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Highlights 19 

• Arbuscular mycorrhizal fungi exhibit diverse growth and colonisation strategies 20 

• Families of these fungi differed in their responses to soil fertility 21 

• Relationships were stronger with soil phosphorus than with soil nitrogen 22 

• Gigasporaceae decreased and Glomeraceae increased as soil phosphorus increased 23 

• Relationships were stronger in woodlands than in forests and grasslands 24 
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Abstract 26 

Arbuscular mycorrhizal (AM) associations are multifunctional. Two important functions they 27 

perform are facilitating nutrient uptake in host plants and protecting plants from biotic 28 

stress, among other functions. AM fungal taxa vary in how capably they perform these 29 

functions and can also respond differently to environmental selection. Therefore, there is a 30 

need to better understand how particular environmental variables might alter the response 31 

of AM fungal communities. Here, we analysed data from a DNA-based survey of fungal 32 

communities in soils collected throughout Australia to observe relationships among soil 33 

fertility and the abundance of two AM fungal taxa that reportedly vary in function – the 34 

Gigasporaceae (putatively more important for nutrient uptake) and Glomeraceae (putatively 35 

more important for biotic stress). Relationships were assessed in three vegetation types – 36 

grasslands, forests and woodlands – to assess whether associations with soil fertility varied 37 

depending on carbon availability for AM fungi. Fungi from the Gigasporaceae decreased in 38 

frequency as available phosphorus increased, while those from the Glomeraceae increased 39 

or were unresponsive as available phosphorus increased. Similar patterns were observed for 40 

nitrate availability, although only in woodlands. These patterns are consistent with 41 

expectations that AM fungi from the Gigasporaceae, in general, are better suited to alleviate 42 

nutrient limitation in hosts as soil fertility decreases. This knowledge may aid in 43 

implementing optimal strategies involving AM fungal inoculum best suited to the local 44 

conditions of future land management and agricultural projects. 45 
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Introduction  50 

Communities of arbuscular mycorrhizal (AM) fungi are typically composed of functionally 51 

diverse taxa. For example, comparative studies have observed that AM fungi belonging to 52 

the Gigasporaceae may acquire and provide more nutrients to their host plants relative to 53 

those from the Glomeraceae (Powell et al. 2009; Sikes, Cottenie & Klironomos 2009). As a 54 

result, variation in the abundance of these AM fungal taxa may potentially reflect variation 55 

in community function. Despite the importance of community structure in determining 56 

community function, there are still significant gaps in our understanding of how AM fungal 57 

communities assemble (Vályi et al. 2016). Improving our understanding of how 58 

environmental factors might select for functionally diverse groups of AM fungi will aid in 59 

identifying variables that can be used to predict patterns in AM fungal communities within 60 

natural systems, as it has helped do so for fungi in general (e.g., Aguilar-Trigueros et al. 61 

2023, Siciliano et al. 2014). There is evidence of environmental variables such as soil fertility 62 

(Teste et al. 2016; Treseder & Allen 2002), aridity (Weber et al. 2019; Staddon et al. 2003) 63 

and pH (Yang et al. 2011; Davison et al. 2021) having significant effects on AM fungal 64 

abundance. How these effects vary among functionally different AM fungal taxa over large 65 

environmental gradients is less clear since previous studies have largely been conducted 66 

over relatively small environmental gradients (Treseder & Allen 2002; Bhadalung et al. 2005; 67 

Johnson et al. 2003; Camenzind et al. 2016). Comparing the relationships between 68 

functionally different AM fungal taxa and environmental variables over a greater spatial 69 

scale and variety of vegetation may help better understand just how significant such 70 

variables are in the assembly of AM fungal communities. 71 

The abundance of AM fungi may be directly affected by characteristics of the environment 72 

that limit their growth. Although primarily known for nutrient trade with their hosts, AM 73 

fungi have their own nutritional requirements. This is most prominent in regard to N, which 74 

AM fungi require in relatively high amounts (Johnson et al. 2015; Hodge & Fitter 2010), with 75 

N content in AM fungal tissue (3-5%) observed to be greater than that for plants 76 

(approximately 1%) (Hodge & Fitter 2010). The abundance of AM fungi may also be directly 77 

limited by P in soils where it is extremely deficient, although AM fungi are likely more 78 

commonly N-limited given the relatively large N-demand required for fungal growth (Hodge 79 

& Fitter 2010). Nutritional demand likely varies somewhat between the Gigasporaceae and 80 



Glomeraceae due to variation in where and how much resource is allocated to production of 81 

fungal structures: taxa associated with the Gigasporaceae exhibit, on average, larger spores 82 

(Aguilar-Trigueros et al. 2019), lower spore density (de Souza et al. 2005), slower growth 83 

rates (Powell et al. 2009; Hart & Reader 2002) and a greater proportion of extraradical 84 

mycelium relative to root colonisation (Powell et al. 2009; Hart & Reader 2002) compared to 85 

the Glomeraceae. Therefore, it would be expected that the relationship between soil 86 

fertility and the abundance of taxa associated with these two AM fungal families would vary 87 

as a result of direct effects alone. For instance, N and P required for chitin in cell walls and 88 

lipids in cell membranes might more strongly limit production by fungi in the Gigasporaceae 89 

when nutrient availability is very low. 90 

Additionally, environmental characteristics may also differentially influence the abundance 91 

of functionally distinct AM fungal taxa indirectly via altering the AM requirement of local 92 

plants. Plants provide their AM fungal partners with photosynthetically-fixed carbon in 93 

exchange for nutrients such as P and N (Smith & Read 2008). This host-derived carbon acts 94 

as the sole carbon source for AM fungi. Therefore, AM fungi that best improve host fitness 95 

should themselves receive a fitness advantage, tracking that of their host (Johnson 2010). 96 

This concept is supported by studies that observed hosts actively promoting their most 97 

beneficial AM fungal partners, in terms of P and N-trade, with a greater investment of 98 

carbon (Kiers et al. 2011; Bever et al. 2009). The availability of this carbon is largely 99 

dependent on the local vegetation and conditions that can vary significantly between 100 

different environments. For example, canopy cover can greatly reduce the levels of sunlight 101 

that reach the understory, limiting photosynthesis in plants that reside in shaded regions 102 

beneath these canopies and carbon available for trade between AM fungi and understorey 103 

vegetation (Koorem et al. 2017). The average extent of canopy cover significantly varies 104 

between grassland, woodland and forest vegetation types. Forest environments are 105 

typically characterised as having a denser canopy than woodlands, with significantly less 106 

sunlight reaching smaller shrubs and grasses in the understory (Missouri Department of 107 

Conservation 2021; Shvidenko et al. 2005). Grasslands are significantly more open than both 108 

with relatively little canopy cover restricting sunlight to AM hosts below (Breshears 2006).  109 

While grasslands are typically dominated by AM plant species (Miller, Wilson & Johnson 110 

2012; Treseder & Cross 2006), the greater abundance of woody perennial hosts within 111 



woodland and forest environments brings with them a greater diversity in mycorrhizal types 112 

and the associated fungi that may influence the carbon pools available to AM fungi (Smith & 113 

Read 2008; Breshears 2006; Brundrett 2017). There is significant variation in the dominant 114 

mycorrhizal type, generally either AM or ectomycorrhizal (EcM), among forests and 115 

woodlands around the globe (Read 1991; Lin et al. 2017; Brundrett & Kendrick 1988; 116 

Phillips, Ward & Jones 2014). However, there are a relatively large number of EcM plant 117 

species in Australia when compared with the rest of the world (Brundrett 2009, 2017), with 118 

EcM tree species typically dominating in Australian woodland and forest vegetation types 119 

(Brundrett 2017). For example, trees in the Myrtaceae, which includes Eucalyptus, are hosts 120 

of EcM fungi (Brundrett 2017). Eucalyptus forests are estimated to account for 77% of the 121 

total native forest area within Australia (Australian Department of Agriculture and Water 122 

Resources 2018). Although many of these taxa are considered dual-mycorrhizal, able to host 123 

both AM and EcM fungi, it is proposed that EcM fungi are dominant in adult Eucalyptus 124 

hosts (Adams et al. 2006; Chen, Brundrett & Dell 2000). As a result, the proportion of host 125 

carbon available to AM fungi is expected to be reduced within woodland and forest systems 126 

compared to that of grasslands when the dominant trees are not, or are only weakly, AM. 127 

Therefore, AM fungi are expected to receive a greater amount of carbon per unit of P and N 128 

in grasslands.  129 

When the carbon value (i.e., the amount of carbon received by AM fungi per unit of P or N) 130 

is greatest, the abundance of AM fungi is expected to be more sensitive to changes in the 131 

concentration of soil nutrients. This carbon value is expected to vary between different 132 

vegetation types and ultimately, environmental selection based on soil fertility and its 133 

influence on AM fungal community assembly is expected to vary accordingly. In addition, 134 

AM fungi may have a more significant role in P-trade than N-trade with host plants (Johnson 135 

2010). As a result, P-trade likely accounts for a larger degree of the carbon that AM fungi 136 

receive directly via nutrient exchange with their hosts. Coupled with the fact that Australian 137 

soils are commonly P-limited (Hopper 2009; Rossel & Bui 2016; Kooyman, Laffan & Westoby 138 

2017), it could be expected that AM fungal abundance will respond more significantly to 139 

changes along a gradient of soil P compared to a gradient of soil N within Australian soils. 140 

The first objective of this study was to compare the relationships between the relative 141 

abundance of Gigasporaceae and Glomeraceae with available soil P (PO4
+, phosphate) and N 142 



(NO3
- and NH4

+, hereafter referred to as nitrate-N and ammonium-N), using data associated 143 

with isolated DNA and soil properties from a continental scale survey of soils across 144 

Australia (Bissett et al. 2016). We then assessed whether these relationships varied across 145 

three vegetation types (grasslands, woodlands and forests), a proxy for the proportion of 146 

available photosynthetically fixed carbon allocated for trade with AM fungi. We 147 

hypothesized that the relative abundance of the Gigasporaceae, due to greater mycelial 148 

investment, would be more sensitive to changes in N and P availability than that of the 149 

Glomeraceae, and that both groups would be more sensitive to changes in soil P compared 150 

to N. Of the two forms of N, we hypothesised that AM fungi would be more sensitive to 151 

changes in nitrate-N given its relative abundance and mobility compared to that of 152 

ammonium-N in most soils (Hodge & Storer 2015).  153 

  154 



Methods 155 

Sample and data collection 156 

The data associated with isolated fungal DNA and properties of the soils they were detected 157 

within were provided by the Biomes of Australian Soil Environments (BASE; now known as 158 

the Australian Microbiome Initiative, https://www.australianmicrobiome.com/) soil 159 

microbial diversity database (Bissett et al. 2016). Collection, handling and analysis of the 160 

samples from which these data are derived was performed by contributors to the BASE 161 

database as described by Bissett et al. (2016) and, where required, details of scientific 162 

licenses obtained by sample collectors can be found in the database. Briefly, for each 163 

sampling site, between nine and twenty-five soil samples were taken from 25 x 25 m 164 

quadrats at two soil depths (0-10 cm and 20-30 cm). For each depth, soil samples were 165 

homogenised into a composite sample representative of the plot at that depth. Here we 166 

focussed only on topsoil samples (0-10 cm depth); see Table S1 for a list of samples used 167 

here. Available P was measured using the Colwell method, while both nitrate-N and 168 

ammonium-N were extracted using 1 M potassium chloride at 25° C and measured using 169 

colorimetric analyses. These measurements on soil chemistry were generally conducted at 170 

CSBP Laboratories (Perth, WA). Data associated with samples where the concentration of P, 171 

nitrate-N or ammonium-N were greater than 50 mg/kg were excluded as few samples were 172 

available for analyses beyond this amount, which may lead to a few samples having 173 

substantially more leverage during model fitting. Both nitrate-N:P and ammonium-N:P were 174 

calculated as nitrate-N (mg/kg) or ammonium-N (mg/kg) divided by P (mg/kg). 175 

Fungal DNA was extracted from soils in triplicate using Mobio Powerlyzer PowerSoil DNA 176 

Isolation kits, performed following methods employed by the Earth Microbiome Project 177 

(https://earthmicrobiome.org/ protocols-and-standards/dna-extraction-protocol/). 178 

Following amplification of the fungal ITS region (using primers ITS1F and ITS4; Gardes & 179 

Bruns 1993; White et al. 1990), the DNA of each sample was sent to the Australian Genome 180 

Research Facility (Melbourne, Australia) and the Ramaciotti Centre for Genomics (Sydney, 181 

Australia) for sequencing. The ITS amplicons were sequenced using 300 bp paired end 182 

sequencing on an Illumina MiSeq (Illumina, Inc., San Diego, USA). The sequenced region 183 

(ITS1-5.8S-ITS2) is 550bp on average in fungi but can be much larger (Nilsson et al. 2015); 184 



thus for many reads there was not sufficient (or any) overlap between the forward and 185 

reverse pair of each template sequence to merge them into a single sequence read. To 186 

ensure that those long fungal ITS1-5.8S-ITS2 sequences were not excluded from our 187 

analysis, the ITS1 and ITS2 regions were separately extracted from forward and reverse 188 

reads, respectively, using ITSx (Bengtsson-Palme et al. 2013) and both regions were 189 

processed and summarised independently. Zero-radius operational taxonomic units (zOTUs) 190 

were generated from identified ITS regions and frequencies of zOTUs within each sample 191 

were determined. Protocols that describe the above methods in further detail can be found 192 

on the Australian Microbiome Initiative website 193 

(https://www.australianmicrobiome.com/protocols/).  194 

Here we analysed a subset of the fungal ITS data that could be assigned to the two AM 195 

fungal families of focus. A potential criticism of this approach is that relatively low 196 

amplification of AM fungal sequences has been reported when using general fungal ITS 197 

primers (Tedersoo et al. 2015; Tedersoo, Tooming-Klunderud & Anslan 2018; Lekberg et al. 198 

2018) and low read counts due to bias against AM fungal amplification would be 199 

misrepresentative when comparing AM fungal relative abundance with other non-AM 200 

fungal taxa. However, we argue that they are still useful when comparing relative 201 

abundances of AM fungal taxa and have an added benefit that in comparisons across soils 202 

from different vegetation types estimates of AM fungal read frequency relative to the total 203 

number of fungal reads reflect expected patterns in AM fungal relative abundance (i.e., 204 

grassland > woodland > forest). To generate this subset, the representative sequence 205 

associated with each zOTU was compared with the UNITE database version 8.2 using BLAST. 206 

OTUs were assigned fungal family-level annotations when they produced at least a 92% 207 

match (minimum 92% coverage) to at least one database sequence. When more than one 208 

match was observed, the taxonomy was assigned if that family made up more than 50% of 209 

the database matches. All other zOTUs were considered unassigned and were excluded 210 

from further analysis. Counts associated with multiple zOTUs assigned to the same family 211 

were summed, resulting in a single count for each family in each sample. The relative 212 

abundance of the Gigasporaceae and Glomeraceae in each sample was calculated as the 213 

sum of Gigasporaceae or Glomeraceae zOTUs within a sample divided by sequencing depth 214 

of the entire sample (all fungal ITS sequences). Sequencing depth varied among samples 215 



within and between vegetation types (Table S2), but normalisation of reads would 216 

potentially underestimate the abundance of rarer AM fungal taxa and reduce the power of 217 

the modelling approaches employed in this study (see next section).  218 

Following the data processing steps described above, this resulted in a total of 369 samples 219 

(83 grassland, 213 woodland and 73 forest) distributed throughout Australia (Figure 1). 220 

 221 

Statistical Analyses 222 

All data analyses were performed in R version 4.0.3 (R Core Team 2020). Because of the 223 

likelihood of spatial autocorrelation, a spatial linear regression modelling approach was 224 

employed to analyse the relationships between the relative abundance of the 225 

Gigasporaceae and Glomeraceae with soil fertility across vegetation type. The response 226 

variable was the proportion of sequence reads assigned to each AM family relative to all 227 

fungal reads, which was log10-transformed after adding a small constant (0.00001, slightly 228 

less than the minimum observed non-zero value, to avoid calculating undefined values). For 229 

predictor variables, we used AM fungal family (Gigasporaceae and Glomeraceae), 230 

vegetation type (grasslands, woodlands, forests), soil P, nitrate-N and ammonium-N 231 

(mg/kg), as well as nitrate-N:P and ammonium-N:P. The distribution of data for quantitative 232 

variables was skewed and therefore log10-transformed. Initially, both a linear and 233 

polynomial regression model were fitted, with the first- and second-degree polynomial 234 

function of the log-transformed P, nitrate-N and ammonium-N variables included as 235 

predictors in the latter. Using the 'spdep' R package (Bivand 2020), we employed a 236 

permutation test for Moran's I statistic (999 permutations) to test for spatial autocorrelation 237 

in the residuals of both fitted models and calculated the spatial weight for neighbour lists 238 

using the "knn2nb" and "knearneigh" (k = 13) functions. Significant spatial autocorrelation 239 

was identified in the residuals of both fitted models (Moran I's = 0.08, p = 0.001). To account 240 

for this, the "spdep" R package was again used to fit both a spatial lag and spatial error 241 

model. The Akaike information criterion (AIC) was compared between these two models 242 

and used to determine that the spatial lag model was the best fit. Subtractive modelling was 243 

then used to improve the model fits by testing all combinations of predictor variables and 244 

excluding those that weakened the compared linear and polynomial spatial lag models 245 



(Table S3) and interpreting patterns based on the sign, magnitude and significance (relative 246 

to a null hypothesis of each slope being equal to zero) of estimated parameter coefficients. 247 

Following subtractive modelling, the strongest model included a quadratic component for 248 

nitrate-N, thus the polynomial spatial lag model was chosen over the linear spatial lag 249 

model. 250 

 251 

Results  252 

We found strong evidence that the two AM fungal families responded differently to changes 253 

in soil P across vegetation type. In general, the Gigasporaceae declined while the 254 

Glomeraceae increased in relative abundance as soil P increased (Table 1; Figure 2) but 255 

these relationships varied among vegetation types (Figure 3A; Table 1). AM fungal 256 

abundance was observed to be more sensitive to changes in soil P within woodlands, rather 257 

than grasslands; while the Gigasporaceae decreased in frequency as soil P increased across 258 

all three vegetation types, the Glomeraceae was only observed to increase in frequency as 259 

soil P increased within woodlands. The positive trend between the Glomeraceae and soil P 260 

in forests was non-significant (P = 0.14). The inclusion of a quadratic term for soil P did not 261 

improve the model fit (Table S3), suggesting the rate at which AM fungal relative abundance 262 

changed with soil P was relatively consistent along the gradient.  263 

The Gigasporaceae and Glomeraceae also differed significantly in how they responded to 264 

changes in soil nitrate-N and, similarly to with soil P, the relationships varied among the 265 

three vegetation types (Table 2). Due to the complexity of the models, we interpreted them 266 

independently for each vegetation type (Figure 3B-C; Table 2). Relationships with increasing 267 

nitrate-N were again strongest in woodlands; in this vegetation type the Gigasporaceae 268 

decreased non-linearly and the Glomeraceae increased linearly as nitrate-N increased (Table 269 

2; Figure 3B). Neither family had a significant association with changes in nitrate-N within 270 

grasslands and forest systems despite positive trends (Table 2; Figure 3B).  271 

The only significant pattern with ammonium-N was a negative relationship with the 272 

frequency of Glomeraceae in woodlands (Table 2). This was a weak relationship and not 273 



apparent without accounting for spatial autocorrelation using the spatial lag model (Figure 274 

3C).  275 

 276 

Discussion 277 

This study provides evidence of soil P and N availability differentially affecting the functional 278 

composition of AM fungal communities across a diversity of ecosystems. These findings are 279 

consistent with the hypothesis that soil fertility, and particularly soil P availability, may act 280 

as a selective agent during AM fungal community assembly. The Gigasporaceae were more 281 

negatively associated with increased soil P than the Glomeraceae, and this was observed in 282 

all three vegetation types. This is consistent with observations of reduced AM benefit and 283 

AM fungal colonisation of roots with increasing soil P (Kluber et al. 2012; Lin et al. 2020; 284 

Smtih & Read 2008; Stribley, Tinker & Rayner 1980; Williams et al. 2017).  285 

On the other hand, frequencies of the Glomeraceae along gradients of soil P were stable in 286 

grasslands and forests, and increasing frequencies of the Glomeraceae with increasing soil P 287 

observed in woodlands in particular contrasts with these observations, suggesting the 288 

potential for P-limitation of fungi in some soils. Some experiments have noted increases in 289 

the abundance of some AM fungal taxa within P-limited soils following P-fertilisation 290 

(Treseder & Allen 2002; Alguacil et al. 2010; Camenzind et al. 2016). While Camenzind et al. 291 

(2016) reported a general increase and did not differentiate between taxa, both Treseder 292 

and Allen (2002) and Alguacil et al. (2010) noted that the Glomeraceae were promoted 293 

following P-additions to P-limited soils, particularly so in the latter study. Also apparent in 294 

our study, in which we observed that these relationships were linear across the full range of 295 

soil [P] in our study, encompassing a large range of natural levels ranging from P-limiting to 296 

P-rich, is the lack of a threshold value that would indicate a change in the relationship 297 

between abundance and soil P once this threshold was met. 298 

The neutral and positive relationships observed with soil P in this study, in the context of 299 

current models of partner promotion in AM associations (Steidinger & Bever 2016; Werner 300 

& Kiers 2015), suggest that the abundance of the Glomeraceae are perhaps less tied to plant 301 

requirements for P uptake compared to that of the Gigasporaceae, which were instead 302 



consistently negatively associated with increasing soil P. One possibility is that some 303 

Glomeraceae taxa are instead selected for increased pathogen protection for hosts (Powell 304 

et al. 2009; Sikes, Cottenie & Klironomos 2009), particularly at higher soil fertility. Shifts in 305 

the relative abundances of AM fungal taxa may also be exacerbated if increased P 306 

availability selects for plants that are less dependent on AM for nutrient uptake, particularly 307 

if those plants have root systems that are more susceptible to pathogen infection (Sikes, 308 

Cottenie & Klironomos 2009).  Future research should attempt to shed light on the 309 

significance of pathogen protection in natural systems and the role this function may play in 310 

AM fungal community assembly. 311 

Availability of N in either form played less of a role for either group of AM fungi in this study, 312 

with relationships being weak (nitrate-N with both groups in woodlands, ammonium-N with 313 

Glomeraceae in woodlands), saturating at relatively low levels of availability (nitrate-N with 314 

Glomeraceae in woodlands), or not observed (all other cases). There is still substantial 315 

evidence to suggest that N availability can influence the abundance of AM fungal taxa 316 

(Treseder 2004; Han et al. 2020; Camenzind et al. 2014; Van Diepen et al. 2007; Jiang et al. 317 

2018; Kim et al. 2015), but this is perhaps relatively minor compared to P availability, 318 

particularly in environments where P-limitation might be more prevalent as in many 319 

Australian soils (Hopper 2009; Rossel & Bui 2016; Kooyman, Laffan & Westoby 2017). This 320 

limited responsiveness to N may also be due to the variable and often non-contributions to 321 

plant N by AM associations (Johnson 2010; Smith & Smith 2011; Reynolds et al. 2005). While 322 

evidence is mounting as to the ability of AM fungi to contribute significant levels of N to 323 

their host (Corrêa, Cruz & Ferrol 2015), such observations appear to be highly context 324 

dependent and the biological significance of AM-mediated N exchange is unclear (e.g., Riley 325 

et al. 2019, Zhang et al. 2020). 326 

It’s unclear why relationships between soil fertility and AM fungal abundance were stronger 327 

and more frequently observed in woodlands compared with grasslands and forests. The 328 

number of woodland samples was more than double that of both grasslands and forests. 329 

However, trendlines were generally flat in most of those contexts with few exceptions (e.g., 330 

that for the Glomeraceae and soil P in forests, Figure 3A), sample numbers in grasslands and 331 

forests were not small and variance estimates were not much different than those for 332 

coefficients that were significant. Thus, we suspect that this was not an issue with statistical 333 



power. A characteristic of woodlands is a significantly greater canopy coverage of the 334 

understorey compared to grasslands while significantly less than forests (Breshears 2006; 335 

Shvidenko et al. 2005; Missouri Department of Conservation 2021), which would limit 336 

carbon fixation by AM hosts in the understorey compared with those hosts in grasslands but 337 

would facilitate an environment that is more favourable for carbon fixation by hosts in the 338 

understorey than in forests. There may also be greater potential for competitive 339 

interactions with other microbes, particularly EcM fungi. Many of the tree species in 340 

Eucalypt woodlands can be colonised by both EcM and AM fungi (Brundrett 2017; Australian 341 

Department of Agriculture and Water Resources 2018) with a tendency for EcM states to be 342 

more frequent in mature trees and AM in seedlings and saplings (Adams et al. 2006; Chen, 343 

Brundrett & Dell 2000). However, EcM fungal frequencies were relatively insensitive to P 344 

availability in woodland systems in this system, instead being negatively associated with 345 

nitrate-N (Zhang et al. 2023). That same study observed positive associations between 346 

frequencies of putative pathogenic fungi and both available P and nitrate-N, suggesting 347 

potential for increased competition between pathogens and fungi in the Gigasporaceae as 348 

well as larger demand for pathogen protection by fungi in the Glomeraceae. 349 

A limitation of this study is that DNA sequences were obtained from soil samples rather 350 

than roots. Significant variation has been reported between AM fungal taxa detected within 351 

roots and surrounding soil (Hempel, Renker & Buscot 2007; Yang et al. 2013; Ji et al. 2020). 352 

How the relative abundance of the Gigasporaceae and Glomeraceae vary with soil fertility in 353 

roots compared to within soil is not clear and should be determined through similar 354 

analyses using AM fungal DNA data collected from root samples. Accounting for host species 355 

from which these samples were derived would also add an important element to 356 

comparative analyses which could help explain variation in AM fungal responses to changes 357 

in soil fertility, particularly across different vegetation types, via host specific interactions.  358 

The context dependency of AM fungal associations with soil fertility has implications for 359 

exploitation of AM fungi in managed systems, particularly fertilised systems. Further 360 

understanding this context dependency would aide optimisation of using AM fungi to 361 

improve nutrient uptake, pathogen protection and ecosystem resiliency in agriculture, 362 

horticulture and restoration. For instance, are there fungal species within these taxa that 363 

perform better than expected in a particular soil fertility environment, whether they are 364 



from the Glomeraceae at low-P or the Gigasporaceae at high-P, that may be better suited 365 

for improving management outcomes? Does the apparent carbon limitation for AM fungi in 366 

woodland and forest environments affect their capacity to benefit hosts, particularly at very 367 

low (for the Gigasporaceae) or high (for the Glomeraceae) levels of soil fertility? Are there 368 

threshold levels of soil fertility that are associated with shifts between stages of fungal N-, P- 369 

and carbon-limitation but are not apparent in our study design?  370 

 371 

  372 



Data availability statement 373 

The raw data on which this study is based are all available via the Australian Microbiome 374 

Data Portal (https://data.bioplatforms.com/organization/australian-microbiome). The 375 

derived data used in this manuscript are available at figshare (DOI: XXXXXXXXX). R code used 376 

for data analyses are available at zenodo (DOI: XXXXXXXX). <The links in this statement will 377 

be updated following review.> 378 

 379 

Acknowledgements 380 

We thank Gupta Vadagattu and Anna Hopkins for feedback on an early draft of this 381 

manuscript. We would like to acknowledge the contribution of the Australian Microbiome 382 

and Biomes of Australian Soil Environments (BASE) consortiums in the generation of data 383 

used in this publication. They are supported by funding from the CSIRO, Director of National 384 

Parks, through the Bush Blitz program funded by the Australian Government and BHP, 385 

Bioplatforms Australia and the Integrated Marine Observing System (IMOS) through the 386 

Australian Government’s National Collaborative Research Infrastructure Strategy (NCRIS).   387 

We are grateful to all of those who contributed samples and contextual data to BASE and 388 

AM (https://www.australianmicrobiome.com/). This work was supported by funding from 389 

the Australian Research Council (FT190100590). 390 

 391 

  392 



References 393 

Adams, F, Reddell, P, Webb, MJ & Shipton, WA 2006, Arbuscular mycorrhizas and 394 
ectomycorrhizas on Eucalyptus grandis (Myrtaceae) trees and seedlings in native forests of 395 
tropical north-eastern Australia, Australian Journal of Botany, vol. 54, no. 3, pp. 271-81. 396 

Aguilar-Trigueros, CA, Hempel, S, Powell, JR, Cornwell, WK & Rillig, MC 2019, Bridging 397 
reproductive and microbial ecology: a case study in arbuscular mycorrhizal fungi, The ISME 398 
Journal, vol. 13, no. 4, pp. 873-84. 399 

Aguilar-Trigueros, C.A., Krah, F.-S., Cornwell, W.K., Zanne, A.E., Abrego, N., Anderson, I.C., 400 
Andrew, C.J., Baldrian, P., Bässler, C., Bissett, A., Chaudhary, V.B., Chen, B., Chen, Y., 401 
Delgado-Baquerizo, M., Deveautour, C., Egidi, E., Flores-Moreno, H., Golan, J., Heilmann-402 
Clausen, J., Hempel, S., Hu, Y., Kauserud, H., Kivlin, S.N., Kohout, P., Lammel, D.R., Maestre, 403 
F.T., Pringle, A., Purhonen, J., Singh, B.K., Veresoglou, S.D., Větrovský, T., Zhang, H., Rillig, 404 
M.C., Powell, J.R., n.d. Symbiotic status alters fungal eco-evolutionary offspring trajectories. 405 
Ecology Letters n/a. https://doi.org/10.1111/ele.14271 406 

Alguacil, MdM, Lozano, Z, Campoy, MJ & Roldán, A 2010, Phosphorus fertilisation 407 
management modifies the biodiversity of AM fungi in a tropical savanna forage system, Soil 408 
Biology and Biochemistry, vol. 42, no. 7, pp. 1114-22. 409 

Australian Department of Agriculture and Water Resources 2018. Australia’s State of the 410 
Forests Report 2018, viewed 05 May 2021, 411 
<https://www.agriculture.gov.au/abares/forestsaustralia/sofr/sofr-2018> 412 

Azcón-Aguilar, C, Bago, B & Barea, JM 1999, Saprophytic Growth of Arbuscular Mycorrhizal 413 
Fungi, (ed. A Varma & B Hock), in Mycorrhiza: structure, function, molecular biology and 414 
biotechnology, Springer, Berlin, Heidelberg, pp. 391-408. 415 

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., Godhe, A., De Wit, P., 416 
Sánchez-García, M., Ebersberger, I., de Sousa, F., Amend, A., Jumpponen, A., Unterseher, 417 
M., Kristiansson, E., Abarenkov, K., Bertrand, Y.J.K., Sanli, K., Eriksson, K.M., Vik, U., Veldre, 418 
V., Nilsson, R.H., 2013. Improved software detection and extraction of ITS1 and ITS2 from 419 
ribosomal ITS sequences of fungi and other eukaryotes for analysis of environmental 420 
sequencing data. Methods in Ecology and Evolution 4, 914–919. 421 
https://doi.org/10.1111/2041-210X.12073 422 

Bever, JD, Richardson, SC, Lawrence, BM, Holmes, J & Watson, M 2009, Preferential 423 
allocation to beneficial symbiont with spatial structure maintains mycorrhizal mutualism, 424 
Ecology Letters, vol. 12, no. 1, pp. 13-21. 425 

Bhadalung, NN, Suwanarit, A, Dell, B, Nopamornbodi, O, Thamchaipenet, A & Rungchuang, J 426 
2005, Effects of long-term NP-fertilization on abundance and diversity of arbuscular 427 
mycorrhizal fungi under a maize cropping system, Plant and Soil, vol. 270, no. 1, pp. 371-82. 428 

Bissett, A, Fitzgerald, A, Meintjes, T, Mele, PM, Reith, F, Dennis, PG, et al. 2016, Introducing 429 
BASE: the Biomes of Australian Soil Environments soil microbial diversity database, 430 
GigaScience, vol. 5, no. 1, pp.s13742-016. 431 



Bivand, R 2020, spdep: spatial dependence: weighting schemes, statistics. https://CRAN.R-432 
project.org/package=spdep, R package version 1.1-5 433 

Breshears, DD 2006, The grassland–forest continuum: trends in ecosystem properties for 434 
woody plant mosaics?, Frontiers in Ecology and the Environment, vol. 4, no. 2, pp. 96-104. 435 

Brundrett, M 2009, Mycorrhizal associations and other means of nutrition of vascular plants: 436 
understanding the global diversity of host plants by resolving conflicting information and 437 
developing reliable means of diagnosis, Plant and Soil, vol. 320, no. 1, pp. 37-77. 438 

Brundrett, M 2017, Distribution and Evolution of Mycorrhizal Types and Other Specialised 439 
Roots in Australia, in Biogeography of mycorrhizal symbiosis, Springer, pp. 361-94. 440 

Brundrett, M & Abbott, L 1991, Roots of Jarrah forest plants .I. mycorrhizal associations of 441 
shrubs and herbaceous plants, Australian Journal of Botany, vol. 39, no. 5, 445-57. 442 

Camenzind, T, Hempel, S, Homeier, J, Horn, S, Velescu, A, Wilcke, W, et al. 2014, Nitrogen 443 
and phosphorus additions impact arbuscular mycorrhizal abundance and molecular diversity 444 
in a tropical montane forest, Global Change Biology, vol. 20, no. 12, pp. 3646-59. 445 

Camenzind, T, Homeier, J, Dietrich, K, Hempel, S, Hertel, D, Krohn, A, et al. 2016, Opposing 446 
effects of nitrogen versus phosphorus additions on mycorrhizal fungal abundance along an 447 
elevational gradient in tropical montane forests, Soil Biology and Biochemistry, vol. 94, pp. 448 
37-47. 449 

Chen, Y, Brundrett, M & Dell, B 2000, Effects of ectomycorrhizas and vesicular–arbuscular 450 
mycorrhizas, alone or in competition, on root colonization and growth of Eucalyptus 451 
globulus and E. urophylla, New Phytologist, vol. 146, no. 3, pp. 545-55. 452 

Corrêa, A, Cruz, C & Ferrol, N 2015, Nitrogen and carbon/nitrogen dynamics in arbuscular 453 
mycorrhiza: the great unknown, Mycorrhiza, vol. 25, no. 7, pp. 499-515. 454 

Davison, J, Moora, M, Semchenko, M, Adenan, SB, Ahmed, T, Akhmetzhanova, AA, et al. 455 
2021, Temperature and pH define the realised niche space of arbuscular mycorrhizal fungi, 456 
New Phytologist, vol. 231, no. 2, pp. 763-76. 457 

de Souza, FA, Dalpé, Y, Declerck, S, de la Providencia, IE & Séjalon-Delmas, N 2005, Life 458 
history strategies in Gigasporaceae: insight from monoxenic culture, in In Vitro Culture of 459 
Mycorrhizas, Springer, Berlin, Heidelberg, pp. 73-91. 460 

Han, Y, Feng, J, Han, M & Zhu, B 2020, Responses of arbuscular mycorrhizal fungi to nitrogen 461 
addition: A meta-analysis, Global Change Biology, vol. 26, no. 12, pp. 7229-41. 462 

Hart, MM & Reader, RJ 2002, Taxonomic basis for variation in the colonization strategy of 463 
arbuscular mycorrhizal fungi, New Phytologist, vol. 153, no. 2, pp. 335-44. 464 

Hempel, S, Renker, C & Buscot, F 2007, Differences in the species composition of arbuscular 465 
mycorrhizal fungi in spore, root and soil communities in a grassland ecosystem, 466 
Environmental Microbiology, vol. 9, no. 8, pp. 1930-8. 467 



Hodge, A & Fitter, AH 2010, Substantial nitrogen acquisition by arbuscular mycorrhizal fungi 468 
from organic material has implications for N cycling, Proceedings of the National Academy of 469 
Sciences, vol. 107, no. 31, pp. 13754-9. 470 

Hodge, A & Storer, K 2015, 'Arbuscular mycorrhiza and nitrogen: implications for individual 471 
plants through to ecosystems', Plant and Soil, vol. 386, no. 1, pp. 1-19. 472 

Hopper, SD 2009, OCBIL theory: towards an integrated understanding of the evolution, 473 
ecology and conservation of biodiversity on old, climatically buffered, infertile landscapes, 474 
Plant and Soil, vol. 322, no. 1, pp. 49-86. 475 

Ji, L, Zhang, Y, Yang, Y, Yang, L, Yang, N & Zhang, D 2020, Long-term effects of mixed planting 476 
on arbuscular mycorrhizal fungal communities in the roots and soils of Juglans mandshurica 477 
plantations, BMC Microbiology, vol. 20, no. 1, p. 304. 478 

Jiang, S, Liu, Y, Luo, J, Qin, M, Johnson, NC, Öpik, M, et al. 2018, Dynamics of arbuscular 479 
mycorrhizal fungal community structure and functioning along a nitrogen enrichment 480 
gradient in an alpine meadow ecosystem, New Phytologist, vol. 220, no. 4, pp. 1222-35. 481 

Johnson, NC 2010, Resource stoichiometry elucidates the structure and function of 482 
arbuscular mycorrhizas across scales, New Phytologist, vol. 185, no. 3, pp. 631-47. 483 

Johnson, NC, Rowland, DL, Corkidi, L, Egerton-Warburton, LM & Allen, EB 2003, Nitrogen 484 
enrichment alters mycorrhizal allocation at five mesic to semiarid grasslands, Ecology, vol. 485 
84, no. 7, pp. 1895-908. 486 

Johnson, NC, Wilson, GWT, Wilson, JA, Miller, RM & Bowker, MA 2015, Mycorrhizal 487 
phenotypes and the Law of the Minimum, New Phytologist, vol. 205, no. 4, pp. 1473-84. 488 

Kiers, ET, Duhamel, M, Beesetty, Y, Mensah, JA, Franken, O, Verbruggen, E, et al. 2011, 489 
Reciprocal rewards stabilize cooperation in the mycorrhizal symbiosis, Science, vol. 333, no. 490 
6044, pp. 880-2. 491 

Kim, Y-C, Gao, C, Zheng, Y, He, X-H, Yang, W, Chen, L, et al. 2015, Arbuscular mycorrhizal 492 
fungal community response to warming and nitrogen addition in a semiarid steppe 493 
ecosystem, Mycorrhiza, vol. 25, no. 4, pp. 267-76. 494 

Kluber, LA, Carrino-Kyker, SR, Coyle, KP, DeForest, JL, Hewins, CR, Shaw, AN, et al. 2012, 495 
Mycorrhizal response to experimental pH and P manipulation in acidic hardwood forests, 496 
PLOS ONE, vol. 7, no. 11, pp. e48946-e. 497 

Koorem, K, Tulva, I, Davison, J, Jairus, T, Öpik, M, Vasar, M, et al. 2017, Arbuscular 498 
mycorrhizal fungal communities in forest plant roots are simultaneously shaped by host 499 
characteristics and canopy-mediated light availability, Plant and Soil, vol. 410, no. 1, pp. 259-500 
71. 501 

Kooyman, RM, Laffan, SW & Westoby, M 2017, The incidence of low phosphorus soils in 502 
Australia, Plant and Soil, vol. 412, no. 1-2, pp. 143-50. 503 



Krüger, M, Teste, FP, Laliberté, E, Lambers, H, Coghlan, M, Zemunik, G, et al. 2015, The rise 504 
and fall of arbuscular mycorrhizal fungal diversity during ecosystem retrogression, 505 
Molecular Ecology, vol. 24, no. 19, pp. 4912-30. 506 

Lin, C, Wang, Y, Liu, M, Li, Q, Xiao, W & Song, X 2020, Effects of nitrogen deposition and 507 
phosphorus addition on arbuscular mycorrhizal fungi of Chinese fir (Cunninghamia 508 
lanceolata), Scientific Reports, vol. 10, no. 1, p. 12260. 509 

Lin, G, McCormack, ML, Ma, C & Guo, D 2017, Similar below-ground carbon cycling 510 
dynamics but contrasting modes of nitrogen cycling between arbuscular mycorrhizal and 511 
ectomycorrhizal forests, New Phytologist, vol. 213, no. 3, pp. 1440-51. 512 

Miller, R, Wilson, G & Johnson, N 2012, Arbuscular mycorrhizae and grassland ecosystems, 513 
in Biocomplexity of Plant-Fungal Interactions, John Wiley & Sons, pp. 59-85. 514 

Missouri Department of Conservation 2021, 'Forests and Woodlands', Missouri Department 515 
of Conservation, viewed 21 April 2021, <https://mdc.mo.gov/discover-516 
nature/habitats/forests-woodlands>  517 

Nilsson, R.H., Tedersoo, L., Ryberg, M., Kristiansson, E., Hartmann, M., Unterseher, M., 518 
Porter, T.M., Bengtsson-Palme, J., Walker, D.M., Sousa, F. de, Gamper, H.A., Larsson, E., 519 
Larsson, K.-H., Kõljalg, U., Edgar, R.C., Abarenkov, K., 2015. A Comprehensive, Automatically 520 
Updated Fungal ITS Sequence Dataset for Reference-Based Chimera Control in 521 
Environmental Sequencing Efforts. Microbes and Environments 30, 145–150. 522 
https://doi.org/10.1264/jsme2.ME14121 523 

Phillips, LA, Ward, V & Jones, MD 2014, Ectomycorrhizal fungi contribute to soil organic 524 
matter cycling in sub-boreal forests, The ISME Journal, vol. 8, no. 3, pp. 699-713. 525 

Powell, JR, Parrent, JL, Hart, MM, Klironomos, JN, Rillig, MC & Maherali, H 2009, 526 
Phylogenetic trait conservatism and the evolution of functional trade-offs in arbuscular 527 
mycorrhizal fungi, Proceedings of the Royal Society B: Biological Sciences, vol. 276, no. 1676, 528 
pp. 4237-45. 529 

R Core Team 2020, R: A language and environment for statistical computing, Vienna, 530 
Austria: R Foundation for Statistical Computing. See http://www.R-project.org. 531 

Read, DJ 1991, 'Mycorrhizas in ecosystems', Experientia, vol. 47, no. 4, pp. 376-91. 532 

Reynolds, HL, Hartley, AE, Vogelsang, KM, Bever, JD & Schultz, P 2005, Arbuscular 533 
mycorrhizal fungi do not enhance nitrogen acquisition and growth of old-field perennials 534 
under low nitrogen supply in glasshouse culture, New Phytologist, vol. 167, no. 3, pp. 869-535 
80. 536 

Riley, R.C., Cavagnaro, T.R., Brien, C., Smith, F.A., Smith, S.E., Berger, B., Garnett, T., Stonor, 537 
R., Schilling, R.K., Chen, Z.-H., Powell, J.R., 2019. Resource allocation to growth or luxury 538 
consumption drives mycorrhizal responses. Ecology Letters 22, 1757–1766. 539 
https://doi.org/10.1111/ele.13353 540 

Rossel, RAV & Bui, EN 2016, A new detailed map of total phosphorus stocks in Australian 541 
soil, Science of The Total Environment, vol. 542, pp. 1040-9. 542 



Shvidenko, A, Barber, C, Persson, R, Gonzalez, P, Hassan, R, Lakyda, P, et al. 2005, Forest and 543 
woodland systems, in Ecosystems and human well-being: current state and trends, Island 544 
Press, Washington, D.C., pp. 525-621. 545 

Siciliano, S.D., Palmer, A.S., Winsley, T., Lamb, E., Bissett, A., Brown, M.V., van Dorst, J., Ji, 546 
M., Ferrari, B.C., Grogan, P., Chu, H., Snape, I., 2014. Soil fertility is associated with fungal 547 
and bacterial richness, whereas pH is associated with community composition in polar soil 548 
microbial communities. Soil Biology and Biochemistry 78, 10–20. 549 
https://doi.org/10.1016/j.soilbio.2014.07.005 550 

Sikes, BA, Cottenie, K & Klironomos, JN 2009, Plant and fungal identity determines pathogen 551 
protection of plant roots by arbuscular mycorrhizas, Journal of Ecology, vol. 97, no. 6, pp. 552 
1274-80 553 

Smith, SE & Read, DJ 2008, Mycorrhizal symbiosis, 3rd edn, Academic press, New York, NY. 554 

Smith, SE & Smith, FA 2011, Roles of Arbuscular Mycorrhizas in Plant Nutrition and Growth: 555 
New Paradigms from Cellular to Ecosystem Scales, Annual Review of Plant Biology, vol. 62, 556 
no. 1, pp. 227-50. 557 

Staddon, PL, Thompson, K, Jakobsen, I, Grime, JP, Askew, AP & Fitter, AH 2003, Mycorrhizal 558 
fungal abundance is affected by long-term climatic manipulations in the field, Global Change 559 
Biology, vol. 9, no. 2, pp. 186-94. 560 

Steidinger, BS & Bever, JD 2016, Host discrimination in modular mutualisms: a theoretical 561 
framework for meta-populations of mutualists and exploiters, Proceedings of the Royal 562 
Society B: Biological Sciences, vol. 283, no. 1822, p. 20152428. 563 

Stribley, D, Tinker, P & Rayner, J 1980, Relation of internal phosphorus concentration and 564 
plant weight in plants infected by vesicular-arbuscular mycorrhizas, New Phytologist, vol. 86, 565 
no. 3, pp. 261-6. 566 

Tedersoo, L, Tooming-Klunderud, A & Anslan, S 2018, PacBio metabarcoding of Fungi and 567 
other eukaryotes: errors, biases and perspectives, New Phytologist, vol. 217, no. 3, pp. 568 
1370-85. 569 

Tedersoo, L, Bahram, M, Põlme, S, Anslan, S, Riit, T & Kõljalg, U, et al. 2015, Response to 570 
Comment on “Global diversity and geography of soil fungi”, Science, vol. 349, no. 6251, pp. 571 
936-. 572 

Teste, FP, Laliberté, E, Lambers, H, Auer, Y, Kramer, S & Kandeler, E 2016, Mycorrhizal fungal 573 
biomass and scavenging declines in phosphorus-impoverished soils during ecosystem 574 
retrogression, Soil Biology and Biochemistry, vol. 92, pp. 119-32. 575 

Treseder, KK 2004, A meta-analysis of mycorrhizal responses to nitrogen, phosphorus, and 576 
atmospheric CO2 in field studies, New Phytologist, vol. 164, no. 2, pp. 347-55. 577 

Treseder, KK & Allen, MF 2002, Direct nitrogen and phosphorus limitation of arbuscular 578 
mycorrhizal fungi: a model and field test, New Phytologist, vol. 155, no. 3, pp. 507-15. 579 



Treseder, KK & Cross, A 2006, Global distributions of arbuscular mycorrhizal fungi, 580 
Ecosystems, vol. 9, no. 2, pp. 305-16. 581 

Vályi, K, Mardhiah, U, Rillig, MC & Hempel, S 2016, Community assembly and coexistence in 582 
communities of arbuscular mycorrhizal fungi, The ISME Journal, vol. 10, no. 10, pp. 2341-51. 583 

Van Diepen, LTA, Lilleskov, EA, Pregitzer, KS & Miller, RM 2007, Decline of arbuscular 584 
mycorrhizal fungi in northern hardwood forests exposed to chronic nitrogen additions, New 585 
Phytologist, vol. 176, no. 1, pp. 175-83. 586 

Weber, SE, Diez, JM, Andrews, LV, Goulden, ML, Aronson, EL & Allen, MF 2019, Responses of 587 
arbuscular mycorrhizal fungi to multiple coinciding global change drivers, Fungal Ecology, 588 
vol. 40, pp. 62-71. 589 

Werner, GD & Kiers, ET 2015, Partner selection in the mycorrhizal mutualism, New 590 
Phytologist, vol. 205, no. 4, pp. 1437-42. 591 

Williams, A, Manoharan, L, Rosenstock, NP, Olsson, PA & Hedlund, K 2017, Long-term 592 
agricultural fertilization alters arbuscular mycorrhizal fungal community composition and 593 
barley (Hordeum vulgare) mycorrhizal carbon and phosphorus exchange, New Phytologist, 594 
vol. 213, no. 2, pp. 874-85. 595 

Yang, H, Yuan, Y, Zhang, Q, Tang, J, Liu, Y & Chen, X 2011, Changes in soil organic carbon, 596 
total nitrogen, and abundance of arbuscular mycorrhizal fungi along a large-scale aridity 597 
gradient, CATENA, vol. 87, no. 1, pp. 70-7. 598 

Yang, W, Zheng, Y, Gao, C, Ding, Q, Kim, Y, Rui, Y, et al. 2013, The arbuscular mycorrhizal 599 
fungal community response to warming and grazing differs between soil and roots on the 600 
Qinghai-Tibetan plateau, PLOS ONE, vol. 8, p. e76447. 601 

Zhang, H.-Y., Bissett, A., Aguilar-Trigueros, C.A., Liu, H.-W., Powell, J.R., 2023. Fungal 602 
genome size and composition reflect ecological strategies along soil fertility gradients. 603 
Ecology Letters 26, 1108–1118. https://doi.org/10.1111/ele.14224 604 

Zhang, H.-Y., Powell, J.R., 2020. Advances in understanding arbuscular mycorrhizal fungal 605 
effects on soil nutrient cycling, in: Understanding and Improving Crop Root Function. 606 
Burleigh Dodds Science Publishing. 607 

 608 

  609 



Table 1. Slope, standard error and significance values for the relationships between log-610 
transformed relative abundance and log-transformed soil P for the Gigasporaceae and 611 
Glomeraceae by vegetation type. Vegetation types include data from all vegetation types or 612 
solely from grasslands, woodlands and forests. The interaction p-value represents whether 613 
the relationship between log P and fungal relative abundance significantly varies between 614 
the Gigasporaceae and Glomeraceae. Cells shaded green represent significant effects.  615 

Nutrient 
Coefficient 

Vegetation Fungal Order Slope Std Error p-Value 
Interaction 

p-Value 

Log P 

All 
Gigasporaceae -0.495 0.11 < 0.01 

< 0.01 
Glomeraceae 0.282 0.11 0.01 

Grasslands 
Gigasporaceae -0.73 0.33 0.03 

0.07 
Glomeraceae 0.12 0.33 0.73 

Woodlands 
Gigasporaceae -0.48 0.20 0.02 

< 0.01 
Glomeraceae 0.90 0.20 < 0.01 

Forests 
Gigasporaceae -0.72 0.34 0.03 

0.01 
Glomeraceae 0.50 0.34 0.14 

 616 

617 



Table 2. Slope, standard error and significance values for the relationships between log-618 
transformed relative abundance and log-transformed soil N. This includes linear and 619 
quadratic nitrate-N as well as linear ammonium-N coefficients. Vegetation types include 620 
data from all vegetation types or solely from grasslands, woodlands and forests. The 621 
interaction p-value compares how statistically different observed relationships are between 622 
the Gigasporaceae and Glomeraceae. Cells shaded green represent significant effects. 623 

Nutrient 
Coefficient 

Vegetation Fungal Order Slope Std Error p-Value 
Interaction  

p-Value 

Linear 

Log NO3 

All 
Gigasporaceae -0.27 0.18 0.14 

0.04 
Glomeraceae 0.25 0.18 0.17 

Grasslands 
Gigasporaceae -0.22 0.59 0.70 

0.55 
Glomeraceae 0.27 0.59 0.65 

Woodlands 
Gigasporaceae -0.76 0.33 0.02 

< 0.01 
Glomeraceae 0.86 0.33 0.01 

Forests 
Gigasporaceae 0.71 0.55 0.19 

0.06 
Glomeraceae -0.73 0.55 0.18 

Quadratic 

Log NO3 

All 
Gigasporaceae 0.501 0.17 < 0.01 

0.01 
Glomeraceae -0.09 0.17 0.60 

Grasslands 
Gigasporaceae 0.97 0.54 0.07 

0.08 
Glomeraceae -0.34 0.54 0.53 

Woodlands 
Gigasporaceae 0.65 0.33 0.05 

0.01 
Glomeraceae -0.56 0.33 0.09 

Forests 
Gigasporaceae 0.02 0.44 0.96 

0.22 
Glomeraceae 0.80 0.44 0.07 

Log NH4 

All 
Gigasporaceae 0.22 0.13 0.09 

0.01 
Glomeraceae -0.26 0.13 0.06 

Grasslands 
Gigasporaceae 0.15 0.40 0.68 

0.58 
Glomeraceae -0.13 0.37 0.72 

Woodlands 
Gigasporaceae 0.24 0.24 0.32 

0.03 
Glomeraceae -0.49 0.24 0.04 

Forests 
Gigasporaceae -0.05 0.46 0.91 

0.98 
Glomeraceae -0.07 0.46 0.88 
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 625 
Figure captions 626 

 627 

Figure 1. The sites at which grassland (A; n=83), woodland (B; n=213) and forest (C; n=73) 628 
samples were collected from across Australia. 629 

 630 

Figure 2. The linear relationship between log-transformed relative abundance and log-631 
transformed soil P for both the Gigasporaceae (red) and Glomeraceae (blue) with linear 632 
correlation co-efficient values. The figure includes all samples without separating by 633 
vegetation type. Each point represents the proportion of fungal reads associated with either 634 
the Gigasporaceae or Glomeraceae for a particular soil sample. Ribbons around trend lines 635 
represent confidence intervals (95%) for the linear relationship. The proportion of fungal 636 
reads associated with the Gigasporaceae decreased as soil P became more available. In 637 
contrast, the proportion of fungal reads associated with the Glomeraceae increased. 638 
Although these predictions do not account for spatial non-independence of samples, they 639 
are qualitatively similar to predictions observed in the spatial lag model (Table 1) and 640 
therefore included for visualisation of relationships. 641 

 642 

Figure 3. The relative abundance of detected Gigasporaceae (red) and Glomeraceae (blue) 643 
reads over gradients of soil P (A), nitrate-N (B) and ammonium-N (C) across three vegetation 644 
types: grasslands, woodlands and forests. The relationship between the relative abundance 645 
of AM fungal taxa and both P and ammonium-N was linear, while the relationship with 646 
nitrate-N was non-linear and included a quadratic component, although only the 647 
corresponding linear coefficients are presented above (blue coefficients for the 648 
Glomeraceae, red for the Gigasporaceae). Significant responses are represented by an 649 
asterisk beside the corresponding treatment coefficient. Although these predictions do not 650 
account for spatial non-independence of samples, they are generally qualitatively similar to 651 
predictions observed in the spatial model (Table 1; Table 2) and therefore included for 652 
visualisation of relationships. However, there are some inconsistencies as a result, most 653 
notably the relationship between the Glomeraceae and ammonium-N in woodlands; while 654 
there appears to be a positive trend between the Glomeraceae and ammonium-N in the 655 
figure, the relationship was actually significantly negative after accounting for spatial non-656 
independence (Table 2; p = 0.04).  657 
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Table S1. Samples used in this study. Sample names map to records in the Biomes of Australian Soil 
Environments (BASE; now known as the Australian Microbiome Initiative, 
https://www.australianmicrobiome.com/) soil microbial diversity database.  

Sample 
Vegetation 

Type Sample 
Vegetation 

Type Sample 
Vegetation 

Type Sample 
Vegetation 

Type 
7035 Grassland 9488 Woodland 19245 Woodland 39198 Forest 
7049 Grassland 9492 Woodland 19247 Woodland 39202 Forest 
7051 Grassland 9494 Woodland 19249 Woodland 39204 Forest 
7061 Grassland 9496 Woodland 19251 Woodland 39221 Forest 
7063 Woodland 9498 Woodland 19253 Woodland 39222 Forest 
7067 Grassland 9502 Woodland 19257 Woodland 39234 Forest 
7069 Grassland 9504 Woodland 19259 Woodland 39242 Forest 
7083 Woodland 9510 Woodland 19267 Woodland 39254 Forest 
7085 Woodland 9522 Woodland 19269 Woodland 39256 Forest 
7091 Grassland 9567 Grassland 19281 Woodland 39264 Forest 
7093 Grassland 9569 Grassland 19283 Woodland 39270 Forest 
7827 Forest 9577 Woodland 19285 Woodland 39272 Forest 
7829 Woodland 9579 Grassland 19287 Woodland 39274 Forest 
7831 Forest 9581 Woodland 19289 Woodland 39286 Forest 
7833 Woodland 9586 Forest 19291 Woodland 42146 Woodland 
7837 Forest 9588 Forest 19293 Woodland 42147 Woodland 
7839 Forest 10720 Woodland 19295 Woodland 42150 Forest 
7843 Forest 12424 Woodland 19297 Woodland 42151 Forest 
7845 Forest 12426 Woodland 19299 Woodland 42154 Forest 
7847 Forest 12428 Woodland 19301 Woodland 42155 Forest 
7849 Grassland 12430 Woodland 19303 Woodland 42158 Forest 
7855 Forest 12438 Woodland 19305 Woodland 42159 Forest 
7882 Woodland 12447 Forest 19307 Woodland 42163 Forest 
7886 Woodland 12459 Woodland 19309 Woodland 42166 Forest 
7896 Woodland 12463 Forest 19311 Woodland 42167 Forest 
7898 Woodland 12467 Forest 19313 Woodland 42170 Forest 
7900 Grassland 12473 Forest 19315 Woodland 42171 Forest 
7906 Woodland 12477 Forest 19317 Woodland 42174 Forest 
7910 Woodland 12483 Woodland 19319 Woodland 42175 Forest 
7916 Woodland 12487 Woodland 19321 Woodland 42178 Forest 
7918 Woodland 12489 Woodland 19323 Woodland 42179 Forest 
8076 Woodland 12491 Grassland 19325 Woodland 42182 Forest 
8078 Woodland 12493 Woodland 19327 Woodland 42183 Forest 
8080 Woodland 12495 Grassland 19453 Grassland 42236 Woodland 
8082 Woodland 12497 Woodland 19455 Grassland 42238 Woodland 
8084 Woodland 12499 Grassland 19457 Grassland 42240 Woodland 
8086 Woodland 12558 Forest 19459 Grassland 42242 Woodland 
8088 Woodland 12560 Grassland 19461 Grassland 42244 Woodland 
8114 Woodland 12562 Woodland 19463 Grassland 42246 Woodland 
8124 Woodland 12564 Grassland 19465 Grassland 42248 Woodland 
8142 Woodland 12566 Woodland 19467 Grassland 42250 Woodland 
8144 Grassland 12568 Grassland 19475 Woodland 42252 Woodland 
8146 Woodland 12570 Woodland 19477 Woodland 42254 Woodland 
8148 Grassland 12572 Grassland 19479 Woodland 42256 Woodland 
8150 Woodland 12574 Woodland 19481 Woodland 42258 Woodland 
8152 Grassland 12576 Grassland 19483 Woodland 42260 Woodland 
8154 Grassland 12578 Woodland 19485 Grassland 42262 Woodland 
8156 Grassland 12580 Grassland 19489 Grassland 42264 Woodland 
8158 Grassland 12582 Woodland 19491 Grassland 42266 Woodland 
8160 Grassland 12816 Forest 19493 Grassland 42268 Woodland 
8162 Grassland 12818 Forest 19495 Grassland 42270 Woodland 
8164 Grassland 12819 Forest 19497 Grassland 42272 Woodland 
8170 Grassland 12824 Forest 19499 Grassland 42274 Woodland 
8172 Grassland 12830 Forest 19501 Woodland 42276 Woodland 
8268 Woodland 12834 Woodland 19503 Woodland 42278 Woodland 
8276 Woodland 12836 Grassland 19505 Woodland 42280 Woodland 
8278 Grassland 12838 Forest 19507 Woodland 42282 Woodland 
8280 Grassland 12858 Grassland 19509 Woodland 42284 Woodland 
8282 Grassland 12884 Woodland 19511 Woodland 42286 Woodland 
8284 Grassland 12886 Grassland 19515 Woodland 42288 Woodland 



8286 Grassland 12897 Forest 19517 Woodland 42290 Woodland 
8288 Grassland 12899 Forest 39113 Grassland 62120 Forest 
8292 Grassland 12901 Woodland 39115 Grassland 62122 Forest 
8453 Woodland 12903 Forest 39117 Grassland 62124 Woodland 
8455 Grassland 13262 Grassland 39119 Grassland 62126 Grassland 
8457 Grassland 13266 Grassland 39121 Grassland 62128 Forest 
8459 Grassland 13268 Woodland 39123 Grassland 62130 Woodland 
8461 Grassland 13272 Grassland 39125 Woodland 62132 Grassland 
8463 Woodland 13276 Grassland 39127 Woodland 62134 Forest 
8465 Woodland 13282 Grassland 39129 Woodland 62136 Woodland 
8469 Grassland 13286 Grassland 39131 Woodland 62138 Grassland 
8487 Woodland 13729 Woodland 39133 Woodland 62142 Woodland 
8501 Forest 13731 Woodland 39135 Woodland 62144 Woodland 
8503 Forest 13733 Woodland 39137 Woodland 62147 Woodland 
8505 Forest 13735 Woodland 39139 Woodland 62148 Grassland 
8507 Grassland 13892 Woodland 39141 Woodland 62152 Woodland 
8511 Woodland 13893 Woodland 39143 Woodland 62156 Woodland 
8529 Woodland 13894 Woodland 39145 Woodland 62158 Woodland 
8531 Woodland 13895 Woodland 39147 Woodland 62160 Woodland 
9430 Woodland 13896 Woodland 39149 Woodland 62168 Forest 
9434 Grassland 13897 Woodland 39151 Woodland 62170 Woodland 
9436 Woodland 13898 Woodland 39153 Woodland 62172 Grassland 
9438 Forest 13899 Woodland 39155 Woodland 62174 Woodland 
9440 Forest 13900 Woodland 39157 Woodland 62176 Woodland 
9446 Woodland 13901 Woodland 39159 Woodland   
9448 Forest 13904 Woodland 39167 Woodland   
9450 Forest 13906 Woodland 39169 Woodland   
9452 Forest 14181 Woodland 39171 Woodland   
9458 Forest 14183 Woodland 39173 Woodland   
9460 Forest 19231 Woodland 39175 Woodland   
9462 Forest 19235 Woodland 39179 Woodland   
9464 Grassland 19237 Woodland 39181 Woodland   
9466 Woodland 19239 Woodland 39183 Woodland   
9468 Forest 19241 Woodland 39185 Woodland   
9486 Woodland 19243 Woodland 39187 Woodland   

  



Table S2. The mimimum and maximum sequencing depths for samples collected in each of the three 
target vegetation types: woodlands, grasslands and forests. 

 Woodland Grassland Forest 

Minimum 
Reads 

283 20449 14989 

Maximum 
Reads 

402402 388139 530864 

 

  



Table S3. Comparison of model fit (AIC scores) via subtractive modelling. The spatial lag model chosen for 
subsequent result interpretations was that with the lowest AIC and degrees of freedom (df). This model 
included a quadratic element for NO3 only as the removal of this quadratic element from P and NH4 
strengthened the model.  

Included Coefficients df AIC 

All 24 2492 

Intercept Only  3 2823.6 

order 4 2542.8 

order + vegetation_type + vegetation_type:order 8 2527.9 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p 

10 2495.6 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p + log_no3 + order:log_no3 

12 2491 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p + log_no3 + order:log_no3 + log_nh4 + 
order:log_nh4 

14 2490 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p + log_no3 + order:log_no3 + log_nh4 + 
order:log_nh4 + I(log_no3^2) + order:I(log_no3^2) 

16 2484.4 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p + log_no3 + order:log_no3 + log_nh4 + 
order:log_nh4 + I(log_no3^2) + order:I(log_no3^2) + I(log_p^2) 
+ order:I(log_p^2) 

18 2485.5 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p + log_no3 + order:log_no3 + log_nh4 + 
order:log_nh4 + I(log_no3^2) + order:I(log_no3^2) + 
I(log_nh4^2) + order:I(log_nh4^2) 

18 2485.6 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p + log_no3 + order:log_no3 + log_nh4 + 
order:log_nh4 + I(log_no3^2) + order:I(log_no3^2) + 
logNO3logPRatio + order:logNO3logPRatio 

18 2486.2 

order + vegetation_type + vegetation_type:order + log_p + 
order:log_p + log_no3 + order:log_no3 + log_nh4 + 
order:log_nh4 + I(log_no3^2) + order:I(log_no3^2) + 
logNH4logPRatio + order:logNH4logPRatio 

18 2487.9 

 


