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Abstract

Ecosystem retrogression following long-term pedogenesis is attributed to phosphorus

(P) limitation of primary productivity. Arbuscular mycorrhizal fungi (AMF) enhance P

acquisition for most terrestrial plants, but it has been suggested that this strategy

becomes less effective in strongly weathered soils with extremely low P availability.

Using next generation sequencing of the large subunit ribosomal RNA gene in roots

and soil, we compared the composition and diversity of AMF communities in three

contrasting stages of a retrogressive >2-million-year dune chronosequence in a global

biodiversity hotspot. This chronosequence shows a ~60-fold decline in total soil P con-

centration, with the oldest stage representing some of the most severely P-impover-

ished soils found in any terrestrial ecosystem. The richness of AMF operational

taxonomic units was low on young (1000’s of years), moderately P-rich soils, greatest

on relatively old (~120 000 years) low-P soils, and low again on the oldest

(>2 000 000 years) soils that were lowest in P availability. A similar decline in AMF

phylogenetic diversity on the oldest soils occurred, despite invariant host plant diver-

sity and only small declines in host cover along the chronosequence. Differences in

AMF community composition were greatest between the youngest and the two oldest

soils, and this was best explained by differences in soil P concentrations. Our results

point to a threshold in soil P availability during ecosystem regression below which

AMF diversity declines, suggesting environmental filtering of AMF insufficiently

adapted to extremely low P availability.
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Introduction

Mycorrhizal fungi play a major role in terrestrial

ecosystems, allowing plants to efficiently acquire poorly

mobile soil nutrients (Smith & Read 2008). The vast

majority of plant families (~92%) and species (>80%)

form mycorrhizas (Brundrett 2009). Arbuscular mycor-

rhizal fungi (AMF; phylum Glomeromycota) form the

most widespread type of mycorrhizas, found in ~74%

of vascular plant species (Brundrett 2009). Arbuscular

mycorrhizal fungi are well known to enhance uptake of

phosphorus (P), and to some degree nitrogen (N), in

plants (Hodge et al. 2010; Whiteside et al. 2012; Smith
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et al. 2015). As such, AMF are important drivers of

plant productivity in terrestrial ecosystems (van der

Heijden et al. 1998, 2008; Rosendahl 2008).

During long-term ecosystem development (i.e. tens

to hundreds of thousands of years), important changes

in soil nutrient availability occur. Primary productivity

is initially N-limited on young soils, because N enters

ecosystems primarily through biological N2 fixation,

but productivity peaks relatively rapidly to maximum

levels (Odum 1969). Conversely, P becomes increas-

ingly limiting in older soils as its amount and avail-

ability decline through time (Walker & Syers 1976;

Vitousek & Farrington 1997; Lalibert�e et al. 2012).

Eventually, severe P limitation in old, strongly weath-

ered soils leads to ecosystem retrogression, whereby

rates of ecosystem processes decline (Wardle et al.

2004; Peltzer et al. 2010; Turner et al. 2013). These

important changes in soil nutrient availability during

ecosystem retrogression have been suggested to lead

to shifts in the relative importance of different mycor-

rhizal associations (Read 1993). In particular, it has

been proposed that associations with AMF become less

important for plant nutrient acquisition on very old

and strongly weathered soils (Lambers et al. 2008),

because AMF are less effective at acquiring P when P

availability is very low (Parfitt 1979; Lambers et al.

2008, 2015a,b).

Long-term soil chronosequences, or gradients of soil

age, are useful model systems to explore how plant–
soil interactions depend on the type and strength of

nutrient limitation, while holding other important

ecosystem state factors (e.g., parent material, climate,

topography) relatively constant (Walker et al. 2010).

For example, soil chronosequences can be used to

explore how AMF community composition and diver-

sity vary during ecosystem development and associ-

ated declines in P availability (Dickie et al. 2013). This

is important, as little is known about changes in AMF

communities during ecosystem retrogression (Dickie

et al. 2013). This is particularly true for old landscapes

in the Southern Hemisphere, as most studies on AMF

communities have been conducted on younger soils or

short-term soil chronosequences in sites from the

Northern Hemisphere (Dickie et al. 2013).

Despite the low number of known AMF species

worldwide (~250; www.amf-phylogeny.com), local

AMF communities tend to be species-rich, often

exceeding the richness of the plant communities host-

ing them (Hawksworth 2001; €Opik et al. 2009). A first

step at enlarging the global molecular diversity data

set for AMF was recently published by €Opik et al.

(2013), where 33 new ‘virtual taxa’ were discovered

across six continents and five climatic zones. This indi-

cates that the currently described AMF species are

most likely only a proportion of the total global

diversity, although virtual taxa are not equivalent to

AMF species. Surveys of AMF communities in under-

studied regions of the Southern Hemisphere are

important for improving our understanding of AMF

phylogeny and diversity. For example, there are few

biodiversity studies of AMF in Australia (Logan et al.

1989; Shi et al. 2012), and little is known regarding

AMF communities in hyperdiverse plant communities

of Australia such as kwongkan shrublands (Hopper &

Gioia 2004). Important advances in molecular tools

(e.g. pyrosequencing) for analysing soil fungal commu-

nities are now providing unprecedented opportunities

to uncover AMF diversity in all ecosystems (Fierer

et al. 2013; Talbot et al. 2014; Tedersoo et al. 2014; van

der Heijden et al. 2015).

In this study, we sequenced AMF ribosomal DNA

from root and soil samples collected along a >2-mil-

lion-year chronosequence in a biodiversity hotspot

(Lalibert�e et al. 2012; Turner & Lalibert�e 2015). This

chronosequence shows strong declines in P availability

during retrogression, eventually leading to some of the

most P-impoverished soils on Earth (Lalibert�e et al.

2012; Turner & Lalibert�e 2015) that support species-

rich kwongkan shrublands (Zemunik et al. 2015). The

main objective of our study was to determine the

diversity and composition of AMF communities during

ecosystem retrogression. We hypothesized that AMF

diversity would initially increase with declining P

availability during the early stages of ecosystem retro-

gression, but would eventually decline on very old

soils with extremely low P availability. We also

hypothesized that there would be little overlap in

AMF community composition between the youngest

and the oldest soils, due to large differences in soil

characteristics such as P availability and pH (Lalibert�e

et al. 2012; Turner & Lalibert�e 2015). Our study pro-

vides a comprehensive survey of changes in AMF

communities during ecosystem retrogression across a

well-characterized soil chronosequence forming an

exceptionally strong P availability gradient (Turner &

Lalibert�e 2015).

Our study addresses two critical knowledge gaps in

mycorrhizal ecology and evolution (van der Heijden

et al. 2015), namely the description of AMF communi-

ties from understudied, biodiversity hotspots, and how

key environmental variables, such as soil nutrient

availability, control partner selection in mycorrhizal

symbioses. Long-term, retrogressive soil chronose-

quences provide excellent opportunities to study how

strong declines in soil P concentration shape mycor-

rhizal symbioses, but their potential as model systems

has yet to be fully realized (Dickie et al. 2013; Mart�ınez-

Garc�ıa et al. 2015).

© 2015 John Wiley & Sons Ltd

AMF COMMUNITIES DURING ECOSYSTEM DEVELOPMENT 4913

http://www.amf-phylogeny.com


Materials and methods

Study system

The study was conducted along the Jurien Bay >2-mil-

lion-year dune chronosequence (Lalibert�e et al. 2013)

located in southwestern Australia (~200 km northwest

of Perth). The Jurien Bay dune chronosequence com-

prises a series of three main pedogenic associations rep-

resented by well-defined morphostratigraphic dune

systems of marine origin (McArthur & Bettenay 1974).

The region is characterized by a strong Mediterranean

climate with annual long-term average precipitation of

570 mm, with no precipitation gradient across the

chronosequence and an annual average temperature of

25 °C (Australian Bureau of Meteorology, www.bom.-

gov.au/climate/data). The study area is not forested,

due to large annual water and nutrient deficits, but is

characterized by shrublands with exceptionally high

levels of woody plant biodiversity at all spatial scales

(Lalibert�e et al. 2014; Turner & Lalibert�e 2015).

Selection of chronosequence stages

We selected three distinct chronosequence stages for

this study that differ strongly in age, soil nutrient avail-

ability, and the strength and type of nutrient limitation,

and which represent the retrogressive phase of ecosys-

tem development along this sequence (Lalibert�e et al.

2012).

First, we selected the Quindalup dunes (referred as

‘young dunes’ hereafter), corresponding to stage 2 in

Lalibert�e et al. (2014). These dunes are associated with

the Holocene transgression (<7 ka) and have alkaline

soils due to their high carbonate content. Stage 2 was

selected (Hayes et al. 2014; Lalibert�e et al. 2014; Turner

& Lalibert�e 2015) as it shows the highest soil N and

plant-available P concentrations along the chronose-

quence (Turner & Lalibert�e 2015). Evidence from a

nutrient-limitation phytometer bioassay (Lalibert�e et al.

2012), and analyses of foliar nutrient concentrations of

native plants along the chronosequence (Hayes et al.

2014), point towards N and P colimitation of plant

growth at this chronosequence stage.

The second stage we selected, the Spearwood dunes

(referred as ‘middle-aged dunes’ or ‘middle dunes’

hereafter), corresponds to stage 4 in Lalibert�e et al.

(2014). These dunes were formed in the Middle Pleis-

tocene (~120 ka) and have a calcarenite core overlain by

siliciclastic sands that have been fully decalcified due to

prolonged weathering (Turner & Lalibert�e 2015). The

soils have low total P concentrations (~23 mg/kg) and

plant growth is limited by P availability (Lalibert�e et al.

2012; Hayes et al. 2014).

The third stage considered is the oldest one (stage 6

in Lalibert�e et al. 2014); the Bassendean dunes (referred

as ‘old dunes’ hereafter) were formed in the Early Pleis-

tocene (≥2 Ma) or possibly Late Pliocene (Kendrick et al.

1991). The strongly weathered soils are extremely low

in total P (~5 mg/kg), and plant growth is strongly lim-

ited by P availability on these soils (Lalibert�e et al. 2012;

Hayes et al. 2014).

Vegetation sampling

Flora surveys were conducted on 30 permanent plots

(10 m 9 10 m), 10 for each chronosequence stage. Each

plot was surveyed at least once between August 2011

and March 2012. The majority of plant species along

this chronosequence have evergreen foliage, but some

species (e.g. geophytes, annuals) do not have persistent

aboveground structures. Therefore, plots that were first

surveyed in drier months (November to March) were

resurveyed in September 2012, to ensure that species

with nonpersistent aboveground structures were

recorded. To estimate canopy cover and number of

individuals for each plant species within the 10 m 9

10 m plots, seven randomly located 2 m 9 2 m sub-

plots were surveyed within each plot. Within each

subplot, all vascular plant species were identified and

counted and the vertically projected vegetation canopy

cover was estimated.

From the 30 plots, five replicate plots per chronose-

quence stage for the present study were randomly

selected for a total of 15 plots and nutrient-acquisition

strategies of all collected plant species were determined

across the chronosequence (Zemunik et al. 2015). The

AM status of the host plants that were present on the

sampling sites was assessed and reported elsewhere

(Zemunik et al. 2015). In brief, mycorrhizal status of the

host plants was based on published literature (Brun-

drett 2009) and supplemented with root sampling of

plant species with unknown mycorrhizal status that

had a substantial canopy cover (>4% relative canopy

cover, Zemunik et al. 2015). The additional root samples

were collected from at least four individuals per plant

species; in total, 62 plant species representing 27 fami-

lies were assessed for mycorrhizal status, using stan-

dard protocols (Smith & Read 2008).

Root and soil sampling

In June, July and August 2012, soils were sampled with

a sand auger (5 cm diameter, 20 cm deep) in each sub-

plot within all plots. Soil samples were immediately

sieved (mesh size 2 mm), and all roots were extracted.

In addition, soil was sampled from fungal in-growth

cores (Wallander et al. 2001) at the edge of each subplot
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in April 2012 as part of an ongoing fungal biomass

experiment. They were left to settle until June and then

sampled, and in July and August, they were sampled

again, being in the field for at total of 5 months. The

purpose of this sampling was to determine the compo-

sition of the AMF community that scavenges over rela-

tively large distances (>3 cm from roots) in these soils

via extraradical hyphae and/or is found as spores in

soil. Prior to installation of the fungal in-growth cores

(7.5 cm diameter; 20 cm height), roots were removed

and prevented from growing into the cores with nylon

mesh bags or polyvinyl chloride (mesh size 50 lm). The

cardinal direction and the order of the cores along the

edge of the subplot were randomly assigned. Soil and

root samples were stored at �20 °C until further pro-

cessing. Roots were then thawed, washed, lyophilized

for 7 days and finally disrupted with a custom-built

bead mill.

Soil nutrient analyses

Soil nutrient analyses were carried out on the same soil

samples from which roots were extracted. Sieved soil

was homogenized and air-dried prior to chemical anal-

ysis. Total soil P concentration ([P]) was measured by

ignition (550 °C, 1 h) and extraction in 1 M H2SO4.

Resin P was extracted by anion-exchange membranes

(1 cm 9 4 cm; manufactured by BDH, Poole, UK, and

distributed by VWR International, West Chester, PA,

USA), and phosphate was desorbed from the mem-

branes by shaking for 1 h in 0.25 M H2SO4. Phosphate

detection was performed by automated online neutral-

ization and molybdate colorimetry using a Lachat Quik-

chem 8500 (Hach Ltd, Loveland, CO, USA). Total soil N

concentration was determined by combustion and gas

chromatography on a Thermo Flash 1112 analyser (CE

Elantech, Lakewood, NJ, USA). Soil pH was determined

in a 1:2 soil to solution ratio in 10 mM CaCl2 using a

glass electrode. Relevant site, soil, and vegetation data

were deposited in Dryad and Aekos and are available

at http://datadryad.org/resource/doi:10.5061/dryad.

ps320 and http://portal.aekos.org.au/dataset/193192.

DNA extraction, amplification and gel electrophoresis

DNA was extracted from the disrupted roots using a

cetyltrimethylammonium bromide protocol as described

in Kr€uger et al. (2009) of up to 30 mg dried homoge-

nized material. Soil was taken from each sampling time

point, mixed (10 g in total) and extracted with the -

PowerMax Soil DNA Isolation Kit (Mo-Bio Laboratories

Inc., Carlsbad, USA) following the instructions of the

manufacturer, with the exception of the fourth step,

where samples were vortexed for 10 min, then placed

in a water bath at 65 °C, and mixed every 3 min. The

AMF spores from single spore cultures (Acaulospora laevis

WUM11, Scutellospora calospora WUM12) were used as

positive controls in PCR.

We used a nested approach for PCR amplification

with the AMF-specific primer set SSUmAf and LSUmAr

in the first PCR, followed by a subsequent PCR with

the newly designed primer LSU-D2f (50- GTGAAA

TTGTTGAAAGGGAAAC- 30) modified from FLR3

(Gollotte et al. 2004) and the degenerated LSUmBr pri-

mer (Table S1, Supporting information) modified from

Kr€uger et al. (2009). The primers used here (targeting

the LSU) have previously been assessed as a valid

approach and to yield the highest AMF diversity from

field communities (Kr€uger et al. 2009; Gorzelak et al.

2012, Kohout et al. 2014). Due to potential PCR inhibi-

tion, DNA extracts were diluted 1:200, 1:1000, 1:2000,

1:5000 and 1:10000. In the first PCR, 5 lL of diluted

DNA extracts was used as template and 0.2 lL of the

first PCR was used in nested PCR. The GoTaq Green

Mastermix (Promega, Sydney, Australia) was used in

both PCRs with final concentrations of 19 GoTaq Green

Mastermix, 1.5 mM MgCl2, 200 lM of each dNTP and

0.5 lM primers. The conditions of the first PCR were as

follows: 5 min initial denaturation at 95 °C, 40 cycles of

45 s denaturation at 95 °C, 90 s annealing at 56 °C and

2 min elongation at 72 °C, followed by a final elonga-

tion of 10 min. In the nested PCR, multiplex identifier

(MID) tagged fusion primers (Table S1, Supporting

information) were used, amplifying ~400–550 bp of the

LSU rRNA gene covering the variable LSU-D2 rDNA

region. The same conditions as in the first PCR were

used for the nested PCR except for the annealing tem-

perature, which was 57 °C. In addition, the elongation

step was shortened to 1 min at 72 °C, and 35 cycles

were carried out. Fusion-tagged amplicon generation

was conducted in triplicates for each root and soil sam-

ple. All positive PCR amplicons of the same sampling

site, roots and soil separately, irrespective of the dilu-

tion used in PCR, were pooled and cleaned twice with

the Agencourt AMPure XP beads (Beckman Coulter

Genomics, MA, USA). The cleaned PCR amplicons were

visualized on a 2% (w/v) agarose gel for estimation of

DNA concentration for the subsequent equimolar pool-

ing in emulsion PCR. The bead:template ratio for 454

sequencing was determined by quantitative PCR

against standards of known molarity (Bunce et al.

2012).

Sequencing and bioinformatics

Sequencing of the PCR amplicons was conducted on

the Roche GS Junior system (Branford, CT, USA) using

Lib-A chemistry. Preprocessing of the resulting 454
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sequence reads was performed as described in Coghlan

et al. (2012) and involved searching for exact MID-tags

and primer sequences. Sequencing was performed at

the State Agricultural Biotechnology Centre at Murdoch

University, Australia. The trimmed and preprocessed

sequence reads were checked for chimeras using the de

novo mode of the UCHIME algorithm (Edgar et al. 2011)

and the remaining sequence reads were clustered using

USEARCH and the UCLUST algorithm (Edgar 2010),

with a cut-off of 0.97 sequence similarity. Singletons

were removed from the data set. All sequences of one

cluster were concatenated to one consensus sequence

using the iterative refinement method (L-INS-i) of

MAFFT, followed by a second clustering with the same

cutoff and final consensus sequences were created.

The final consensus sequences were checked for their

identity (taxonomic affinity) using BLAST against the

public databases (DDBJ/EMBL/GenBank). All nontar-

get consensus sequences were omitted for further analy-

ses, and the remaining sequences were aligned to the

reference data set published in Kr€uger et al. (2012). The

phylogenetic trees were calculated using the RAXML soft-

ware (RAxML-HPC2 on XSEDE ver. 7.6.3.; Stamatakis

et al. 2008) on the CIPRES web-portal using the tree

interference GTRGAMMA model with 1000 bootstraps

(raxmlHPC-HYBRID -T 6 -s infile -n result -p 12345 -9

12345 -N 1000 -f a -m GTRGAMMA). Operational taxo-

nomic units (OTUs) were labelled with taxon identifiers

according to their phylogenetic placement for subse-

quent statistical analyses.

The trimmed sequence reads and the resulting final

consensus sequences were deposited in Dryad and are

available at http://dx.doi.org/10.5061/dryad.tq0ft.

Statistical analyses

To explore what semi-quantitative signal might exist in

the next generation sequencing data (Nguyen et al.

2015), the most conservative approach that maintains

some quantitativeness to the OTU abundance data was

employed, by ranking the abundance and then using

the Gower distance metric. We transformed the number

of read data into either (i) presence–absence or (ii) rank

order prior to multivariate community analyses. Jaccard

(for presence–absence data) and Gower (for semi-quan-

titative data) dissimilarities among plots were subse-

quently calculated using the ‘VEGAN’ package (Oksanen

et al. 2013) in R (R Development Core Team 2013,

www.r-project.org). The AMF-OTU richness and plant

host species richness was estimated through rarefaction

analysis using the function ‘rarefy’ in the ‘VEGAN’ pack-

age (Oksanen et al. 2013). To allow comparisons of

AMF richness among samples, rarefaction was based on

the sample with the lowest number of AMF sequences.

Phylogenetic diversity (PD), net relatedness index (NRI)

and nearest taxon index (NTI) of AMF were calculated

from the branch length of the OTUs in the phylogenetic

trees using PHYLOCOM (Faith 1992; Webb et al. 2008) and

QIIME (Caporaso et al. 2010).

A linear model was used to test for differences in rar-

efied richness, plant host relative cover, PD, NRI and

NTI between chronosequence stages with five replicate

plots per stage. Model assumptions (normality and

homogeneity of variance of residuals) were assessed

graphically. Tukey’s honestly significant difference

(HSD) error bars and 95% confidence intervals (CIs)

were calculated with the ‘EFFECTS’ package (Fox 2003)

and used for statistical inference. In Figs 3, 7 and S5, the

CIs are accompanied by Tukey HSD bars (a = 0.05) and

used as visual multiple-mean comparison tests (Altman

et al. 2000), providing sufficient information for conduct-

ing inferences (Di Stefano et al. 2005; Cumming 2008).

To quantify relationships between key soil variables

(e.g., total P) and AMF-OTU richness, and between key

plant host variables (e.g., AM plant host richness) and

AMF-OTU richness, we performed a multiple linear

regression after selecting candidate variables via step-

wise and all subset variable selection approaches (Mur-

taugh 2009). Then, for the significant variables selected,

we calculated the relative importance (Gr€omping 2006)

of each variable (% contribution to the multiple R2) and

performed a simple regression with the most important

predictor variable and OTU richness.

Nonmetric multidimensional scaling (NMDS) was

performed using the ‘metaMDS’ function in the ‘VEGAN’

package (Oksanen et al. 2013) to visualize differences in

AMF community composition among the three

chronosequence stages. Due to visual indication from

the NMDS plot (Fig. 4) that the young dunes might

show significantly greater multivariate dispersion (i.e.

greater beta diversity; Anderson et al. 2006) than the

other two groups, a distance-based test of homogeneity

of within-group (i.e. dune system) dispersions was per-

formed, using the function ‘betadisper’ in the R package

‘VEGAN’ (Oksanen et al. 2013). Permutational distance-

based multivariate analysis of variance (PERMANOVA) was

used to test for differences in AMF community compo-

sition among chronosequence stages (Anderson et al.

2008); only statistics with P ≤ 0.05 were considered for

multiple comparisons. For explanation of variation in

AMF community structure, a canonical redundancy

analysis (RDA; Legendre & Anderson 1999) using key

soil (e.g., total P, N, C, etc.) and host plant variables

(AM host relative canopy cover, relative abundance,

richness and Simpson diversity) was performed. A

forward selection procedure was used to identify

the most-important predictor variables. The statistical

significance of the RDA models (global and subset of
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selected predictor variables), the individual canonical

axes and the forward selection procedure was deter-

mined with permutation tests in R (Borcard et al. 2011;

Legendre et al. 2011; Oksanen et al. 2013), using 9999

permutations. Finally, to assess the statistical signifi-

cance of the relationship between dominant AMF-OTU

occurrence or abundance and chronosequence stages,

we conducted indicator species analysis with the ‘INDIC-

SPECIES’ package (C�aceres & Legendre 2009).

Results

Phylogenetic classification

We identified 78 unique AMF-OTUs from root and soil

samples across all plots, from a total of 21681 AMF

reads. From the root samples, 66 OTUs (~80%) could be

assigned to AMF, while 17 OTUs were from nontarget

organisms such as Basidiomycota and Ascomycota

(Table 1). In soil, only 12 OTUs (~10%) of 184 in total

were of glomeromycotan origin (Table 1). The AMF-

OTUs in soil, mainly related to Diversispora and Acaulos-

pora, were never found in roots and vice versa (Table 2),

while for the nontarget organisms, there was overlap of

soil and root OTUs (Table S2, Supporting information).

The uncultured Rhizophagus sequences from soil clus-

tered apart from the Rhizophagus sequences derived

from roots (data not shown). The AMF-OTUs within

roots mainly comprised Rhizophagus and Glomus (Fig. 1;

Fig. S2, Supporting information). Only two OTUs clus-

tered within Claroideoglomus, two in Scutellospora (sensu

Redecker et al. 2013) and one in Archaeospora (Fig. 1,

Table 1 Fungal operational taxonomic units (OTUs) along the Jurien Bay dune chronosequence including the Quindalup dunes

(Young), the Spearwood dunes (Middle) and the Bassendean dunes (Old) classified according to soil age

Dune system Plot (site) Sample type #OTUs Non-AMF AMF #Reads #AMF reads % AMF reads

Young Q.M.7 R 4 2 2 499 492 98.6

Q.M.18 7 6 1 222 15 6.8

Q.M.23 1 0 1 185 185 100.0

Q.M.25 2 0 2 2170 2170 100.0

Q.M.26 2 0 2 1328 1328 100.0

Middle S.W.6 R 29 0 29 1951 1951 100.0

S.W.11 14 0 14 1749 1749 100.0

S.W.14 12 0 12 2141 2141 100.0

S.W.17 24 0 24 1485 1485 100.0

S.W.26 14 1 13 1224 1221 99.8

Old B.NL.1 R 11 0 11 3287 3287 100.0

B.HR.2 2 0 2 299 299 100.0

B.L.5 6 6 0 3363 0 0

B.L.6 14 0 14 1952 1952 100.0

B.L.14 8 3 5 2220 1981 89.2

Young Q.M.7 S 8 6 2 1128 2 0.2

Q.M.18 10 10 0 1013 0 0

Q.M.23 11 9 2 921 179 19.4

Q.M.25 7 3 4 622 505 81.2

Q.M.26 9 9 0 413 0 0

Middle S.W.6 S 6 6 0 1606 0 0

S.W.11 11 11 0 1153 0 0

S.W.14 10 10 0 1192 0 0

S.W.17 19 17 2 1073 562 52.4

S.W.26 24 22 2 980 132 13.5

Old B.NL.1 S 15 15 0 1170 0 0

B.HR.2 14 10 4 1526 45 2.9

B.L.5 18 18 0 1320 0 0

B.L.6 14 14 0 1546 0 0

B.L.14 8 8 0 269 0 0

The DNA was extracted (Sample type) from roots (R) or soil (S). The #OTUs is the number of all OTUs detected at the respective

sample site (Plot); nonarbuscular mycorrhizal fungi (non-AMF) shows the number of OTUs assigned to Ascomycota or Basidiomy-

cota; Arbuscular mycorrhizal fungi (AMF) displays the number of OTUs assigned to AMF; #Reads is the number of all sequence

reads observed for the respective site; #AMF reads is the number of sequence reads assigned to AMF; % of AMF reads shows the

percentage of AMF reads detected at the sampling site.
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Fig. S2, Supporting information). No Paraglomerales,

and only Archaeospora within Archaeosporales, were

observed.

Most OTUs (~72%) within roots were associated with

Rhizophagus, with the largest cluster close to Rhizophagus

clarus W3776/Att894-7. The ’Rhizophagus irregularis‘

clade comprised OTUs from the young and middle-aged

dunes. A basal cluster within Rhizophagus was formed

by the OTUs from the Jurien Bay chronosequence,

environmental sequences from Yalgorup National Park

(Shi et al. 2012), from a Tibetan Plateau, Himalaya, and

sequences of an uncultured Rhizophagus sp. from the

Peruvian Andes (Sen�es-Guerrero et al. 2014). The major-

ity of OTUs within Rhizophagus were not assigned to

any described Rhizophagus species. The remaining OTUs

isolated from roots clustered in Glomus (13), Claroideoglo-

mus (2), Scutellospora (2) and Archaeospora (1). The OTUs

assigned to Scutellospora, clustered either within

sequences of S. calospora (the type species) or with

S. spinosissima, apart from the Yalgorup sequences. The

solely detected Archaeospora sp. clustered with three

environmental Yalgorup sequences sister to an uncul-

tured Archaeospora sp. from the Peruvian Andes. The

OTUs derived from soils were mainly related to

Diversispora, Acaulospora and Rhizophagus fasciculatus

MUCL46100 (Fig. 2). The OTUs isolated from soil of the

young dunes were exclusively assigned to Diversispora,

forming their own clusters or clustered together with

Table 2 The 10 (or >5% relative sequence abundance) most frequently detected operational taxonomic units (OTUs) for DNA

extracted from roots or soil (Sample type) along the Jurien Bay dune chronosequence

OTU Taxonomic affinity Similarity #Reads Dune system Sample type Plot (site)

CL003 Uncultured Rhizophagus 3 96 4758 M, O Roots S.W.6, S.W.11, S.W.14, S.W.17,

B.NL.1, B.L.6, B.L.14

CL005 Uncultured Rhizophagus 3 96 3142 M, O Roots S.W.6, S.W.11, S.W.14, S.W.17,

B.NL.1, B.H.2, B.L.6, B.L.14

CL010 Uncultured Rhizophagus 1 98 2167 Y Roots Q.M.25

CL012 Uncultured Rhizophagus 6 98 1522 Y, M Roots Q.M.26, S.W.11, S.W.17

CL004 Uncultured Glomus 1 91 1482 M, O Roots S.W.17, S.W.26, B.NL.1, B.L.6

CL016 Uncultured Rhizophagus 1 97 954 M Roots S.W.6, S.W.14

CL002 Uncultured Rhizophagus 3 96 922 M, O Roots S.W.6, S.W.11, S.W.14, B.NL.1, B.H.2

CL001 Uncultured Rhizophagus 4 94 817 M, O Roots S.W.6, S.W.11, S.W.17, B.NL.1

CL015 Uncultured Rhizophagus 3 94 788 M, O Roots S.W.6, B.NL.1

CL018 Uncultured Rhizophagus 3 96 703 M, O Roots S.W.6, S.W.11, S.W.14, S.W.17, B.NL.1,

B.H.2, B.L.6, B.L.14

CL062 Uncultured Acaulospora 1 97 295 M Soil S.W.17

CL032 Uncultured Diversispora 3 93 281 Y Soil Q.M.25

CL029 Uncultured Acaulospora 1 99 267 M Soil S.W.17

CL078 Uncultured Diversispora 3 93 203 Y Soil Q.M.25

CL060 Uncultured Diversispora 1 93 109 Y, O Soil Q.M.7, Q.M.23, B.H.2

CL051 Uncultured Diversispora 1 92 94 Y, O Soil Q.M.7, Q.M.23, B.H.2

CL071 Uncultured Diversispora 2 95 68 M Soil S.W.26

CL223 Uncultured Diversispora 2 95 64 M Soil S.W.26

CL121 Uncultured Rhizophagus 5 96 13 O Soil B.H.2

CL112 Uncultured Diversispora 4 98 12 Y Soil Q.M.25

OTU shows the identifier of the most abundant OTUs; Taxonomic affinity displays the phylogenetic assignment shown in Figs 1, 2;

Similarity shows the sequence similarity to the closest BLAST hit in percentage (DDBJ/EMBL/GenBank); #Reads is the number of all

sequence reads observed for the respective OTU; Dune system shows the chronosequence stage where the OTU was found, the

young Quindalup dunes (Y), middle-aged Spearwood dunes (M) and old Bassendean dunes (O).

Fig. 1 Truncated maximum-likelihood phylogenetic tree of all operational taxonomic units (OTUs) detected in roots along the Jurien

Bay dune chronosequence. Long branches were shortened by 75%, indicated with three diagonal slashes, and the root was reduced

by 50% indicated by two diagonal slashes. Bootstrap support (BS) is only shown for genus and/or subgenus level and BS ≥60%. The

blue branches show OTU sequences from this study; the orange branches are equivalent to sequences from Shi et al. (2012; Yalgorup

National Park, part of the Quindalup dunes); the red branches display environmental sequence of the Tibetan Plateau, Himalaya; the

green branches belong to environmental sequences from the Peruvian Andes (Sen�es-Guerrero et al. 2014). Paraglomus occultum

AFTOL-ID844 was used as outgroup. The alternative shading illustrates the different clades within Glomeromycota sensu Redecker

et al. (2013). The scale bar indicates the number of substitutions per site.
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the old dunes OTUs. In the middle-aged dunes, OTUs

could also be assigned to Acaulospora, which clustered

with A. sieverdingii WUM18 originating from Nedlands,

Western Australia (collected by L.K. Abbott) and

Diversispora, clustering close to Diversispora trimurales

BR608 (Fig. 2).

Richness and diversity of OTUs

The greatest richness and diversity of AMF-OTUs were

found within roots of the middle-aged dunes (Fig. 3).

These samples showed the highest OTU number, cover-

ing all four glomeromycotan genera detected across all

root samples, with the highest PD (15.6; NRI 18.9,

Table S3b, Supporting information) of all three dunes.

These trends were maintained when analyses focused

on the dominant Rhizophagus spp., as most OTUs clus-

tered within Rhizophagus (Fig. 1).

The young and old dunes showed a significantly

lower AMF richness and diversity (young only) than

the middle dunes (Fig. 3). This was also reflected by

lower PD and NRI values (young 5.5 & -1.31; old 6.9 &

9.11, respectively; Table S3b, Supporting information).

At the dune level, the old dunes had 19 OTUs com-

pared with only six in the youngest, while the middle-

aged dunes had 92 OTUs in roots. The PD values of

OTUs in soil from the old dunes, comprising Diversis-

pora and Rhizophagus, were high compared with those

from the other dune systems. The OTUs from soil of

the young dunes were exclusively assigned to Diversis-

pora, while in the middle dunes, Diversispora and Acau-

lospora were detected (Fig. 2). In both the old and the
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young dunes, the PD and NRI values for AMF-OTUs in

soil were generally higher than those from roots

(Table S3a, Supporting information). However, this

pattern was reversed in the middle-aged dunes.

Differences in AMF community composition

Comparisons of the AMF communities based on their

presence–absence (Jaccard dissimilarity) or rank abun-

dances (Gower dissimilarity) indicated large differences

in AMF community composition among chronose-

quence stages, especially between the youngest and the

other two older dunes (Table 3). AMF community

composition in the middle dunes was most dissimilar

to that in the young dunes, but also different from the

oldest, based on Jaccard dissimilarities (Table 3). Non-

parametric multidimensional analyses using presence–
absence data of all samples (roots and soil) with dune

types (young, middle, old) showed some separation

between the chronosequence stages (Fig. 4), where

AMF community composition in the youngest dunes

was most distinct. There were no significant differences

in multivariate dispersions among dune systems

(F = 0.50, DFgroups = 2, DFresiduals = 11, P = 0.618, data

not shown), despite the NMDS plot (Fig. 4) suggesting

a possible greater dispersion in the young dunes.

The AMF communities on the old dunes differed signif-

icantly in their phylogenetic composition from those on

the other two chronosequence stages. For example, no

OTU within the ‘Rhizophagus irregularis‘ clade was

detected in the old dunes, while these were present in the

young and middle-aged dunes. The OTUs detected in the

old dunes were mainly assigned to Rhizophagus, close to

R. clarus (W3776/Att894-7), comprising also OTUs from

the middle dunes, Glomus and Scutellospora spinosissima

(W3009/Att664-1). The OTUs derived from soil of the old

dunes include a unique Rhizophagus species, basally to

R. fasciculatus MUCL46100. The OTUs related to R. clarus

were dominant in the old and middle-aged dunes, while

absent in the young dunes. This held true for a large clus-

ter within the ‘Glomus macrocarpum’ clade (sensu Redecker

et al. 2013). The OTUs from the middle-aged dunes com-

prised primarily Rhizophagus, close to R. clarus as in the

old, uncultured Rhizophagus sp. and ‘Rhizophagus irregu-

laris’ clade as in the young dunes and R. cerebriformis.

OTUs from middle dunes also shared a common clade

within Glomus with the old dunes OTUs. The only OTUs

assigned to S. calospora, Archaeospora and Acaulospora were

found in the middle dunes. Similar to the middle, the

young dunes harboured OTUs within the ‘Rhizophagus

irregularis’ clade, but also had Claroideoglomus OTUs that

were not detected in the other chronosequence stages.

Diversispora OTUs found in the young dunes were also

present in the oldest chronosequence stage.

Indicator AMF taxon (e.g. taxonomic identifier: OTU

or O. species) analysis from roots showed that the ‘un-

cultured Rhizophagus sp. 30 was an indicator taxon for

the middle and old dunes (Indicator statistic = 0.943, P-

value = 0.025). Although AMF community composition

in the young dunes soil was significantly different from

that in the other dunes when presence–absence data

were considered, this was not the case when the Gower

dissimilarity index was used with the rank-based

sequence data (Fig. S3, Supporting information). Accu-

mulation curves of the number of OTUs and sequences

show the sampling effort appeared adequate (Fig. S4,

Supporting information).

Soil nutrient availability

As expected from previous studies, soil total P concentra-

tions ([P]) were highest (~420 mg/kg) in the young dunes

(Lalibert�e et al. 2012; Hayes et al. 2014; Turner & Lalibert�e

2015). There was a sharp decline in soil total P concentra-

tion in the middle dunes (~23 mg/kg), and a further

decrease (~5 mg/kg) in the oldest chronosequence stage

(Fig. S5, Supporting information). The same trend was

observed for total N concentrations in the soil for the

sampling sites. Soils in the young dunes were alkaline

and became progressively more acidic in the middle-aged

and old dunes (Fig. S5, Supporting information).

Host plant cover and diversity

Variable selection approaches identified the key host

plant and soil variables such as soil total [P] and relative

cover of AM host plants as the only variables signifi-

cantly explaining the variation in AMF-OTU rarified rich-

ness in roots (Table S6, Supporting information).

Subsequently, nonlinear regression analyses of the most-

important variable (total [P]) showed a significant trend

between AMF-OTU richness and soil total [P], where

lower AMF-OTU richness was significantly correlated

with the lowest and highest soil [P] (Fig. 5). Similar

trends were found when soil-based OTUs were included

in these analyses (Fig. S6, Supporting information). The

redundancy analysis (RDA) of the AMF-OTUs from roots

with key soil variables (e.g. total [P]) and host plant

responses (e.g. richness and diversity) identified total [P]

as the most important factor (Fig. 6). Concentrations of

Cu did indicate a marginal effect on the AMF communi-

ties, in particular in the medium-aged soils (Fig. 6). AM

plant host species richness or relative cover/abundance

was not selected by the forward selection procedure, sug-

gesting that host abundance or diversity was likely not

an important driver of AMF community composition

along the chronosequence. On the other hand, soil Cu

concentrations explained part of the variation in AMF
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community composition although this was mainly driven

by a single data point (Fig. 6). The richness of AM–host
plants did not increase with soil age along the chronose-

quence (Fig. 7a). On the other hand, the relative canopy

cover of AM host plants was lower in the old dunes,

although the difference in relative cover (16% lower in

the old vs. middle-aged dunes) was relatively low

(Fig. 7b). Furthermore, the richness of all plants was only

significantly greater in the old dunes compared with the

young dunes (Fig. 7c), while diversity did not increase

with soil age along the chronosequence (Fig. 7d).

Discussion

AMF community dynamics with ecosystem
development

Our results show that AMF-OTU richness, and to some

degree phylogenetic diversity, increased during the

early stage of ecosystem retrogression along with an

associated decline in P availability, but that AMF rich-

ness eventually declined on very old soils where P

availability was extremely low. Strikingly, this decline

in AMF richness on the oldest soils occurred despite: (i)

invariant host plant richness; (ii) a small decline in host

relative canopy cover; (iii) only a small increase in plant

(all species) richness; and (iv) invariant plant (all spe-

cies) diversity. The lower AMF richness and diversity

observed for the distinct AMF community in the oldest

and most P-impoverished soils compared with those in

the younger dunes suggest that relatively few AMF spe-

cies can effectively acquire P under extremely low P

availability.

Our correlative analyses of AMF community

composition and diversity with potentially important

abiotic and biotic factors such as soil chemical proper-

ties, host plant richness, relative cover, relative abun-

dance and diversity, suggest that total [P] in these soils
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Fig. 3 (a) Rarefied richness and (b) diversity expressed as phylogenetic diversity (PD) and net relatedness index (NRI) of arbuscular

mycorrhizal fungal (AMF) communities along the Jurien Bay dune chronosequence based on the number of sequences per opera-

tional taxonomic unit (OTU). The NRI value indicates degree of phylogenetic clustering of AMF communities, where a positive value

indicates clustered communities and negative values indicate overdispersed communities. The nearest taxon index (NTI) was invari-

ant to chronosequence stages (Table S5, Supporting information). The three most distinct chronosequence stages, the young Quin-

dalup dunes (Young), middle-aged Spearwood dunes (Middle), and old Bassendean dunes (Old) are shown. Values are means with

95% confidence intervals (dotted lines), Tukey’s HSD error bars (solid), and different letters to indicate statistically significant differ-

ences between means (Tukey HSD tests with P ≤ 0.05).
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is the most important factor structuring the AMF

communities. Indeed, the lowest levels of soil P were

correlated with lower AMF-richness found in the oldest

soils. On the other hand, relatively high levels of total P

in the young soils were also associated with low AMF-

OTU richness, whereas the most diverse AMF commu-

nities were associated with soils with intermediate

levels of total soil P. In addition, total [P] was the most

important factor explaining variation in AMF commu-

nity structure being significantly different on the older,

P-poor soils compared with the younger, relatively P-

rich soils.

Recently, Mart�ınez-Garc�ıa et al. (2015) were the first

to quantify shifts in AMF community composition and

diversity during ecosystem retrogression using next

generation sequencing. They found that plant host iden-

tity was an important driver of AMF community com-

position, whereas we did not find such a strong effect

of host richness or diversity. They used the well-known

Franz Josef glacier chronosequence in New Zealand,

but the oldest and most P-impoverished sites are rela-

tively young and P-rich compared with the oldest sites

along the Jurien Bay dune chronosequence which are

among the most P-impoverished soils ever found (Lal-

ibert�e et al. 2012; Turner & Lalibert�e 2015). In addition,

the Jurien Bay dune chronosequence is located in one of

the world’s biodiversity hotspots (Myers et al. 2000),

with exceptionally high plant diversity at all spatial

scales (Hopper & Gioia 2004; Mucina et al. 2014).

Importantly, plant species turnover across the Jurien

Bay chronosequence is exceptionally high, and such

high turnover is directly linked to changes in soil prop-

erties during long-term soil formation (Zemunik et al.

Table 3 Multivariate community analyses using permutation

distance-based multivariate ANOVA (PERMANOVA) showing degree

of dissimilarity between arbuscular mycorrhizal fungal com-

munities on the three chronosequence stages young Quindalup

dunes (Y), middle-aged Spearwood dunes (M) and old Bassen-

dean dunes (O) along the Jurien Bay dune chronosequence

Taxonomic

identifier

Data matrix

type

Dissimilarity

measure

Dune system

comparisons

P-

value

Operational

taxonomic

units

Presence–
absence

(roots &

soil)

Jaccard — 0.007

Y vs. M 0.01

Y vs. O 0.034

M vs. O 0.564

Rank

(roots)

Gower — 0.543

Rank (soil) Gower — 0.396

Operational

species-

level

Presence–
absence

(roots &

soil)

Jaccard — 0.005

Y vs. M 0.023

Y vs. O 0.035

M vs. O 0.025

Rank

(roots)

Gower — 0.044

Y vs. M 0.216

Y vs. O 0.008

M vs. O 0.988

Rank

(soil)

Gower — 0.359

P-values < 0.05 are shown in bold, nonsignificant (P > 0.05)

multiple comparison tests are not included. The PERMANOVA F

statistic can be interpreted similarly to a classic univariate

ANOVA. Only PERMANOVA statistics with P ≤ 0.05 were considered

for multiple comparisons

R2 = 0.37  Stress = 0.026
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Fig. 4 Nonparametric multidimensional scaling (NMDS) plot

of all samples (roots and soil) along the Jurien Bay dune

chronosequence with the three chronosequence stages young

Quindalup dunes (Young), middle-aged Spearwood dunes

(Middle) and old Bassendean dunes (Old). The Jaccard dissimi-

larity index was used (presence–absence matrix) derived from

sequence numbers per operational taxonomic units. This

NMDS ordination was performed using the metaMDS function

in R via the ‘VEGAN’ package to visualize the similarity in the

AM fungal community between chronosequence stages. Each

point symbolizes a single AM fungal community, and ellipses

represent 95% confidence intervals around the chronosequence

stage centroids. Nonoverlapping ellipses are considered signifi-

cantly different and can be used to visually estimate the degree

of similarity (overlap) or difference (no overlap) in the AM

fungal community. R2 values represent the amount of variation

in the data set explained by the chronosequence stages, based

on RDA. The stress value is a measure of the disagreement

between the rank order in the original data set and that in the

NMDS (lower numbers indicate better agreement and rule of

thumb: stress >0.3 provides a poor representation).
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2015); the strong covariation between soil properties

and plant species composition could partly explain why

we found that soil properties (e.g. total soil [P]) are the

most important drivers of AMF community structure.

Our study is particularly interesting as we found that

AMF diversity declined despite invariant host plant

diversity, despite earlier predictions that AMF diversity

should mirror changes in AM host plant diversity (van

der Heijden et al. 1998, 2008).

The sharp decline in AMF richness on the oldest

dunes was not completely unexpected, because AMF

may be less effective in acquiring P (Lambers et al.

2008) in strongly P-impoverished soils as many AMF

species only enhance plant P acquisition by ‘scaveng-

ing’ inorganic P from the soil solution (Smith & Read

2008). The decrease in potential AM host cover may

play an additional role. In soils with extremely low P

availability, resource trading within AM involving

many AMF species that fail to effectively acquire P may

no longer be reciprocal or favourable to both partners

(Kiers et al. 2011; Lambers & Teste 2013). Our current

understanding of the functioning of mycorrhizal fungal

communities relies heavily on work done on relatively

young soils or short-term chronosequences lacking an

important part of long-term ecosystem development,

namely ecosystem retrogression (Dickie et al. 2013). As

such, our survey of AMF communities during ecosys-

tem retrogression is the among most comprehensive to

date. Importantly, it highlights, for the first time, that

there is a threshold in P availability below which AMF

diversity declines, confirming predictions made by

some authors (Lambers et al. 2008).

Mart�ınez-Garc�ıa et al. (2015) found greater beta diver-

sity of AMF communities at young sites, similar to the

present trend (although not significant, possibly due to

lower statistical power). The authors suggested that

stochastic priority effects during community assembly

led to greater beta diversity in the young soils, whereas

AMF community assembly on their oldest sites was

controlled by stronger environmental filtering. Our

results partly corroborate the findings of Mart�ınez-

Garc�ıa et al. (2015), as our NMDS suggests a possible

role for environmental filtering in reducing beta diver-

sity in the oldest soils.

One of the strengths of long-term soil chronose-

quences as soil nutrient availability gradients is that

they maximize variation in one factor (in this case, soil
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Fig. 5 Regression analyses of rarified AMF-OTU richness on

roots and soil total phosphorus concentration along the Jurien

Bay dune chronosequence. The three chronosequence stages

selected were as follows: young Quindalup dunes (Young),

middle-aged Spearwood dunes (Middle) and old Bassendean

dunes (Old). Shown here is a second-order polynomial regres-

sion fit (y = 2.52 – 1.66x – 5.49x2, Adjusted R2 = 0.66,

P < 0.001). Similar results were found for all OTUs

(roots + soil), see Fig. S6.
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Fig. 6 Redundancy analysis (RDA) biplot with fitted plot and

forward-selected soil nutrient variables. Forward selection of

soil and host plant factors identified concentrations of total

phosphorus (P) and exchangeable copper (Cu) as key drivers

of the variation in AMF-OTU composition. The first two canon-

ical axes explained 19.2% (R2 = 0.316; R2
adj = 0.192; pseudo-

F = 2.54, DFmodel = 2, DFresidual = 11, P < 0.001) of the total

variation in the community data, where the first axis alone

explains 14.3% based on the proportion of R2
adj. Only the first

RDA axis was statistically significant when the permutation

test was conducted by axis (pseudo-F = 3.79, DFmodel = 1,

DFresidual = 11, P < 0.001).
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age, which influences soil nutrient availability through

long-term weathering) while minimizing variation in

other important factors such as soil type climate and

parent material (Walker et al. 2010). Previous work

along the Jurien Bay dune chronosequence showed that

parent material is reasonably consistent, except for the

oldest dunes (Bassendean), which probably contained

less carbonate at deposition (Lalibert�e et al. 2012, 2013;

Turner & Lalibert�e 2015); however, we do not consider

the lower initial carbonate content of the oldest dunes

to be problematic in studies of plant–soil interactions,

as carbonate loss from these soils is very rapid (Turner

& Lalibert�e 2015). Although older dunes are further

from the coast than younger ones, there is negligible

change in rainfall across the 15-km wide chronose-

quence (Lalibert�e et al. 2012; Turner & Lalibert�e 2015).

Salinity does not play a role either, as exchangeable Na

concentrations are very low across all dunes and not

greater in the younger dunes closest to the coast

(Turner & Lalibert�e 2015). Nevertheless, any ‘natural

gradient’ can contain possible confounding factors,

including dispersal limitation of AMF spores.

AMF communities on P-impoverished soils

The observed increase in AMF richness in the middle-

aged dunes was due to the persistence of AMF associ-

ated with pioneer plant species from the young dunes

as well as the appearance of new AM host plants on

the middle-aged dunes (Zemunik et al. 2015). The much

lower soil pH associated with the most diverse AMF

community in the middle-aged dunes, when compared

with that in the young dunes, suggests that community

composition of AMF could be pH-driven (Lekberg et al.

2011; Meadow & Zabinski 2012) with varying growth

response of AMF species to low pH (van Aarle et al.

2002). However, under P limitation, the higher AMF

diversity in the middle-aged dunes is more likely dri-

ven by greater allocation of plant C to AMF under P

limitation. Plants growing in the oldest, severely P-im-
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Fig. 7 (a) Rarefied richness of arbuscular mycorrhizal (AM) host-plant communities along the Jurien Bay dune chronosequence based
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cies. The three most distinct chronosequence stages, the young Quindalup dunes (Young), middle-aged Spearwood dunes (Middle),

and old Bassendean dunes (Old) are shown. Values are means with 95% confidence intervals (dotted lines), Tukey’s HSD error bars

(solid), and different letters to indicate statistically significant differences between means (Tukey HSD tests with P ≤ 0.05).
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poverished soils use a diverse range of strategies to

efficiently acquire and use P (Zemunik et al. 2015). They

efficiently acquire P by scavenging soil P like the AM

and ectomycorrhizal plants (Lambers 2014), release

large amounts of carboxylates and phosphatases to

mobilize P (Lambers et al. 2006), resorb P extremely effi-

ciently from senescing leaves (Hayes et al. 2014) and

fine roots (Shane et al. 2004), and maintain a very high

photosynthetic P-use efficiency like the cluster-rooted

plants (Lambers et al. 2012). However, AM plant species

cover was significantly lower in the oldest dunes com-

pared with those in the middle-aged dunes. Therefore,

the decline in AMF richness on the oldest soils could be

partially explained by the lower relative AM host plant

cover. The decline in P availability during ecosystem

development can also be accompanied by a shift of

bacterial communities (Jangid et al. 2013), for example,

bacteria promoting mycorrhizal formation, which might

play a role during ecosystem retrogression and AM

development in the oldest dunes. The lower AMF rich-

ness and diversity found in the younger dunes might

also be due to low spore abundance, reduced formation

of hyphae and the alkaline soil pH (Abbott & Gazey

1994).

Phylogenetic diversity of AMF

The AMF discovered in this long-term chronosequence

in southwestern Australia cover all main glomeromy-

cotan lineages, with the exception of Paraglomerales.

The absence of Archaeosporales, except Archaeospora, is

congruent with the results of AMF inhabiting the

young dunes (Shi et al. 2012), sand dunes in Southern

Arabia (Al-Yahya’ei et al. 2011), in Portugal (Rodr�ıguez-

Echeverr�ıa & Freitas 2006), Southern and Northern Bra-

zil (C�ordoba et al. 2001; da Silva et al. 2012), Northern

Venezuela (Alarc�on & Cuenca 2005) or in southwestern

Japan (Yamato et al. 2012). The highest number of

AMF-OTUs was assigned to Glomeraceae, abundant

throughout the dunes (Tables S2 and S4, Supporting

information) with the highest phylogenetic diversity

(PD and NRI) at the middle-aged dunes (Table S3b,

Supporting information). Glomeraceae are globally

widespread and found in a variety of environments,

including some harsh conditions such as high aridity,

salinity and high soil acidity and are reported to be

dominant in sandy soils in Brazil, Italy and Poland

(C�ordoba et al. 2001; Turrini et al. 2010; Błaszkowski

et al. 2002). Gigasporaceae were present in the middle

and late stage of ecosystem progression due to their

potential of adapting to low [P] in soil (Hart & Reader

2002) and were previously reported from coastal sand

dunes (C�ordoba et al. 2001; da Silva et al. 2012). Acaulos-

pora spp., which are common in the middle-aged

dunes, are frequent in early successions and remain so

in mature ecosystems (Johnson et al. 1991; Sikes et al.

2012) and are present in most sandy soils (Al-Yahya’ei

et al. 2011; de Souza et al. 2013). Shi et al. (2012)

recently analysed part of the young (Quindalup) dunes

system in Yalgorup National Park in southwestern Aus-

tralia, mainly observing Archaeospora and Glomus spe-

cies. The AMF-OTUs detected with next generation

sequencing are congruent with the traditionally cloning

and Sanger sequencing approach of Shi et al. (2012).

Furthermore, we found new OTUs mainly related to

Diversispora and Acaulospora within the study site. This

might be due to the fact that Shi et al. (2012) used only

roots from trap-cultured plants, and not soil, as we

showed that the AMF-OTUs detected in soil were not

detected in roots, and vice versa. The lack of overlap of

AMF-OTUs from soil and root samples was unex-

pected, but suggests that long-distance scavenging

AMF species were marginal (below the detection level)

or absent.

Despite the lower number of replicates for the young

dunes compared with those in Shi et al. (2012), we

observed almost the same AMF across these dunes. The

AMF detected in the Jurien Bay dune chronosequence

were also reported in studies from the Southern Hemi-

sphere and Northern Hemisphere, and globally found

in sandy soils. While Glomeraceae in roots and Diversis-

pora in soil were distributed across the chronosequence,

Archaeospora and Gigasporaceae were restricted to parts

of it (Tables S2 and S4, Supporting information), mainly

due to the different availability of host plants, AMF–
plant preferences and nutrient availability. The latter

might be one of the main factors in combination with

soil chemistry that drives AMF composition. However,

the ecological factors driving AMF distribution in sandy

soils are not well understood.

The nested PCR approach with part of the AMF-

inclusive primers published in Kr€uger et al. (2009) pro-

vided sufficient resolution for AMF community ecology

studies in biodiverse ecosystems. The use of primer

mixes targeting the LSU rDNA region has been

assessed as a good approach to identify a high diversity

AMF taxa with sufficient resolution from in-field com-

munities (Kr€uger et al. 2009; Gorzelak et al. 2012). How-

ever, the lower support of the phylogenetic tree

compared with the longer SSUpart-ITS-LSUpart rDNA

fragment indicates the need for a sufficiently large ref-

erence data set, ideally from the specific study site

(Sen�es-Guerrero et al. 2014). Important advances in

molecular tools for analysing soil fungal communities

are now providing unprecedented opportunities for

uncover AMF diversity in all ecosystems (Fierer et al.

2013; Talbot et al. 2014; Tedersoo et al. 2014; van der

Heijden et al. 2015).
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Conclusions

We investigated ecosystem retrogression that included

much older and more P-impoverished soils than used

in previous studies, which allowed us to expand the

understanding of soil factors shaping AMF communi-

ties. Our results showed that abiotic factors such as soil

nutrient levels were more important than host plant

diversity in driving AMF-community composition dur-

ing ecosystem development that includes a wider range

of soil ages; however, host plant community composi-

tion and diversity strongly covary with soil properties

along the present chronosequence (Zemunik et al. 2015),

making it difficult to disentangle effects of soil proper-

ties from those due to host plants. Our study shows

important shifts in AMF diversity and community

composition during ecosystem retrogression across a

long-term soil chronosequence in a global biodiversity

hotspot. The AMF-community OTU richness, phyloge-

netic diversity and composition were relatively low

within the young dunes with moderately P-rich soils,

peaked in the older, low-P dunes, and finally declined

in the oldest, extremely low-P dunes. The invariant AM

host richness and the relatively small declines in rela-

tive cover during ecosystem retrogression suggest that

declines in AMF diversity are not solely driven by host

plant diversity and abundance. Instead, we propose

that AM host plants in extremely P-impoverished soils

form associations with a restricted number of AMF

taxa, possibly because plant carbon costs of the symbio-

sis exceed nutritional benefits for many AMF taxa

under extreme P limitation. Our findings on AMF

diversity along this P availability and soil age gradient,

including ecosystem retrogression, provide a starting

point to develop general principles about long-term

feedbacks of AMF communities during long-term

pedogenic processes and ecosystem development.
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