sample, 50 g were stored at -20°C until microbial
114  analysis. The Bournemouth and Haikou samples have not been analyzed previously. The

115  Playford samples are a subset of those reported in (Mills et al. 2020), including all samples
116  except those from Parkland sites.

117

118  Microbial community analysis

119  Soil DNA was extracted (one extraction from 0.2 g of each 50 g sample) using the DNeasy
120  Powerlyser soil kit (QIAGEN) in the country of sampling, as per the manufacturer’s

121  instructions. Extraction blank controls were not used; however, high biomass samples, such
122 assoil, are less susceptible to contamination compared to those of low biomass and are

123  therefore unlikely to produce results heavily swayed by contaminants (Velasquez-Megjiaet al.
124  2018; Eisenhofer et al. 2019). Extracted DNA was then shipped to the University of Adelaide
125  for downstream analysis as per Selway et al. (2020). Briefly, the bacterial 16S rRNA V4 gene
126  region was amplified using primers 515F and barcoded 806R (Caporaso et al. 2011,

127  Caporaso et a. 2012), and PCR components and cycling conditions were followed as
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128  previously described (Selway et a. (2020). PCR products were pooled into groups of approx.
129 30 samplesat equimolar concentrations. Pools were cleaned (AxyPrep Mag Clean-up kit;

130  Axygen Scientific), quantified and pooled together into a final sequencing pool before

131  sequencing the DNA at the Australian Genome Research Facility using a2 x 150 bp kit on an
132 IllluminaMiSeq.

133 In QIIMEZ (v 2018.8), DNA sequences were merged, trimmed to 150 bp, and quality
134 filtered (>Q4), and resulting sequences were denoised with deblur (Amir et a. 2017) to create
135  amplicon sequence variants (ASVs), as previously described (Selway et al. (2020).

136  Representative ASVs were assigned to the SILVA database (version 132). To remove

137  laboratory contaminant sequences, ASVs were identified from PCR negative controls using
138  the prevalence method within the decontam package (v 1.8.0; Davis et al. 2018) in R (v 4.0.0;
139  RCoreTeam 2019) and with athreshold probability of 0.5. Any identified contaminants were
140  removed from all biological samples before downstream analysis. Additionally, ASVs

141  assigned to mitochondria, chloroplast, Archaea, or ‘unknown’ kingdom were also removed,
142  and ASVs with fewer than ten reads across all samplesin the dataset were excluded. Post-
143 filtering, there were at least five ‘low’ and five ‘high’ complexity vegetation replicates for
144  each city (see sample metadata via links in ‘Data access’).

145

146  Statistical analyses

147  All statisticsweredonein R (v 4.0.0; RCoreTeam 2019). ASVs were agglomerated to genus
148  level for statistical analysis using the ‘tax_glom’ function of the phyloseq package (v 1.32.1;
149  McMurdie & Holmes 2013). During the genus agglomeration, all unresolved taxa at genus
150 level,i.e. "NA’ or ‘blank’, were removed.

151 Before alpha diversity was calculated, the agglomerated genus level data was rarefied

152  to 2,396 reads with the ‘rarefy_even_depth’ function of the phyloseq package. Alpha
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153  diversity was calculated as observed genus richness and Shannon’s diversity with the

154  ‘estimate richness function in phyloseq and Faith’s phylogenetic diversity was calculated
155  withthe‘pd’ function of the picante package (v 1.8.1; Kembel et al. 2010). We used

156  generalized linear mixed models (GLMMs) to test for difference in alphadiversity by

157  crossing the fixed factors of ‘city’ and ‘ vegetation complexity’ and nesting the random factor
158  of ‘site’ within ‘city’. GLMMs were done with the ‘glmer’ function of the Ime4 package v
159  1.1-25(v 1.1-25; Bates et al. 2007). Distributions for the GLMMs were Poisson for observed
160  genusrichness (count data) and Gammafor Faith’s phylogenetic diversity and Shannon’s
161  diversity (positive, non-integer, non-parametric data). The Poisson GLMM was tested for
162  over-dispersion (result: ratio = 0.46). Main effects of the GLMMs were tested by Type |

163  Wald Chi® tests with the ‘ Anova function of the car package (v 3.0-10; Fox et al. 2012).
164  Pairwise comparisons of ‘city’ and ‘vegetation complexity’ combinations were tested by z-
165  testswith Holm-Bonferroni P-adjustment with the ‘glht’ function of the multcomp package v
166  1.4-15 (v 1.4-15; Hothorn et a. 2014).

167 Ordinations of beta diversity were done with the ‘ordinate’ function in phyloseq.

168  Ordinations were based on unrarefied datain principal coordinates analysis (PCoA) with
169  Bray-Curtis and Jaccard distance matrices. We used PERMANOVA, with 999 iterations,
170  withthe‘adonis’ function of the vegan package (v 2.5-6; Oksanen et al. 2017) to test the
171  model of ‘vegetation complexity’ nested within ‘city’. Pairwise comparisons between nested
172 vegetation complexities (e.g. Bournemouth Low vs. Bournemouth High) were tested by

173  PERMANOVA with 999 iterations with the ‘ pairwise.adonis2’ function of the

174  pairwise.adonis package (v 0.0.1; Arbizu 2017).

175 We created arelative abundance stack plot by converting the rarefied genus

176  abundancesto percentages. All genera with total rarefied sequences across al samples being

177  lessthan 1 % of total rarefied sequences were pooled into asingle group named ‘< 1 %
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178  abund.’. Theless than 1 % cut-off was determined by a rank-abundance curve of percentage
179  abundance across al samples (Figure S1). We tested for differentially abundant bacterial

180 generabetween ‘low’ and ‘high’ complexity vegetation sites within each city. Log-2 fold-
181  change measurement of bacterial genera was done using the ‘ DESeq’ function of the DESeqg2
182  packagein phyloseq (v 1.28.1; Love et al. 2014). DESeq2 does an internal normalization,

183  wherethe count of each genus within a sampleis divided by the mean of that genus across
184  samples. Differentially abundant genera (alpha= 0.05) were plotted into heatmaps using the
185  ‘pheatmap’ function of the pheatmap package (v 1.0.12; Kolde & Kolde 2015). The

186  differential abundance heatmap scale represents the mean abundance of each genus across
187 samplesas 0 with £ 3 standard deviations. The differential abundance heatmap rows and

188  columns were clustered based on Manhattan distance to most efficiently arrange the grid. The
189  heatmap trees represent how closely related arow or column are, not taxa, based on the scale

190 ineach cell. Unclassified genera were not included in the heatmap.

191

192  Results and Discussion

193  Each city had distinct soil microbial communities

194  We compared soil bacterial genera between cities and found that the communities were quite
195  distinct from each other, regardless of vegetation complexity, both in terms of apha diversity
196  (observed genus richness, Chi?= 28.67, Pr(>Chi?) < 0.001; Faith’s phylogenetic diversity,
197  Chi?=21.02, Pr(>Chi?) < 0.001; Shannon’s diversity, Chi®= 21.80, Pr(>Chi?) < 0.001; Figure
198  2a) and beta diversity distances (Bray-Curtis, F = 19.61, Pr(>F) = 0.001,; Jaccard, F = 10.68,
199  Pr(>F) = 0.001; Figure 2b). Further, beta diversity at the ASV-level had similar patternsto
200 the genus-level results, however, the data were over-dispersed (i.e., significantly more

201  variablethan predicted for the model) and therefore not used further (Figure S2). These

202  differences between cities were expected given their differences in geography and climate,
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203  wherefor example, temperature, aridity, and distance from the equator vary and each are
204  strong predictors of soil microbial diversity (Delgadol1Baquerizo et al. 2018). Moreover,
205  strong biogeographic zoning and distance-decay relationships have previously been observed
206  for urban soil bacterial communities across ten cities within China (Yang et a. 2021).

207

208 ‘Low and ‘high’ complexity vegetation soils have similar diversity

209  Wenext compared diversity of siteswith ‘low’ versus ‘high’ vegetation complexity within all
210 threecities. In Bournemouth, ‘high’ complexity vegetation green spaces were significantly
211  morediversethan ‘low’ complexity spaces for their bacterial genera (observed genus

212 richness, z = 3.17, P=0.014; Faith’s PD of genera, z=-2.93, P=0.034), (Table 1 & Figure
213 2a). In contrast, aphadiversity of bacterial generain soil from Playford and Haikou for al
214  three measures were non-significantly different between the ‘low’ and ‘high’ complexity

215  vegetation (Table 1). However, there was a significant interaction between ‘city’ and

216  ‘vegetation complexity’ for al three aphadiversity measures (Figure 2a). This interaction
217  was caused by the Playford soils being lower in diversity in the “high’ complexity vegetation
218 soilsrelativetothe ‘low’ complexity soils, whereas diversity was higher in these ‘high’ sites

219  in Bournemouth and Haikou.

220 The difference in diversity between ‘low’ and ‘high’ complexity vegetation soilsin
221 Playford compared to Bournemouth and Haikou may be due to Playford’s relatively drier
222  climate and the tendencies of native vegetation in this part of Australiato prefer relatively
223 arid conditions. Such conditions are less conducive to supporting high microbial biodiversity
224  (DelgadorBaquerizo et a. 2018). In these drier environments, areas of lower vegetation

225  complexity, such as urban lawns, are often heavily watered and fertilized. This practice can
226  lead to higher nutrient loads relative to higher vegetation complexity native soils, potentially

227  increasing microbia diversity independent of vegetation complexity. However, we note that

10
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228  our previous work with the Playford samples (Mills et al. 2020) indicated a consistent pattern
229 inaphadiversity as found here in Bournemouth and Haikou (i.e. more vegetation complexity
230  associated with greater bacterial aphadiversity). Although, our earlier study reported data
231 from the V1-3 region of the 16S rRNA gene, rather than the V4 region reported here. As

232 such, future work should further explore the effect of marker choice on vegetation-bacterial

233 diversity associations.

234

235 Differencesin bacterial composition between vegetation complexities vary between cities

236  Wenext tested relationships between soil bacterial composition at the genus-level and the
237  vegetation complexity of urban green spaces. The composition of bacterial communities was
238  dgnificantly different between ‘low’ and ‘high’ complexity vegetation in both Haikou (Bray-
239  Curtis, F=4.05, Pr(>F) < 0.05; Jaccard, F = 3.19, Pr(>F) < 0.01) and Playford (Bray-Curtis,
240 F=4.42,Pr(>F) < 0.05; Jaccard, F = 3.22, Pr(>F) < 0.05) (Table 2 & Figure 2b). However,
241 Bournemouth had no significant difference between the vegetation complexities for both

242 Bray-Curtis and Jaccard distances (Figure 2b).

243 Vegetation type (e.g., lawn, remnant woodland) is a known driver of microbial

244 diversity and compoasition in urban soil (Hui et a. 2017; Mills et al. 2020). However, thereis
245  little consistency between soil microbial communitiesin what seem to be broadly similar
246  ecological settings, asin our study, due to a complexity of multiple driving factors. Such

247  factorsinclude plant species turnover and soil properties that vary on broad spatial scales,
248  such astemperature (Thompson et al. 2017) and, at finer scales, pH and salinity (Fierer &
249  Jackson 2006). Certainly, pH and salinity have previously been found to strongly associate
250  with urban soil bacterial community composition (Joyner et a. 2019; Mills et al. 2020).

251  While we did not measure soil physicochemical properties here, they may, in some instances,

11
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252  override any effect of the vegetation community on the soil community and potentially lead
253  to results as we saw in Bournemouth.

254
255  Raregenera contribute to differencesin community structure

256  We performed differential abundance testing to investigate which generamay have been

257  driving the differences between the ‘low’ and ‘high’ complexity vegetation soils. Rare genera
258  (i.e, <1 % relative abundance) dominated the significantly differentially abundant bacteria
259  between ‘low’ and ‘high’ complexity vegetation soils. For example, in Bournemouth,

260 Bacillus (characteristic of ‘high’ complexity vegetation soils) was the only genus out of seven
261  differentially abundant genera (P < 0.05, Figure 3) that was also dominant in relative

262  abundance (> 1 % relative abundance, Figure 2c) between the vegetation complexity levels —
263  theother six generawere less than 1 % in relative abundance. In Haikou, Rubrobacter

264  (characteristic of ‘low’ complexity vegetation soils) was the only genus out of four

265  differentially abundant generato also be greater than 1 % in relative abundance (P < 0.05,
266  Figure 3), and in Playford, Flavisolibacter and Gemmata (both characteristic of ‘low’

267  complexity vegetation soils) were the only differentially abundant genera out of twenty-three
268  that were aso dominant (P < 0.05, Figure 3). Overall, differential abundance tests showed
269 that there are soil bacteria characteristic of either ‘low’ or *high’ complexity vegetation

270  within each city and that rare taxa are important in defining these communities. This result is
271  consistent with other findings that rare bacteria biogeographically distinguish forensic sail
272 samples (Damaso et a. 2018; Habtom et a. 2019).

273 The rare genera (< 1 % relative abundance) that dominated the differential abundance
274  testing between the vegetation complexities (P < 0.05, Figure 3) were potentially functionally
275  important to these locations as has been found in greenhouse soils (Xue et a. 2020). For

276  example, Lutelbacter was the only genus to significantly represent ‘high’ vegetation

12
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277  complexity across al citiesin this study and species of this genus are known to live both in
278  soil and on humans (Kampfer et al. 2009; Akter & Huq 2018). The ‘high’ complexity

279  vegetation soils of Bournemouth had significantly more Sinorhizobium (nitrogen-fixers;

280  Mitsui et al. 2004) and Kaistia (methanotrophs; Im et al. 2004) of the order Rhizobiales

281  (Garrido-Oter et a. 2018) than ‘low’ complexity soils. However, most differentially abundant
282  generain Bournemouth were higher in only one site relative to others; therefore, they are not
283  characteristic of either vegetation complexity studied here. In Haikou, Haliangium (producer
284  of fungicidal haliangicins, Fudou et a. 2001), Rubrobacter, and Acetobacter were

285  dignificantly more abundant in the ‘low’ thanin the ‘high’ vegetation diversity soils, whereas
286  Erwinia (genus of many plant pathogen species; Barras et a. 1994; Vanneste 2000) was more
287  abundant inthe ‘high’ vegetation diversity soils. In Playford, Rhizobium (nitrogen-fixers,

288  Garrido-Oter et al. 2018) were significantly more abundant in the ‘high’ complexity

289  vegetation.

290 The differential abundance findings that imply rare genera are driving the community
291 differences are further supported by the similarity between Bray-Curtis and Jaccard

292  ordinations (Figure 2b). Further, ordinations of only the rare genera (those < 1 % relative

293  abundance) were similar to ordinations using the whole community (Figure S3), therefore
294  implying that rare genera are driving these patterns; however, these data were over-dispersed.
295  Additionaly, the rank-abundance curve showed there were 300 of 318 genera with less than
296 1% relative abundance across all sites (Figure S1), and, when pooled, had an average relative
297  abundance of 35 % across all sites (Figure 2¢). These findings indicate that rare genera may
298  bequite valuable to urban soils and that they shouldn’t be overlooked when planning soil

299 microbial conservation. To that end, rare microorganisms have been identified to play key

300 functional roles, from biogeochemical cyclesto holobiont health (Jousset et a. 2017). Further
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301 exploration of the functional contribution of rare bacteriain urban green spaces would
302  provide deeper understanding of their value in conservation and restoration efforts.

303
304 Conclusions

305  Our study suggests that a global comparison of cities in terms of vegetation factors driving
306 microbial diversity may be limited due to the overall strength of their differences driven by
307 geographic or climatic factors. However, investigating trends related to vegetation

308 complexity within cities may produce general recommendations about fostering microbial
309 biodiversity. Certainly, rare taxa should not be overlooked when considering the conservation
310  of microbia biodiversity. Urban green space design for conservation of microbial

311  biodiversity, biogeochemical cycling, public health outcomes and public usability will likely
312  require complementary proportions of both ‘low’ and ‘high’ complexity vegetation green
313  spaces. However, what those proportions are will need to be investigated on a city-by-city, or
314  region-by-region basis.

315 Restoration of biodiversity in urban green spaces has the potential to build native

316  microbial communities. Such endeavors will require local adaptive management within urban
317  green space landscapes that will allow practitioners to understand the knowledge gaps

318  pertaining to their city and properly investigate the outcomes of their efforts (Gellie et al.

319  2018). Local knowledge gaps may include: understanding functional microbial biodiversity;
320 examining how differently designed green spaces influence environmental and human

321  microbiota(e.g., ‘low’ and ‘high’ complexity, native and novel species mixtures); and

322 determining if the use of remnant inoculations accelerates the recovery of native microbial
323  phylogenetic and functional diversity. Further, there is currently a strong call to ‘decolonize’
324  public spacesin colonial and imperial countries (Parker 2018; Giblin et al. 2019). Therefore,

325 it would beinteresting to track whether such cultural modifications to urban designs
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326  influences environmental and human microbiotagiven that ‘low’ and ‘high’ complexity

327  green spaces are somewhat representative of these cultural differences. More work is needed
328  to describe the functional contributions of rare bacteriain urban soils and to determine the
329  best waysto conserve and restore microbial biodiversity to provide the breadth of ecosystem

330  servicesthat they could provide to the urban landscape.
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Tables

Table 1 Pairwise alphadiversity — observed genus richness, Faith’s phylogenetic diversity
(PD), and Shannon'’s diversity — of soil bacterial generaunder the GLMM interaction of
‘City’ by ‘Vegetation complexity’. Significance codes: ‘ns' not significant; ‘¢ P<0.10; ‘*’ P
<0.05; ‘**' P<0.01; ‘***’ P<0.001.

Observed genusrichness  Faith's PD of genera Shannon’ s diversity

City * Vegetation complexity svaue PR Sg o PCE .Sig \Z/a] " ;Dr(>|z| .Sig
Bournemouth High - Haikou High -2.22 0183 ns 298 0032 * 278 0.058 °
Bournemouth High - Playford High 381 0.002  ** -2.04 0.209 ns -121 0.790 ns
Bournemouth High - Bournemouth Low  3.17 0014 * -2.93 0034 * -2.79 0.058 °
Bournemouth High - Haikou Low -0.24 1000 ns 064 1000 ns 138 0790 ns
Bournemouth High - Playford Low 1.36 0521 ns 075 1000 ns 170 0.619 ns
Haikou High - Playford High 5.76 0.000 *** -480 0.000 *** -3.82 0.002  **
Haikou High - Bournemouth Low 515 0.000 *** -566 0000 *** 533 0.000 @ ***
Haikou High - Haikou Low 2.00 0276 ns -2.37 0124 ns -146 0790 ns
Haikou High - Playford Low 343 0.007  ** -2.13 0198 ns -1.03 0.790 ns
Playford High - Bournemouth Low -0.62 1000 ns -0.86 1000 ns -151 0.790 ns
Playford High - Haikou Low -4.04 0.001 *** 265 0.068 ° 253 0092 ©°
Playford High - Playford Low -2.36 0145 ns 267 0.068 ° 279 0.058 °
Bournemouth Low - Haikou Low -3.40 0007 ** 354 0005 ** 410 0.001  ***
Bournemouth Low - Playford Low -1.74 0405 ns 353 0.005 ** 430 0.000  ***
Haikou Low - Playford Low 159 0447 ns 014 1000 ns 039 0790 ns
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Table 2 Main and pairwise PERMANOVA on soil bacterial genus communities for
vegetation complexity nested within cities. Significance codes Pr(>F): ‘ns’ not significant; ‘©
P<0.10; ‘** P<0.05; ‘**' P<0.01; ‘“***’ P < 0.001.

Formula = distance ~ City/V egetation complexity

! Bray-Curtis Jaccard
Main PERMANOVA R? F PR R? E Pr>F)
City df; 06 0.52 19.61 *xx 0.39 10.68 *xk
City/Vegetation complexity df3 26 0.13 3.25 *xx 0.14 2.56 *xk
o Bray-Curtis Jaccard
Pairwise PERMANOVA R? F P> R? F Pr>F)
Bournemouth High - Haikou High dfy g 0.30 3.82 ** 0.23 270 *
Bournemouth High - Playford High dfio 0.60 13.36 >k 0.45 7.35 *x
Bournemouth High - Bournemouth Low dfy g 0.16 1.78 ns 0.14 1.49 ns
Bournemouth High - Haikou Low dfy10 0.42 7.19 ol 0.32 4,75 *x
Bournemouth High - Playford Low dfyg 0.54 10.54 i 0.40 5.95 **
Haikou High - Playford High dfig 0.69 17.99 >k 0.53 8.94 *x
Haikou High - Bournemouth Low dfy g 0.56 10.30 i 043 6.13 *
Haikou High - Haikou Low dfio 0.31 4.05 * 0.26 3.19 *x
Haikou High - Playford Low df1g 0.61 12.58 *x 0.46 6.76 *x
Playford High - Bournemouth Low df g 0.72 20.44 *x 0.56 10.35 *
Playford High - Haikou Low dfy g 0.58 11.81 *x 0.45 7.34 *x
Playford High - Playford Low dfig 0.36 442 * 0.29 3.22 *
Bournemouth Low - Haikou Low dfig 0.61 13.86 *x 0.48 8.25 *x
Bournemouth Low - Playford Low dfyg 0.67 16.22 * 0.52 8.52 *
Haikou Low - Playford Low dfig 0.49 8.74 *x 0.39 571 *x
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Figures

Low complexity vegetation
@ High complexity vegetation

Figurel‘Low’ and ‘high’ complexity vegetation urban green spaces were sampled in
Bournemouth, UK; Haikou, CHN; and Playford, AUS.
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Figure 2 (a) ‘City’ by ‘Vegetation complexity’ (Vc) for the alphadiversity GLMMs on
observed genus richness, Faith’s phylogenetic diversity (PD), and Shannon’s diversity.
Results are Chi? values from Type Il Wald Chi?tests on the GLMMs followed by
significance codes for Pr(>Chi?). See Table 1 for pairwise results. Significance codes: ‘ns
not significant; ‘ P< 0.10; ‘*’ P< 0.05; ‘**’ P< 0.01; ‘***’ P< 0.001. (b) PCoAs of soail
bacterial genus communities in urban green spaces by Bray-Curtis and Jaccard distance.
Main PERMANOVA test with 999 iterations of *Vegetation complexity’ (Vc) nested within
‘City’ (distance ~ City/Vc); R? and P-value significance codes (*****, Pr(>F) < 0.001).
Within city ‘Vegetation complexity’ differences were tested with pairwise PERMANOVA.
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Cities surrounded by dotted boxes were significantly different between their ‘low’ and ‘high’
vegetation complexity green spaces. Cities surrounded by dashed boxes were not
significantly different between their ‘low’ or ‘high’ vegetation complexity green spaces. For
detailed main and pairwise PERMANOV A results see Table 2. (c) Relative abundance (%) of
soil bacterial generaacross all sites. Generaread |eft to right by rows in the legend and
correspond to bottom to top in the stack plot.
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Figure 3 Differentially abundant bacterial generafrom Bournemouth, Haikou, and Playford
measured by log-2 fold-change with P-value < 0.05. Extreme ends of the heat color scale
represent 3 standard deviations from the mean rarefied abundance for each genus across
samples. Hierarchical clustering of genera (rows) and vegetation replicates (columns) are
both by Manhattan distance.
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