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Abstract 

Plant-soil feedbacks not only shape plant communities but also the abiotic and biotic 

nature of soils. These feedbacks are well-studied in natural and agricultural 

landscapes, but poorly studied in cities. Here, we investigated soil fungal 

communities, vegetation and soil abiotic properties in five urban green space types 

within urban Adelaide, South Australia. We surveyed eight, spatially-independent 

replicates of Sport Fields, Community Gardens, Parklands, Young Revegetation, and 

Old Revegetation sites. Vegetation strongly associated with soil fungal abundance 

and diversity. Revegetated urban green spaces had appreciably higher fungal 

diversity than other spaces, as well as greater richness in saprotrophic and 

pathotrophic fungi. We suggest that restoration of urban green space fungal 

microbiomes appears possible via replanting the native vegetation community. Such 

revegetation interventions will likely have positive outcomes for not only biodiversity 

conservation but also human health, via re-creating a biodiverse environmental 

microbiome. 

 

Key Words: genomics; urban green spaces; fungal restoration; public health; 

functional ecology 
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1. Introduction  

The soil microbiome is the richest component of terrestrial biodiversity and plays 

major roles in ecosystem processes, such as carbon and nitrogen cycling and soil 

formation. The important and multi-functional roles of fungi have led them to be put 

forward as a foundation of ecosystem stability (Nilsson et al., 2018; Yang et al., 

2018). Indeed, biodiverse communities of fungi are indicators of healthy ecosystems 

and promote environmental resilience (Bardgett & Van Der Putten, 2014; Delgado‐

Baquerizo et al., 2017; Delavaux et al., 2019). 

 

The soil fungal community is to a large degree shaped and modified by vegetation 

composition and structure, as well as by soil traits. For example, plant diversity, 

biomass and successional stage within a given site are associated with soil fungi 

abundance and diversity (Bardgett & Van Der Putten, 2014; Hiiesalu et al., 2014; 

Nguyen Williams et al., 2016; Peay et al., 2016; Hannula et al., 2017; Nilsson et al., 

2018). Also, the vegetation community has important roles in shaping soil fungal 

diversity through the effects of root exudates (McGuire et al., 2012; Tedersoo et al., 

2014; Lange et al., 2015; Zuo et al., 2016; Eisenhauer et al., 2017; Nilsson et al., 

2018) and microclimate (Hiiesalu et al., 2014; Docherty & Gutknecht, 2019). In 

addition, soil abiotic properties shape fungal communities through the influence of 

soil pH, organic carbon, nitrogen, phosphorus, N:P ratio, cation exchange and water 

holding capacities and pore space (Güsewell & Gessner, 2009; Docherty et al., 

2015; Tonn & Ibáñez, 2017; Liddicoat et al., 2018). 

 

The soil fungal community is also subjected to time-dependant effects. Examples of 

shorter time-dependent drivers of fungal community change are resource pulses 
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(e.g. human watering, fertilization and tilling), during crop cultivation and gardening, 

and seasonal weather events (Bardgett & Van Der Putten, 2014). Concurrently, the 

structure and stability of soil microbiomes are impacted by fragmentation, fire, floods, 

land use changes, deforestation and contamination (Cho et al., 2017; Dove & Hart, 

2017; Eldridge & Delgado-Baquerizo, 2018; House & Bever, 2018). Over longer 

timespans, the soil fungal microbiome is impacted by successional shifts of 

vegetation with time since ecosystem restoration or glacial retreat (Clemmensen et 

al., 2015; Hannula et al., 2017; Yan et al., 2018; Delgado-Baquerizo et al., 2019), 

and by climate change (Jumpponen & Jones, 2014; Classen et al., 2015; Maestre et 

al., 2015; Docherty & Gutknecht, 2019).  

 

Although there is abundant information about the composition and structure of soil 

fungal communities across biogeographical, latitudinal and elevational gradients in 

agricultural and forest contexts (Köhl et al., 2014; Pellissier et al., 2014; Tedersoo et 

al., 2014; Bahram et al., 2015; Paungfoo-Lonhienne et al., 2015; Delavaux et al., 

2019), there are few studies from urban green spaces. Of those studies that do exist, 

most are from parks in the northern hemisphere (Newbound et al., 2010; Ramirez et 

al., 2014; Tonn & Ibáñez, 2017; Guilland et al., 2018) or focused only on individual 

fungal groups (Martinová et al., 2016; Hosokawa et al., 2019). Since the often small 

urban green spaces are increasingly important for biodiversity conservation (Wintle 

et al., 2019) and for maintaining and promoting public health (Nieuwenhuijsen et al., 

2017; Liddicoat et al., 2018; Mills et al., 2019; Robinson & Breed, 2019), there is a 

pressing need to better understand the composition and structure of fungal 

microbiomes in cities, especially since the world is becoming increasingly urbanised 

(Rydin et al., 2012; Guilland et al., 2018). 
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Emerging research suggests that the loss of contact with these diverse 

environmental microbiomes, and perhaps key microbial taxa, may compromise 

normal healthy immune system development and regulation in people (Von Hertzen 

et al., 2011; Rook, 2013). Exposure to environmental microbiomes can help shape 

commensal microbiota in the gut and elsewhere in the human body (Gilbert et al., 

2018; Rothschild et al., 2018), which has implications for immune system 

development and predisposition to both infectious and non-infectious diseases 

(Ichinohe et al., 2011; Stein et al., 2016). Degraded, low biodiversity soils may favour 

more opportunistic and potential pathogenic microbes, which appear to be countered 

by ecosystem restoration (Liddicoat et al., 2019). It is, therefore, important to 

improve our understanding of the patterns in soil fungal diversity and composition in 

urban green spaces, given the potential for soil microbiomes to influence immune-

related human health outcomes. 

 

Urban green spaces display significant differences in use and management that 

have large effects on soil fungi (Newbound et al., 2012; Hui et al., 2017; Guilland et 

al., 2018). Human interventions can establish and maintain vegetation diversity and 

structure (e.g. via gardening activities), as well as influence soil via fertilisation, 

mulching and watering. However, it is largely unknown how these land use 

differences result in changes to soil fungal community composition and structure. In 

this study, we examined how different urban green space types associated with soil 

fungal microbiome composition and structure in Adelaide – a city of ca. 1.3 million 

inhabitants in southern Australia (June 2017 census data; www.abs.gov.au/ausstats/ 

[accessed 25 June 2019]). We sampled eight replicates of five urban green space 

types with contrasting vegetation coverage and plant biodiversity.  

http://www.abs.gov.au/ausstats/
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We report on patterns of soil fungal diversity associated with vegetation and soils 

from these urban green space types. We integrate complete vegetation and soil 

surveys of well-replicated plots of five typical urban green space types. We assess 

the diversity and relative abundance of soil fungi with high-throughput amplicon 

sequencing. In our analysis, we controlled for spatial autocorrelation effects, which is 

an important ecological factor to consider, although it is seldom well-incorporated 

into urban ecology. We integrated these data to answer the following questions: (1) 

To what degree are vegetation, soil fungi and physico-chemistry associated with 

urban green space types? (2) Are there fungal taxa and functional groups that are 

representative of different urban green space types?  

 

2. Methods 

2.1. Field surveys and sampling  

Soils were sampled and vegetation was surveyed from eight spatially-independent 

25 x 25 m replicates of five green space types from metropolitan Adelaide, South 

Australia (Figure 1). The urban green space types were Sport Fields (grass 

monocultures of cultivated lawns), Community Gardens (community spaces where 

vegetable crops are grown), Parklands (established trees over grass), Young 

Revegetation sites (< 10 years of native plant species revegetation), and Old 

Revegetation sites (>10 years of native plant species revegetation) (Table S1; Figure 

S1). Adelaide’s climate is Mediterranean, with warm and dry summers and mild, wet 

winters. The mean annual air temperature is 12.3°C and rainfall is 551 mm 

(www.bom.gov.au, [accessed 26 June 2019]).  

 

http://www.bom.gov.au/
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We generated pairwise linear distances between replicates. Maximum and minimum 

distances were 8.66 and 0.04 km, respectively (mean 3.70 ± 1.76 km) (Table S2). 

After removal of soil surface organic matter, core samples were collected to 10 cm at 

nine locations (five at plot corners and centre and four randomly dispersed) within 

each replicate to capture soil heterogeneity, which were then pooled, homogenised 

and stored at -20˚C. All field work was done in September to October 2017. 

Approximately 300 g per replicate of homogenised soil was put into polyethylene 

bags in the field and sent to a commercial soil laboratory for soil physico-chemical 

analysis (CSBP Laboratories, Perth). For each replicate, we assessed available 

nitrate, ammonium, phosphorus, potassium and sulphur, organic carbon, pH, total 

cations (calcium, magnesium, potassium and sodium), conductivity and soil texture 

as described in (Bissett et al., 2016). We also calculated cation exchange capacity 

(CEC) as the sum of all cations, and the ratio of available N and P (N:P).  

 

We surveyed vegetation along five 25 m transects, separated by 5 m in each 

replicate. At every meter along each transect, the plant species present were 

recorded and sampled for later identification (= 130 intercept points/replicate). We 

were unable to identify some plants to species, in which case we used morphotype 

terms (e.g. graminoid, herbaceous weeds). For analysis and interpretation, the cover 

corresponding to bare soil (no vegetation cover; intercept points = 0) was scored due 

to its importance, for example, on microclimate. Plants were also scored by their 

growth form, and characterised as trees, shrubs, herbs or graminoids as a proxy of 

functional groups. Relative number of intercept points and relative number of species 

by growth form were integrated into a percentage importance value (IVI = (Intercept 

point / ∑ intercept points) * 100) + (number of species / ∑ number of species) * 100); 
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maximum IVI = 200 %). The proportion of each growth form provides a good 

characterisation of urban green space vegetation architecture and structure. We also 

took a panoramic photo from the centre of each replicate (example for each urban 

green space type shown in Figure S1). Due to logistical limitations (e.g. no 

permission to dig surface soils), we were only able to survey the vegetation of seven 

Community Garden replicates and three Sport Fields. 

 

2.2. Soil fungi metabarcode analysis 

To characterise the soil fungal microbiome, we subsampled 50 g soil per replicate, 

which was stored in a sterilized 50 ml falcon tube and preserved for two weeks at  

-20˚C. In the field, all soil sampling equipment was either sterile (e.g. collection bags, 

falcon tubes, gloves) or sterilized with ethanol and 5% Decon 90 (Decon 

Laboratories Ltd) prior to use (e.g. trowel). 

 

DNA was extracted in duplicate from well-mixed 0.25 g subsamples of soil using the 

DNeasy® PowerLyzer® PowerSoil® Kit (QIAGEN, Hilden, Germany) automated on 

the QIAGEN QIAcube® (QIAGEN, Hilden, Germany). Each QIAcube run consisted 

of 10 soil samples plus an extraction blank control (EBC) to monitor background 

DNA levels. The internal transcribed spacer 1 (ITS1) was used to characterise fungal 

diversity using the barcoded Illumina fusion primers as described in the Earth 

Microbiome Project (http://press.igsb.anl.gov/earthmicrobiome/) (Thompson et al., 

2017).  

 

PCR amplifications were run in 25 μL reaction mixes, each containing 2 mM MgSO4, 

0.6 mM dNTPs, 0.4 μM of each primer, 0.3 U Platinum™ Taq DNA Polymerase High 

http://press.igsb.anl.gov/earthmicrobiome/
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Fidelity in 10× reaction buffer (Invitrogen™, Carlsbad, CA, USA), and 2 μL DNA 

extract. The standard Earth Microbiome Project (Thompson et al. 2017) primers 

ITS1f (AATGATACGGCGACCACCGAGATCTACAC 

GGCTTGGTCATTTAGAGGAAGTAA) and ITS2 

(CAAGCAGAAGACGGCATACGAGAT NNNNNNNNNN 

CGGCTGCGTTCTTCATCGATGC) were used, which include Illumina adapter 

sequences and a Golay Barcode (in bold) on the reverse primer. The PCR 

conditions were 1 min at 94°C, followed by 35 cycles of 94°C for 30 s, 52°C for 30 s, 

and 68°C for 30 s, and a final extension at 68°C for 7 min. A no-template control 

(NTC) was included for each PCR run to monitor background DNA levels in PCR 

reagents. For each DNA extract, triplicate PCR amplifications were included and 

pooled to minimise PCR bias. PCR products from each DNA extract were quantified 

using the LabChip GX (Waltham, MA, USA), purified using Agencourt AMPure XP 

PCR Purification (Beckman Coulter Genomics, NSW) and pooled to equimolar 

concentration. The final library was quantified using the Agilent 2200 TapeStation 

(Agilent Technologies, Santa Clara, CA, USA) and sequenced using a 300 cycle 

Illumina MiSeq kit at the Australian Genome Research Facility (AGRF). 

 

Raw sequences were demultiplexed into samples using the unique Golay barcode 

sequence assigned to each sample at the PCR step and the resulting read1 

(forward) only FASTQ data files were processed with QIIME2 (version 2018.6; 

http://qiime2.org/). DADA2 (Callahan et al., 2016) was used for error-correction, 

quality filtering (minimum 120 bp, minimum quality score 30), chimera removal and 

sequence variant calling. The UNITE v7.2 (2017-12-01) ‘dynamic species 

hypotheses’ fungal was used to assign taxonomy. Amplicon sequence variants 

http://qiime2.org/
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(ASV) abundance and taxonomy tables produced from the QIIME2 pipeline were 

then analysed using R (R Core Team 2018) and the microbiome data analysis 

framework of the R phyloseq package (McMurdie & Holmes, 2013). During DNA 

extractions, we included one extraction blank control (EBC) for every batch of 10 

subsamples. Subsamples and negative controls were labelled 1, 2, 3,…, 44, and R1, 

R2, R3,…, R44 for corresponding duplicates. Control sample 11 was the EBC for 

subsamples 1-10, while control samples 22, 33, 44, R11, R22, R33, and R44 were 

the corresponding EBCs for remaining extraction batches. Samples 5, 17, 18, 24, 25, 

26, 33, R22, R33, and R34 (note EBCs in italics) failed sequencing and could not be 

considered in the analysis. A no-template control was also included to flag potential 

contaminating sequences relevant to all samples.  

 

We identified and removed contaminating sequences using the R decontam package 

(Davis et al., 2018). Specifically, we used the isContaminant() function where 

contaminants were identified by increased prevalence in negative controls (i.e. 

extraction blank controls, PCR negative samples), with a threshold value of 0.5. 

Subsequently, all taxa identified as contaminants, and the control samples, were 

removed from further analysis. We also excluded taxa that were not identified as 

belonging to Fungi or that were unclassified at the phylum level. Unclassified phyla 

comprised 68% of all ASVs, with a mean ASV relative abundance across samples of 

39.2% (SD 23.4%). This meant that ~61% (100-39%) of the sequence reads were 

classified at the Phylum level and considered in the analysis. We then joined the 

duplicate subsamples by summing sequence reads, i.e. 1 + R1, 2 + R2, etc, to 

obtain 40 study samples in total. Rare taxa with less than 50 sequence reads across 

all samples were also removed. To normalise for sampling effort, we rarefied the 
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microbiome data to the minimum sequence read depth (n = 22,902) of all samples. 

For ASVs identified at least to Class level, we analysed fungal trophic mode with the 

online version of FUNGuild (Nguyen et al., 2016) 

(http://www.stbates.org/guilds/app.php). In our analysis, we included the ‘possible’ 

and ‘probable’ identifications from FUNGuild, and considered only the main trophic 

modes (i.e. pathotrophs, saprotrophs and symbiotrophs). The pathotroph:saprotroph 

abundance ratio was also calculated. 

 

2.3. Statistical analysis 

Vegetation cover, soil physico-chemical traits, soil fungal ASV reads and inter-plot 

linear distance data were converted into matrices. We calculated plant species and 

ASV richness, Shannon H’, Simpson’s D, and equity (Shannon’s E). The 

heterogeneity of vegetation and fungal ASVs profile within each green space was 

assessed by their β-diversity. Fungal ASV richness was corrected with the Chao2  

estimator (Chao, 1987). We used ANOVAs to determine differences in variable 

means between urban green space types, and Pearson correlations to explore 

univariate relationships between vegetation, soil physico-chemistry, and fungal 

ASVs. We applied sequential Bonferroni adjustments of P values to correct for 

multiple testing, and visually assessed normality of residuals of fitted models.  

 

Multivariate relationships among urban green space types for vegetation, soil, fungal 

ASVs abundance, richness and trophic mode were tested statistically with multifactor 

PERMANOVA (Anderson, 2001). Ordination of plots within soil physico-chemical, 

vegetation and soil fungal ASVs multidimensional spaces was done with PCA or 

PCoA to visualize the relationships among them. Due to the difficulty in identifying 
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some plant species, vegetation cover was transformed to presence/absence before 

ordination.  

 

The most important ASVs from each urban green space type were determined by 

indicator species analysis, based on the abundance and constancy of a given ASV in 

and to a group (Dufrêne & Legendre, 1997). The indicator value (IV) is interpreted as 

quantifying the degree to which an ASV designates that group. The IV results were 

followed by a Monte Carlo randomization test (5,000 permutations) to generate a P 

value that represents the statistical significance of that particular IV. Only the ASVs 

identified to class were analysed, and if P < 0.05, they were considered as indicator 

ASVs.  

 

The multivariate associations among fungi, soil, vegetation and geographical 

distance matrices were assessed with Mantel tests (Mantel, 1967), with partial 

Mantel tests used where either soil, vegetation or distance were used as control 

variables (Smouse et al., 1986). All multivariate analyses were run in PC-Ord V7.0 

(McCune & Mefford, 2016). 

 

3. Results 

3.1. Soil abiotic characteristics 

Soils from the urban green space types differed across all abiotic variables (Table 

S3), and differed significantly when considering all soil traits together (multifactor 

PERMANOVA F(4,35) = 2.64; P = 0.0098). Overall, Community Gardens differed the 

most from the others (Table S4). The Community Garden soils were high in 

phosphorus, sulphur, electrical conductivity and calcium content, and had low N:P 
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ratios. Jointly with the Sports Field soils, Community Garden soils differed in texture 

and available nitrogen (Table S4). Accordingly, the replicates from these two green 

space types generated the largest and most diverging and distorted polygons within 

the soil-based ordination (Fig. 2A).  

 

3.2. Vegetation 

We recorded a total of 372 plant species (or plant morphotypes) across all urban 

green spaces. After excluding uncertain vouchers, we used 340 specimens for 

further analysis (Table S5). Due to the unbalanced number of replicates across 

green space types (Young and Old Revegetation n = 8 plots; Community Gardens 

and Parklands n = 7 plots; Sport Fields n = 3 plots), overall differences between 

vegetation composition were established with the Sum F test (Warton & Hudson, 

2004) and Jaccard distances. We observed significant differences in vegetation 

richness and cover between all urban green space types, except between Young 

and Old Revegetation replicates (Mean F value = 1.68; P < 0.001).  

 

The percentage of intercept points occupied by vegetation was significantly higher in 

Old Revegetation and Parklands than the other green space types, with the 

exception of Sport Fields, where cover was 100% (Table 1). Correspondingly, the 

proportion of bare soil showed the opposite trends. Plant species richness, species 

equity, and Shannon H’ and Simpson diversity indices were highest in the 

Community Gardens and lowest in Parklands (Table 1).  

 

The multivariate representation of urban green spaces in vegetational space (except 

those from Sports Fields) clearly separated Community Gardens and Parklands from 
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Old and Young Revegetation sites along both ordination axes (Fig. 2B). Despite 

plotting only species presence or absence, this ordination corresponded well with the 

results of multivariate group analysis and urban green space plant species richness 

and diversity, as described above. As expected, graminoids and herbs defined Sport 

Fields and Community Gardens, respectively, and shrubs and trees distinguished 

Young and Old Revegetation and Parkland sites (Table 2). 

 

3.3. Fungi 

We generated 7,399,078 fungal reads that were assigned to 18,541 ASVs, of which 

1,898 ASVs (916,080 reads) were classified at least to phylum and had at least 50 

reads in our dataset. We rarefied the 1,898 ASV dataset to the minimum sequence 

depth of 22,902 reads for further analysis (Raw sequence data accessible at 

DOI:10.25909/5cd0e267156b1). There were 445 unique ASVs in the ASV replicate 

matrix, and the Chao2 species estimated number was 2,247 ASVs. Sport Field 

replicates displayed the lowest number of ASVs (Table 3) and Ascomycota was the 

dominant phylum with >89% of all ASVs in all green spaces and 43% ASVs were 

classified into 12 classes (Table 3). Although fungal abundance and diversity 

parameters did not differ significantly between urban green space types, those with 

woody elements (i.e. Young Revegetation, Old Revegetation and Parkland sites) had 

appreciably higher ASV mean richness (Table 4). Conversely, inter-site β-diversity 

was highest in Community Gardens and Sports Field sites (Table 4).  

 

Pairwise PERMANOVA of fungal ASV composition and abundance indicated that 

urban green space types were statistically different (F(4,35) = 1.86; P = 0.0002), of 

which Community Gardens and Sport Fields diverged the most in soil physico-
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chemical traits and ASV abundance (Table S6). The ordination of urban green space 

replicates in fungal ASV multidimensional space showed a clear split of Sport Field 

and Community Garden replicates from the rest (Fig. 3). By the size of their large 

plotted polygons, the Sport Fields and Community Gardens urban spaces were also 

the most variable, confirming their large β-diversity.  

 

Within the group of 810 ASVs classified at least to class level, only 53 met the 

indicator criterion we employed (= P <0.05 with the Monte Carlo’s randomization 

test) and were subsequently used as indicator ASVs. Eight ASVs designated 

Community Gardens and Young Restoration replicates each, 19 signalled Old 

Restoration replicates, 13 for Parklands and five for Sport Fields (Table S7). Five 

genera were specific only in one urban green space: Coprinellus sp. in the 

Community Gardens; Eutypa sp. in Young Revegetation replicates; Pseudolachnea 

sp., Reddellomyces sp. and Russula sp. in Old Revegetation replicates and 

Vishniacozyma sp. in Sport Field replicates.  

 

Pathotroph and saprotroph ASV richness was lowest in the Community Garden and 

Sport Fields replicates but symbiotrophs ASV richness was highest in the Old 

Revegetation replicates. The pathotroph:saprotroph ratios did not differ among green 

spaces (Table 5 and Fig. 4).  

 

3.4. Mantel tests 

Fungal and vegetation distance matrices were significantly associated (r = 0.123; P = 

0.036), even when controlling for soil traits (r = 0.133; P = 0.023) and for geographic 

inter-replicate distances ( r = 0.121; P = 0.034). Fungal and abiotic traits of soils 
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were uncorrelated. Vegetation and abiotic characteristics of soils also showed a 

significant association (r = 0.145; P = 0.033), whereas inter-replicate distance among 

plots was not related to any other variable. 

 

3.5. Univariate Correlations 

Overall, soil traits were uncorrelated to soil fungal parameters (Table S8). For the 

Young and Old Revegetation sites, the ASV diversity indices were associated 

negatively with most soil traits (Table S8). Vegetation traits did not have significant 

effects on soil fungal abundance nor its diversity. Vegetation cover was not 

correlated with soil fungal ASVs (Table S9). For Young and Old Revegetation green 

spaces, vegetation cover was weakly correlated with soil fungal abundance (Table 

S9).  

 

4. Discussion  

We show strong associations between plant species richness, vegetation cover and 

soil fungal communities in urban green spaces in Adelaide, South Australia. We 

showed this with a sampling design that allowed us to control for geographic 

proximity of different urban green space types. In general, urban sites that had multi-

layered woody vegetation (e.g. revegetated areas) also had greatest fungal diversity. 

These sites also had large numbers of indicator species and high richness in 

saprotrophic and pathotrophic fungi. We discuss the implications of these findings on 

urban landscape management, biodiversity conservation and public health. 

 

Finding such clear differences in soil fungal diversity and abundance (even in 

replicated urban plots) challenges the belief that fungal spores are numerous and 
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everywhere (Newbound et al., 2010). Although our urban green spaces would 

include a range of soil types (e.g. brown sandy to clay soils, red-brown clay soils 

(Ultisols) and alluvial silts and sands (Sheard & Bowman, 1996)), we found that soil 

traits alone were not correlated with soil fungal parameters. We expect that 

differences in use (e.g. vegetation) and management, and therefore microclimate, 

represented key influences on the respective soil microbiomes. It is expected that 

fungi are negatively affected by urbanisation due to heat island and edge effects, 

increased nitrogen deposition and pollution (e.g. heavy metals), and habitat 

fragmentation that limits spore dispersal and lowers population densities (Tonn & 

Ibáñez, 2017). However, some fungal taxa may be introduced into urban areas, 

particularly those that are mycorrhizal partners of exotic invaders or cultivated plants 

or saprotrophs to their specific necromass (Newbound et al., 2010). The complex 

direct and indirect associations between soil, vegetation and management, plus the 

relative uncertainty of the identification of fungal ASVs by high-throughput 

sequencing (Nilsson et al., 2018), make it difficult to associate a particular 

biophysical trait and/or management practice with diversity and abundance of soil 

fungi.  

 

Fungal community patterns in metropolitan green spaces 

Our herbaceous urban green spaces (i.e. Sports Fields, Community Gardens) were 

vastly different from the other green space types. The Community Gardens had 

higher ASV richness and Shannon’s diversity, and higher aboveground vegetation 

diversity than the Sport Fields. The intensive use and management of the 

Community Gardens is likely to comprise crop rotation, continuous tilling, watering, 

fertilization and weeding. Most of these procedures are likely to decrease temporal 
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stability, affecting soil fungal communities due to high turnover, triggering rapid 

fungal responses (Bardgett & Van Der Putten, 2014; Hernandez & Menendez, 2019). 

Continuous soil tillage can destroy hyphal networks, which decreases the presence 

of mycorrhizas (Köhl et al., 2014), while weeding should decrease fungal diversity by 

depriving some species of their required symbionts.  

 

The likely fertilisation of the Community Gardens upheld high soil phosphorus and 

calcium content, and increased salinity, which resulted in a low N:P ratio but 

relatively high CEC. Low N:P ratio tends to favour more soil bacteria than fungi 

(Güsewell & Gessner, 2009), whereas high N fertilization and low P promote fungal 

abundance of genera with pathogenic traits (Paungfoo-Lonhienne et al., 2015). 

Relatively high CEC and higher soil fertility are positively correlated with fungal 

diversity (Liddicoat et al., 2018), likely due to effects related to vegetation growth 

such as higher necromass for saprotrophic fungi and larger root area for mycorrhizal 

attachment. The diversity of crops in Community Gardens is also likely to contribute 

to soil microbiome diversity, offering more opportunities for fungal symbioses and 

leading to stronger niche differentiation in soil organisms (Bardgett & Van Der 

Putten, 2014). However, the incorporation of legumes into the crop cycle schedule 

might decrease mycorrhizal infection as described above. These rather contradictory 

associations between cause and effect and low temporal stability help to explain why 

the Community Garden was the most dynamic of urban soil fungal microbiomes.   

 

The Sports Fields had minimal vegetation diversity with shallow but densely packed 

graminoid roots and 100% coverage of soil surfaces, preventing exposure to direct 

sun. Sports Fields are frequently mowed, fertilized and trampled (causing soil 
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compaction), which together with minimal vegetation diversity is likely to contribute to 

these sites having the lowest fungal ASV richness. The negative effects of 

fertilization on soil fungi were described above, and together with the slightly acidic 

soil pH, are likely to contribute to the lower fungal diversity present in these sites 

(Maestre et al., 2015). The absence of a shading overstory increases soil 

temperature which has also been shown to decrease fungal diversity (McLean et al., 

2005; Pellissier et al., 2014; Docherty & Gutknecht, 2019). Here again, these 

contradictory influences may explain the complexity of soil fungal community 

responses. 

 

The three urban green spaces with woody vegetation – Parklands, Young and Old 

Revegetation sites – are presumably less managed and displayed similar ASV 

richness and Shannon’s H’ diversity. Also, these sites share a multi-layered canopy 

that would help moderate soil temperature and preserve soil moisture. These three 

green spaces also represent landscapes with permanent deep-rooted plants, and 

probably significant root exudation, which are major drivers of soil fungal community 

dynamics (Bardgett & Van Der Putten, 2014). However, these wooded urban green 

spaces differ in several important aspects. Old Revegetation replicates had the 

highest ASV richness, which is an expected consequence of their longer 

establishment and temporal stability. Also, Old Revegetation sites displayed higher 

numbers of indicator species than Young Revegetation plots (19 vs. 8 ASVs). The 

Young Revegetation replicates had more bare soil, likely resulting in higher soil 

temperatures with the negative flow-on effects to fungi as discussed above. The 

Parklands had the lowest aboveground plant species richness and Shannon’s 

diversity, despite the mix of native and introduced species, which could potentially 
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increase fungal abundance and diversity. The regular removal of dead leaves and 

branches typical of parklands might also help explain their lowest fungal diversity, 

which would largely affect the saprophytic community (Newbound et al., 2010) – 

consistent with our data. Revegetation sites probably have larger stored necromass, 

which is a promoter of soil microbial diversity (Bahram et al., 2015). Larger stored 

necromass should, therefore, have positive effects on saprotrophs, such as 

Agaricomycetes and other Basidiomycota involved in wood decay and 

ectomycorrhizal symbioses, which our results support and are also reported by Yan 

et al. (2018) from a nearby ecological restoration chronosequence.  

 

Pathotroph and saprotroph ASV richness was lowest in the Community Gardens and 

Sport Fields, and highest in the three wooded urban green spaces. This result was 

perhaps unexpected, as the Community Gardens and Sport Fields are the most 

altered green spaces and may, therefore, be expected to contain the highest 

richness of pathotrophs (Paungfoo-Lonhienne et al., 2015; Hannula et al., 2017; 

Brinkmann et al., 2019). On the other hand, the greater richness in saprotrophs in 

the wooded urban spaces is an expected consequence of the larger amount of leaf 

litter and dead branches in the revegetation replicates and mulching in parks, as 

already discussed.  

 

Our Old Revegetation sites differed substantially from those restored over similar 

timeframes in nearby eucalypt grassy woodlands (Yan et al., 2018). Although the 

ASV richness in our Old Revegetation sites was similar to those reported in Yan et 

al. (2018), they reported a lower percentage of fungi unclassified to class level (Yan 

et al. 2018 = 6.1% vs. 28.6% in our study). Basidiomycota was much more important 
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in the eucalypt grassy woodlands in Yan et al. (2018) than in our urban woodland 

plots. This might be a result of denser vegetation in the eucalypt grassy woodlands 

in Yan et al. (2018), which would provide more plant litter rich in lignin and cellulose 

that Basidiomycota degrade (Hui et al., 2017). The percentage of predicted 

symbiotrophs was substantially higher than those reported in Yan et al. (2018), 

which might be associated with the relatively high soil N:P ratio in this previous 

study. However, these comparisons are only indicative as the samples were not 

analysed jointly. 

 

Public health implications  

Reduced soil fungal diversity may have the potential to impact human health through 

adverse and deficient immunomodulatory stimuli (Von Hertzen et al., 2011; Rook, 

2013). Liddicoat et al. (2018) found rates of infectious and parasitic disease 

increased in areas with low soil cation exchange capacity, a proxy indicator for soil 

microbial diversity. They suggested this adverse health outcome may be partly 

explained by reduced immune training in populations exposed to poorer, low 

microbial diversity soils; an inference supported by a followup randomised controlled 

mouse study (Liddicoat et al., 2020). Also, depauperate fungal communities may not 

provide adequate ecological controls on particular taxa, with potential for overgrowth 

and elevated allergen exposures (e.g. fungal spores), which could contribute to 

adverse respiratory health outcomes. Conversely, greater microbial diversity in soils 

can also resist the invasion and establishment of potentially pathogenic species (van 

Elsas et al., 2012). Consequently, our results suggest that revegetated urban 

landscapes and parklands provide more healthy environments for humans as a 

consequence of their higher soil microbiome diversity. 
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Conclusions 

We observed clear differences in the diversity and structure of soil fungal 

communities among metropolitan urban green spaces, most likely as a consequence 

of differences in soil traits, aboveground vegetation and management practices. 

Aboveground vegetation composition and structure had the strongest influence on 

soil fungal abundance and diversity. However, even the most complex vegetated 

urban green spaces (i.e. old revegetation sites) displayed lower levels of soil fungal 

diversity and differed substantially in composition from those of similarly restored 

woodlands in the region outside the metropolitan area, emphasizing the generalised 

impact that urbanisation has on soil fungi. Such impacts on soil fungi have potential 

health implications for people accessing these green spaces, with some degree of 

optimism found by the increased functional diversity of soil fungi observed in more 

complex vegetated urban areas – results that are consistent with studies on airborne 

bacterial communities in urban areas (Mhuireach et al., 2016; Mhuireach et al., 

2019). As such, with further development of urban green space management 

practices and design principles (Robinson et al., 2018), it should be possible to 

optimise urban green space management to not only return native and functional soil 

fungal communities (Breed et al., 2019) but also provide opportunities for naturally-

diverse microbiome exposures with potential for human health gains.  
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Figure 1. Map of the city of Adelaide, South Australia, displaying the sampling 

replicates from the five urban green space types surveyed in this study. 

 

Figure 2. Ordination of replicates within multivariate spaces. (A) PCA of soil traits 

space; Variance explained Axis 1 = 36.75%; Axis 2 = 17.59%. (B) PCoA of 

vegetation cover; Jaccard distance matrix. Variance explained Axis 1 = 12.34%; Axis 

2 = 9.01%. Sport Fields replicates were deleted from analysis. 

 

Figure 3. PCoA Ordination of soil fungi ASV reads; Sörensen distance matrix.  

Variance explained Axis 1 = 10.84%; Axis 2 =  6.58%.   

 

Figure 4. Boxplots of ASV richness for each of the five urban green space types of 

the three fungal trophic modes, determined by FUNGuild (Nguyen et al. 2016), 

showing (A) saprotrophs, (B) pathotrophs, (C) symbiotrophs, and (D) 

pathotroph:saprotroph ratios. 

 




