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eDNA assessment of soil microbiota: 

Diversity and species composition across 30-40 year 
rehabilitation chronosequence

Contrast to pre-disturbance reference systems

A novel measure of restoration success/completion criteria

• Key questions:

Q1. Impact of the mining and initial rehabilitation process on soil 
microbial community?

Q2. Trajectory through time of the soil microbial community post-
rehabilitation?

Q3. Does the soil microbial community diversity /composition return to 
reference state in 30 yrs

Q4. If not, can we predict time to recovery?

Q5. What are the compositional differences in the soil microbial 
community between rehabilitated and reference sites?
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From: Bissett et al (2016) Introducing BASE: the Biomes of Australian Soil Environments soil microbial diversity database. 
Gigascience 5:21. doi:10.1186/s13742-016-0126-5

Sampling of soil and sequencing
Conducted as per BASE protocols:

Biomes of Australian Soil Environments microbial diversity database

High-throughput Sequencing

Illumina MiSEQ

Fungal ITS region (ITS1F-ITS4)
Bacterial 16S rRNA gene (27 F-519R)
Archaeal 16S rRNA gene (A2F-519R)

Sequencing conducted at AGRF

Details of workflow summarised in Bissett et al (2016)

OTUs initially identified using:
 UNITE (v7.0) for fungi, 

Green Genes for bacteria and archaea

A ustralian  M icrob iom e In itiative

10 cores

5

Fungal ITS data summary – total number of sequence reads per sample
In total: 4,944,651 sequences and 12,004 OTUs identified

All analyses conducted on sub-sampled data standardised to 16,749 reads

Soil samples (n = 72) 
36 sites (18 rehab, 18 reference sites, each site sampled at 2 depths)
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Shade plot visually identifies the key taxa that differ in abundance with rehab age
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SIMPER analysis in PRIMER 7 (Clarke et al 2014) 
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The soil fungal taxa that best typify newly rehabilitated sites
(accounting for >50% of the variation) 

are all Saprophytic Ascomycetes that quickly drop out
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sites after 30 years
are mostly mycorrhizal (or root endophytes)
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Methods

Study Site and Soil Sampling

This study was conducted at the Worsley Alumina mine in
southwest Western Australia (Fig. 1) where bauxite has been
mined since 1984. Mining and rehabilitation work are ongoing,
with approximately 5,900 ha of land cleared for mining and
3,200 ha rehabilitated to date. The mine is located in northern
jarrah (Eucalyptus marginata) forest within the Southwest
Australian Floristic Region, an international biodiversity hot-
spot (Myers et al. 2000). The northern jarrah forest is a dry scler-
ophyllous open forest or woodland dominated by jarrah
(E. marginata) and marri (Corymbia calophylla) trees with a
diverse understory dominated by species from the Fabaceae,
Asteraceae, Proteaceae, and Myrtaceae families (Koch &
Samsa 2007). Soils within the mine are sandy-gravel, lateritic
(high in aluminum and iron), nutrient poor, and slightly acidic.
The mine site has a Mediterranean-type climate with dry hot
summers and cool wet winters and a mean annual rainfall of
505 mm (Australian Bureau of Meteorology 2021).

The mining process at this site first involves removal of all
vegetation and topsoil, then overburden is stripped away to
access the bauxite ore. Long-term (>3 months) topsoil storage
for rehabilitation is limited where possible. Instead, the pre-
ferred practice is for the “direct return” of topsoil from donor

locations (e.g. newly mined areas) to a previously mined area.
Following bauxite extraction, mined areas are first contoured
to reflect surrounding topography using non-ore and gravel
material, and then topsoil is spread to a minimum depth of
10 cm before being furrowed and seeded with a mix of local
native plant species. This plant species mix has increased from
40 species in 1994 to over 200 by 2015 to better represent the
diverse natural floral diversity of the sites prior to disturbance.

For our study, soil sampling occurred between October and
December 2019 as part of the Australian Microbiome
(AM) Initiative, following the protocols of the Biomes of
Australian Soil Environments (Bissett et al. 2016). Sample sites
were chosen, as far as practicable, to provide an even distribu-
tion of sampling locations covering the spatial extent of mining
activities and sites of varying rehabilitation age (Fig. 1). We
were also conscious of the need to evenly distribute sampling
locations to limit the effect of spatial autocorrelations. Six
uncleared reference sites that were largely embedded within
and throughout the mine area were selected to compare with
the rehabilitated sites, and to capture natural spatial variation
in bacterial communities across the mine site. Restored sites
included: two from 1991, four from 1996, two from 1999, two
from 2002, two from 2005, one from 2007, three from 2011,
and three from 2017 (n = 25 sites in total). Sites rehabilitated
in 2017 were rare within the main mine area, forcing samples
to be taken from two sites rehabilitated in 2017 and an adjacent
reference site, from a spatially separate area approximately 4 km
away from the main sampling sites.

In each site, soil was sampled from two depths (0–10 and
20–30 cm) where each sample represented a composite from
nine subsamples systematically chosen to represent site hetero-
geneity within 25 ! 25–m plots. The nine subsamples from
each depth were pooled into a sterile plastic bag, and then
homogenized. From each pooled sample, a 500-g subsample
of soil was taken for physicochemical analysis and a 50-mL sub-
sample for DNA extraction. Soil chemical analyses were per-
formed at CSBP Laboratories (Perth, Western Australia) to
quantify soil organic carbon, ammonium, potassium, sulfur, cal-
cium, pH, nitrate, and phosphorous. The 50-mL sample was fro-
zen on-site and sent packed on dry ice to the Australian Genome
Research Facility (AGRF) in Adelaide, South Australia, for
DNA extraction (described below). Each replicate had GPS
coordinates and a panoramic photograph taken (Fig. S1).

DNA Extraction, Sequencing, and Bioinformatics

DNAwas extracted from each sample in triplicate using the Qia-
gen DNeasy Powerlyzer Powersoil Kit following manufac-
turer’s instructions and quantified fluorometricly. Soil bacterial
16s rRNA was amplified using the 27F (Lane 1991) and 519R
(Lane et al. 1985) primer set before sequencing (300 bp PE)
on the Illumina MiSeq platform. Sequence data used for this
work were generated by the Australian Microbiome using their
amplicon analysis workflow (Bissett et al. 2016) (https://www.
australianmicrobiome.com/protocols/16sanalysisworkflow/) and
were downloaded as amplicon sequence variant abundance
tables from the AM portal (12 August 2020) (https://www.

Figure 1. Map of sampling sites from the rehabilitation chronosequence at
South32’s Worsley bauxite mine in southwest Western Australia. Circles
indicate sampling sites, with color representing year of rehabilitation. Soil
was sampled from two depths (0–10 and 20–30 cm) at each site.
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Methods

Study Site and Soil Sampling

This study was conducted at the Worsley Alumina mine in
southwest Western Australia (Fig. 1) where bauxite has been
mined since 1984. Mining and rehabilitation work are ongoing,
with approximately 5,900 ha of land cleared for mining and
3,200 ha rehabilitated to date. The mine is located in northern
jarrah (Eucalyptus marginata) forest within the Southwest
Australian Floristic Region, an international biodiversity hot-
spot (Myers et al. 2000). The northern jarrah forest is a dry scler-
ophyllous open forest or woodland dominated by jarrah
(E. marginata) and marri (Corymbia calophylla) trees with a
diverse understory dominated by species from the Fabaceae,
Asteraceae, Proteaceae, and Myrtaceae families (Koch &
Samsa 2007). Soils within the mine are sandy-gravel, lateritic
(high in aluminum and iron), nutrient poor, and slightly acidic.
The mine site has a Mediterranean-type climate with dry hot
summers and cool wet winters and a mean annual rainfall of
505 mm (Australian Bureau of Meteorology 2021).

The mining process at this site first involves removal of all
vegetation and topsoil, then overburden is stripped away to
access the bauxite ore. Long-term (>3 months) topsoil storage
for rehabilitation is limited where possible. Instead, the pre-
ferred practice is for the “direct return” of topsoil from donor

locations (e.g. newly mined areas) to a previously mined area.
Following bauxite extraction, mined areas are first contoured
to reflect surrounding topography using non-ore and gravel
material, and then topsoil is spread to a minimum depth of
10 cm before being furrowed and seeded with a mix of local
native plant species. This plant species mix has increased from
40 species in 1994 to over 200 by 2015 to better represent the
diverse natural floral diversity of the sites prior to disturbance.

For our study, soil sampling occurred between October and
December 2019 as part of the Australian Microbiome
(AM) Initiative, following the protocols of the Biomes of
Australian Soil Environments (Bissett et al. 2016). Sample sites
were chosen, as far as practicable, to provide an even distribu-
tion of sampling locations covering the spatial extent of mining
activities and sites of varying rehabilitation age (Fig. 1). We
were also conscious of the need to evenly distribute sampling
locations to limit the effect of spatial autocorrelations. Six
uncleared reference sites that were largely embedded within
and throughout the mine area were selected to compare with
the rehabilitated sites, and to capture natural spatial variation
in bacterial communities across the mine site. Restored sites
included: two from 1991, four from 1996, two from 1999, two
from 2002, two from 2005, one from 2007, three from 2011,
and three from 2017 (n = 25 sites in total). Sites rehabilitated
in 2017 were rare within the main mine area, forcing samples
to be taken from two sites rehabilitated in 2017 and an adjacent
reference site, from a spatially separate area approximately 4 km
away from the main sampling sites.

In each site, soil was sampled from two depths (0–10 and
20–30 cm) where each sample represented a composite from
nine subsamples systematically chosen to represent site hetero-
geneity within 25 ! 25–m plots. The nine subsamples from
each depth were pooled into a sterile plastic bag, and then
homogenized. From each pooled sample, a 500-g subsample
of soil was taken for physicochemical analysis and a 50-mL sub-
sample for DNA extraction. Soil chemical analyses were per-
formed at CSBP Laboratories (Perth, Western Australia) to
quantify soil organic carbon, ammonium, potassium, sulfur, cal-
cium, pH, nitrate, and phosphorous. The 50-mL sample was fro-
zen on-site and sent packed on dry ice to the Australian Genome
Research Facility (AGRF) in Adelaide, South Australia, for
DNA extraction (described below). Each replicate had GPS
coordinates and a panoramic photograph taken (Fig. S1).

DNA Extraction, Sequencing, and Bioinformatics

DNAwas extracted from each sample in triplicate using the Qia-
gen DNeasy Powerlyzer Powersoil Kit following manufac-
turer’s instructions and quantified fluorometricly. Soil bacterial
16s rRNA was amplified using the 27F (Lane 1991) and 519R
(Lane et al. 1985) primer set before sequencing (300 bp PE)
on the Illumina MiSeq platform. Sequence data used for this
work were generated by the Australian Microbiome using their
amplicon analysis workflow (Bissett et al. 2016) (https://www.
australianmicrobiome.com/protocols/16sanalysisworkflow/) and
were downloaded as amplicon sequence variant abundance
tables from the AM portal (12 August 2020) (https://www.

Figure 1. Map of sampling sites from the rehabilitation chronosequence at
South32’s Worsley bauxite mine in southwest Western Australia. Circles
indicate sampling sites, with color representing year of rehabilitation. Soil
was sampled from two depths (0–10 and 20–30 cm) at each site.
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(ammonium and potassium at 0–10 cm and calcium at
20–30 cm) and removed using the findCorrelation() function
in caret (Kuhn 2015). Model-selected soil variables were tested
for significance with permuted ANOVAwith 999 permutations.
Nitrate and phosphorous variables were not included in analysis
as they returned below-threshold measurements for multiple
samples. Differences in each soil chemical variable across the
chronosequence were assessed with Kruskal–Wallis tests, and
Dunn post-hoc tests with Bonferroni corrections and visualized
in a series of scatterplots for each soil depth.

Spatial Autocorrelation

We investigated the association between bacterial community
composition (using Bray–Curtis ecological distances) and geo-
graphic distances between replicates to test for the presence of
spatial autocorrelation. Here, we used Haversine distance matri-
ces for each depth using the distm function in geosphere
(Hijmans et al. 2017), which calculates the distance between
every sample based on a spherical land surface from GPS coor-
dinates. The relationship between the Haversine distance matrix

and Bray–Curtis distance matrix was examined via a Mantel test
in vegan using the spearman method with 9,999 permutations.

Results

A total of 4,192,984 bacterial 16s rRNA reads were generated
across the 50 samples, which spanned the two soil depths across
the 28-year rehabilitation chronosequence. There were 70,199
unique bacterial zOTUs identified with a mean of 83,859
! 19,546 SD sequence reads per sample (Table 1). Following
quality filtering and rarefaction to the lowest sample read depth
of 54,840 reads, 65,098 unique zOTUs remained for analysis
across the remaining 48 samples.

Bacterial Diversity and Community Composition

Bacterial community composition varied significantly by soil
depth and year of rehabilitation (Fig. 2; PERMANOVA: depth
df = 1, F = 7.170, p = 0.005; year df = 8, F = 2.3462.02,
p = 0.005). Community composition in rehabilitation sites
became increasingly similar to reference sites with time since

(A)

(B)

Figure 2. Non-metric multidimensional scaling (NMDS) ordinations of Bray–Curtis distance matrices indicating bacterial community composition across the
rehabilitation chronosequence at Worsley Alumina, Western Australia. (A) Ordination of samples from both 0–10 cm and 20–30 cm soil depths and
(B) ordinations of each depth separately. Ordinations indicate a general convergence of bacterial community composition with increasing age toward the
reference sites at both soil depths.
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RESEARCH ART ICLE

Soil DNA chronosequence analysis shows bacterial
community re-assembly following post-mining
forest rehabilitation
Shawn D. Peddle1,2 , Andrew Bissett3 , Ryan J. Borrett4 , Paul Bullock5, Michael G. Gardner1,6 ,
Craig Liddicoat1,7 , Mark Tibbett8,9 , Martin F. Breed1 , Siegfried L. Krauss9,10

Mining activities modify both aboveground and belowground ecological communities, presenting substantial challenges for
restoration. The soil microbiome is one of these impacted communities and performs important ecosystem functions but
receives limited focus in restoration. Sequencing soil DNA enables accurate and cost-effective assessment of soil microbiota,
allowing for comparisons across land use, environmental, and temporal gradients. We used amplicon sequencing of the bacte-
rial 16s rRNA gene extracted from soil samples across a 28-year post-mining rehabilitation chronosequence to assess soil bac-
terial composition and diversity following rehabilitation at a bauxite mine in Western Australia’s jarrah forest. We show that
while bacterial alpha diversity did not differ between reference and rehabilitated sites, bacterial community composition chan-
ged dramatically across the chronosequence, suggesting strong impacts by mining and rehabilitation activities. Bacterial com-
munities generally became increasingly similar to unmined reference sites with time since rehabilitation. Soil from sites
rehabilitated as recently as 14 years ago did not have significantly different communities to reference sites. Overall, our study
provides evidence indicating the recovery of soil bacterial communities toward reference states following rehabilitation. Includ-
ing several ecological reference sites revealed substantial natural variability in bacterial communities from within a single mine
site. We urge future restoration chronosequence studies to sample reference sites that geographically span the restored sites
and/or are spatially paired with restored sites to ensure this variability is captured and to improve any inferences on recovery.

Key words: bauxite mining, completion criteria, ecological restoration, eDNA, microbiome, recovery trajectory, soil biodiver-
sity, soil microbiology

Implications for Practice

• Consideration of soil microbiota in mine site rehabilita-
tion and restoration is important for returning functional,
self-sustaining biodiverse ecosystems, and improving
restoration practices.

• Bacterial community variation can be high among refer-
ence sites, which highlights the need for appropriate
sampling design in assessing soil microbial recovery
trajectories.

• Our study shows how changes in bacterial communities
across a restoration chronosequence can be routinely
monitored to provide insights into the recovery of soil
microbiota toward restoration targets.

Introduction

The global mining sector is reliant on access to mineral deposits
and expansions into intact biodiverse ecosystems (Stevens &
Dixon 2017). In Australia, it is estimated that mining has impacted
approximately 10 million hectares of land (Grant 2009). Mining
activities extensively modify landscapes, directly impacting on
both above- (e.g. animal, plant) and belowground ecological com-
munities (e.g. soil microbiota) (Banning et al. 2011; Stevens &

Dixon 2017; Kneller et al. 2018). These often-severe ecosystem
impacts present challenges in restoring or rehabilitating biodiverse
and functional ecosystems (Doley et al. 2012; Tibbett 2015).
Indeed, as the ecological impacts of mining continue to grow, so
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Soil DNA chronosequence analysis shows bacterial
community re-assembly following post-mining
forest rehabilitation
Shawn D. Peddle1,2 , Andrew Bissett3 , Ryan J. Borrett4 , Paul Bullock5, Michael G. Gardner1,6 ,
Craig Liddicoat1,7 , Mark Tibbett8,9 , Martin F. Breed1 , Siegfried L. Krauss9,10

Mining activities modify both aboveground and belowground ecological communities, presenting substantial challenges for
restoration. The soil microbiome is one of these impacted communities and performs important ecosystem functions but
receives limited focus in restoration. Sequencing soil DNA enables accurate and cost-effective assessment of soil microbiota,
allowing for comparisons across land use, environmental, and temporal gradients. We used amplicon sequencing of the bacte-
rial 16s rRNA gene extracted from soil samples across a 28-year post-mining rehabilitation chronosequence to assess soil bac-
terial composition and diversity following rehabilitation at a bauxite mine in Western Australia’s jarrah forest. We show that
while bacterial alpha diversity did not differ between reference and rehabilitated sites, bacterial community composition chan-
ged dramatically across the chronosequence, suggesting strong impacts by mining and rehabilitation activities. Bacterial com-
munities generally became increasingly similar to unmined reference sites with time since rehabilitation. Soil from sites
rehabilitated as recently as 14 years ago did not have significantly different communities to reference sites. Overall, our study
provides evidence indicating the recovery of soil bacterial communities toward reference states following rehabilitation. Includ-
ing several ecological reference sites revealed substantial natural variability in bacterial communities from within a single mine
site. We urge future restoration chronosequence studies to sample reference sites that geographically span the restored sites
and/or are spatially paired with restored sites to ensure this variability is captured and to improve any inferences on recovery.

Key words: bauxite mining, completion criteria, ecological restoration, eDNA, microbiome, recovery trajectory, soil biodiver-
sity, soil microbiology

Implications for Practice

• Consideration of soil microbiota in mine site rehabilita-
tion and restoration is important for returning functional,
self-sustaining biodiverse ecosystems, and improving
restoration practices.

• Bacterial community variation can be high among refer-
ence sites, which highlights the need for appropriate
sampling design in assessing soil microbial recovery
trajectories.

• Our study shows how changes in bacterial communities
across a restoration chronosequence can be routinely
monitored to provide insights into the recovery of soil
microbiota toward restoration targets.

Introduction

The global mining sector is reliant on access to mineral deposits
and expansions into intact biodiverse ecosystems (Stevens &
Dixon 2017). In Australia, it is estimated that mining has impacted
approximately 10 million hectares of land (Grant 2009). Mining
activities extensively modify landscapes, directly impacting on
both above- (e.g. animal, plant) and belowground ecological com-
munities (e.g. soil microbiota) (Banning et al. 2011; Stevens &

Dixon 2017; Kneller et al. 2018). These often-severe ecosystem
impacts present challenges in restoring or rehabilitating biodiverse
and functional ecosystems (Doley et al. 2012; Tibbett 2015).
Indeed, as the ecological impacts of mining continue to grow, so

Author contributions: SDP, MFB, SLK conceived and designed the research; SDP,
SLK, RJB, AB collected the data; SDP, RJB, CL, MFB, SLK, AB analyzed the data;
SDP wrote the manuscript with contributions from all other authors.

1College of Science and Engineering, Flinders University, Adelaide, South Australia,
Australia
2Address correspondence to S. D. Peddle, email shawn.peddle@flinders.edu.au
3CSIRO, Oceans and Atmosphere, Hobart, Tasmania, Australia
4Environmental and Conservation Sciences, Murdoch University, Perth,
Western Australia, Australia
5South32 Worsley Alumina, Worsley, Western Australia, Australia
6Evolutionary Biology Unit, South Australian Museum, Adelaide, South Australia,
Australia
7School of Public Health, The University of Adelaide, Adelaide, South Australia,
Australia
8Department of Sustainable Land Management & Soil Research Centre, School of
Agriculture, Policy and Development, University of Reading, Berkshire, U.K.
9School of Biological Sciences, The University of Western Australia, Perth,
Western Australia, Australia
10Department of Biodiversity, Conservation and Attractions, Kings Park Science,
Perth, Western Australia, Australia

© 2022 Society for Ecological Restoration.
doi: 10.1111/rec.13706
Supporting information at:
http://onlinelibrary.wiley.com/doi/10.1111/rec.13706/suppinfo

March 2023 Restoration Ecology Vol. 31, No. 3, e13706 1 of 13

 1526100x, 2023, 3, Downloaded from
 https://onlinelibrary.wiley.com

/doi/10.1111/rec.13706 by University Of W
estern Australi, W

iley Online Library on [02/03/2023]. See the Term
s and Conditions (https://onlinelibrary.wiley.com

/term
s-and-conditions) on W

iley Online Library for rules of use; OA articles are governed by the applicable Creative Com
m

ons License

nMDS ordination of soil bacterial eDNA communities at South32 Worsley

15

Table 2. Mean (! SD) amplicon sequence variant (zOTU) richness and diversity of bacterial communities assessed with permuted analysis of variance at South32’sWorsley Bauxite mine, Western Australia.
*2007 (n = 1) was excluded from statistical analysis for both depths.

Year of Rehabilitation Samples (n) Depth (cm)

zOTU Richness (! SD) Diversity (! SD)

Observed Chao1 Shannon Simpson

Reference 6 0–10 12,576.0 ! 1771.1 19,695.7 ! 3,754.2 8.34 ! 0.25 0.998 ! 0.0003
1991 2 0–10 13,928.5 ! 487.2 23,335.8 ! 510.1 8.51 ! 0.09 0.999 ! 0.0001
1996 3 0–10 13,156.5 ! 597.5 21,527.9 ! 969.9 8.40 ! 0.10 0.998 ! 0.0004
1999 2 0–10 15,764.5 ! 637.1 25,034.2 ! 207.7 8.82 ! 0.17 0.999 ! 0.0002
2002 2 0–10 12,436.5 ! 2,448.7 18,038.6 ! 6,015.8 8.52 ! 0.08 0.999 ! 0.0003
2005 2 0–10 10,595.0 ! 4,736.2 14,763.1 ! 7,808.9 8.20 ! 0.70 0.998 ! 0.0013
2007* 1* 0–10 14,140.0* 22,922.9* 8.58* 0.999*
2011 3 0–10 11,744.0 ! 2,739.6 16,349.4 ! 4,921.6 8.47 ! 0.32 0.999 ! 0.0003
2017 3 0–10 12,825.0 ! 514.1 19,235.4 ! 402.2 8.49 ! 0.12 0.998 ! 0.0004
p values df = 8, p = 0.371 df = 8, p = 0.136 df = 8, p = 0.497 df = 8, p = 0.627
Reference 6 20–30 12,993.6 ! 2,390.4 18,389.5 ! 5,026.0 8.39 ! 0.19 0.999 ! 0.0002
1991 2 20–30 15,152.0 ! 1,630.6 23,301.9 ! 3,041.1 8.46 ! 0.13 0.999 ! <0.0001
1996 3 20–30 16,331.2 ! 2,189.7 24,477.7 ! 4,478.3 8.62 ! 0.23 0.999 ! 0.0004
1999 2 20–30 16,193.5 ! 392.4 23,343.4 ! 752.1 8.66 ! 0.24 0.998 ! 0.0008
2002 2 20–30 13,864.5 ! 7,428.2 20,227.7 ! 14,273.4 8.48 ! 0.61 0.999 ! 0.0002
2005 2 20–30 11,238.0 ! 1,195.0 14,129.2 ! 3,158.1 8.39 ! 0.06 0.999 ! 0.0001
2007* 1* 20–30 16,000* 23,211.3* 8.64* 0.999*
2011 3 20–30 14,858.3 ! 2,812.4 20,633.8 ! 5,448.7 8.66 ! 0.27 0.999 ! 0.0001
2017 3 20–30 13,821.0 ! 1,548.6 19,487.1 ! 5,208.2 8.55 ! 0.03 0.999 ! <0.0001
p values df = 8, p = 0.675 df = 8, p = 0.659 df = 8, p = 0.763 df = 8, p = 0.847
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Equivalent richness and diversity of bacteria across site age and depth

Spatial Autocorrelation

Analysis of Bray–Curtis ecological distances representing bac-
terial community composition and the geographic distances
between samples showed a significant, though weak, spatial
autocorrelation (Mantel test: r = 0.231, p = 0.012; Fig. 5A)
indicating that geographic distance between samples associated
with differences in bacterial community composition. To
explore if this spatial autocorrelation was being driven by three
sites that were geographically separate from all other sites
(Fig. 1), we removed these and reran the Mantel test, which
resulted in no significant correlation (Mantel test: r = 0.081,
p = 0.162; Fig. 5B).

Discussion

Here we quantified variation in soil bacterial communities
across a 28-year rehabilitation chronosequence following reha-
bilitation of a bauxite mine site in Western Australian jarrah for-
est. There was a clear association of bacterial community
compositionwith age of rehabilitation, where older sites weremore
like reference sites than younger sites. In the shallow soils
(0–10 cm), we found strong evidence of bacterial community com-
position in sites rehabilitated as recently as 2002 (17 years old)
being as similar to the reference sites as the reference sites were
to each other. In the deeper soils (20–30 cm), this trajectory toward
reference site bacterial community composition appeared some-
what slower, potentially exacerbated by the higher among refer-
ence median similarity of 47% compared to 40% in the shallow
soils. These biologically important trends with increasing age
reflect a successional transition in the structure of bacterial commu-
nities, where communities in rehabilitated sites increasingly resem-
bled those from unmined reference sites with increased time since
rehabilitation. Although community composition was associated
with rehabilitation age, we observed no effect of rehabilitation
age or soil depth on bacterial alpha diversity. Our findings show
that while the mining process impacts bacterial communities even
with direct return of topsoil, these communities can respond rapidly
to environmental changes following rehabilitation. This relatively
rapid change can provide an early indication of ecosystem recovery
trajectories moving toward the reference ecosystem (Banning
et al. 2011; Yan et al. 2019). Together, these results indicate that
ecologically important soil bacterial communities are on a trajec-
tory toward recovery following rehabilitation techniques applied
at the Worsley Alumina bauxite mine.

We observed associations between changes in soil pH with
bacterial community structure at both sampled soil depths.
Globally, soil pH is among the strongest drivers of soil bacte-
rial community composition at local and broad spatial scales
(Fierer 2017). However, these effects may not be as clear
across narrower ranges of pH. At both depths, soil pH
decreased with time since rehabilitation, but in the deeper soils
pH trended away from the pH of reference sites. This negative
association between pH with time since rehabilitation at this
soil depth could be impacting on deeper soil bacterial commu-
nity composition and may be a barrier to future bacterial com-
munity recovery. This highlights the importance of targeting

(A)

(B)

Figure 4. Constrained correspondence analyses (CCA) between bacterial
community composition (Bray–Curtis dissimilarity) and associated soil
chemical variables at (A) 0–10 cm depth and (B) 20–30 cm depth. Blue arrows
indicate direction of influence of soil variable on bacterial communities.

Figure 5. Scatterplot of the association between the distance between
samples (Haversine distance matrix) and bacteria community composition
(Bray–Curtis distance matrix), showing Mantel test statistics. (A) shows a
significant correlation present with all sites included and (B) shows no
significant correlation with three geographically separate sites removed
indicating these three sites are driving the spatial autocorrelation.
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Soil chemical associations:
Increased carbon, decreased pH, with age

Peddle et al 2023 Restoration Ecology

Soil bacterial eDNA communities at South32 Worsley
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3.1.2 Beta diversity 
 

Principal Components Analysis (PCA) of clr-transformed OTU abundances among all 

sites using the Aitchison distance metric revealed differences in bacterial community 

composition between individual sites, and site age groupings (Fig 6). The first two axes 

captured 14.8% and 8.2% of variation in the dataset respectively (Fig 6). These 

relatively low values are not uncommon to environmental microbiota studies (Paliy and 

Shankar, 2016; McMurdie and Holmes, 2014). Site age groups clustered separately in 

the ordination, showing a clear trajectory of time since rehabilitation and increasing 

similarity of community composition to native sites. Permutational analysis of variance 

(PERMANOVA) indicated that bacterial assemblages between rehabilitated and native 

sites were different (F = 2.76, p = 0.001) (Table 5).  

  

Fig 6. PCA of soil bacterial communities and soil physico-chemical properties across 
the rehabilitation chronosequence. PCA was based on an Aitchison distance matrix of 
bacterial OTUs. Centroids of site age groupings are larger circles, and smaller circles 
are individual sites. Only significant environmental variables are shown (α <0.05). 

8 yo rehab

38 yo rehab

Native reference 

Ryan Borrett (2020) Hons; Liddicoat et al 2022 J Env Management

nMDS ordination of surface soil bacterial eDNA communities at Iluka Eneabba
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1. Soil bacterial community data from eDNA bacterial 16S amplicons
2. Calculate Bray-Curtis ecological distance matrix – i.e., distances b/w all samples (see PCoA ordination)
3. Select only those distances involving Reference sites
4. Express as Similarity = 100 x (1 – Distance)
5. Visualize Similarity to References ~ reveg age
6. Apply logarithmic models, predict time to reach median @ Refs

Post-mining soil microbiota: restoration trajectories and time to recovery

“distance”

Liddicoat et al 2022.  J Env Management
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8/29/23

4

Multiple alternative microbiota data 
processing alternatives were tested:
• Standard V compositional data
• Different ecological distances
• Sequence grouping approaches
• Eliminating rare taxa
• Addressing spatial autocorrelation

All arriving at similar outcomes

Ultimately we chose to use ASV-level taxa 
with Bray-Curtis distances for greatest 
sensitivity in visualising key trends

Liddicoat et al 2022.  J Env Management

19

1. 40-60 years median predicted recovery time of bacterial communities.

2. 30-40% median similarity of bacterial communities across unmined 
reference sites.

3. Approach offers a quantitative microbiota-based SMART* metric for 
measuring rehabilitation completion criteria.

* Specific, Measurable, Achievable, Relevant, Time-bound

Liddicoat et al 2022.  J Env Management

Post-mining soil microbiota: 
restoration trajectories and predicted recovery time

Journal of Environmental Management 310 (2022) 114748
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potential biological inertia in direct return soils (Janzen, 2016). 

2.3.6. Exploring spatial autocorrelation 
To explore the influence of spatial autocorrelation on our trajectory 

analyses, we produced variogram-like plots (adapted from Webster and 

Oliver, 2007) using Bray-Curtis ecological distances (between samples 
and references) on the y-axis, and geographic distances (between sam-
ples and references) on the x-axis. Each rehabilitation age group was 
modelled as a second-order polynomial, allowing the possible expres-
sion of curvilinear trendlines that mimicked variogram-like relation-
ships (i.e., increasing then flattening). Assuming reference curves 
offered a natural baseline trend for spatial autocorrelation within each 
minesite environment, we applied a ‘correction’ to the curvilinear 
trendline for each rehabilitation age group by calculating the difference 
in mean-centred model curves (= rehabilitation age group minus 
reference), such that ‘corrected’ data for rehabilitation age groups 
expressed the same ecological distance-geographic distance curvilinear 
trend as seen for references (see Appendix A, Supplementary Methods 
for further details of the rationale and approach for this preliminary 
analysis). Rehabilitation trajectories and predicted recovery times were 
compared between ‘original’ and ‘corrected’ data, for the Bray-Curtis 
similarities. For the Worsley minesite, a filtered dataset, and corre-
sponding correction, were also prepared which excluded the three 
southernmost samples (i.e., two 2-year old samples and an adjacent 
reference), which were geographically separate from the other Worsley 
samples (see Fig. 1, and Appendix A Table S3). 

3. Results 

3.1. General findings 

We found remarkable variability among reference samples within 
each minesite (Fig. 3; Appendix A, Table S5, Figures S21, S23–S25). 
Median among-reference similarities ranged from <20% to >95% across 
all measures, and between approximately 30–40% for Bray-Curtis 
measures, with variation depending on the specific distance measure, 
pre-processing option, and minesite. All rehabilitation trajectory plots 
indicated recovery, displaying the general pattern of increasing simi-
larity to references with increasing rehabilitation age (Fig. 3; Appendix 
A, Figures S21, S23–S25), although the logarithmic models and pre-
dicted recovery times varied with distance measures, pre-processing and 
minesite. 

3.2. Alternative ecological and compositional measures 

Despite some differences in the expression of rehabilitation trajec-
tories using Bray-Curtis versus Aitchison measures at Huntly, Eneabba, 
and Worsley (excluding southernmost samples), these measures pro-
duced comparable predictions for recovery time within each minesite 
(Fig. 3; Appendix A, Table S6). At Huntly, predicted recovery times 
differed by around 12 years, with a median recovery of 43 years for 
Bray-Curtis measures and 31 years for Aitchison measures. At Eneabba, 
the median Bray-Curtis recovery time was 60 years, while the median 
Aitchison recovery time was 50 years, however due to the spread of 
model outcomes, predictions from these measures were not significantly 
different (i.e., Δ 95% interval contains zero; Fig. 3). Similarly, at 
Worsley (excluding southernmost samples), the median Bray-Curtis re-
covery time was 44 years, while the median Aitchison recovery time was 
53 years, however predictions from these measures were not signifi-
cantly different (i.e., Δ 95% interval contains zero; Fig. 3). 

Among standard measures we found a general increase in similarity 
to reference values across the ecological measures, from Jaccard 
(generally lowest similarities), Bray-Curtis, Unweighted UniFrac, to 
Weighted UniFrac (generally highest similarities) (Appendix A, 
Figure S21, Table S5). The greatest y-axis span, and therefore greatest 
sensitivity to detect change, in similarity to reference values between the 
youngest rehabilitation ages and references occurred with Bray-Curtis 
measures (Appendix A, Figure S21). The smallest span (or flattest 
curves) in similarity to reference values between the youngest rehabil-
itation ages and references occurred with Weighted UniFrac measures. 

Except for the Unweighted Unifrac result at Huntly, Jaccard 

Fig. 3. Modelled rehabilitation trajectories (a) and predicted recovery times (b) 
for Huntly, Eneabba, and Worsley (excluding southernmost samples) based on 
surface soil bacterial community similarity to reference data using Bray-Curtis 
and Aitchison measures. Plots are derived from the same data that underpin 
Fig. 2. In (a), blue dotted lines denote the target median similarity among 
reference soils, and red lines represent logarithmic models for changing simi-
larity to reference with rehabilitation age based on bootstrap resampling and 
modelling (B = 100). Boxplots display the distribution of similarity to reference 
values across rehabilitation ages (groups not sharing a letter are significantly 
different). In (b), violin plots with boxplot inlays depict the distribution of re-
covery times from the 100 bootstrap model runs. Δ 95% prediction intervals 
(PI) indicate whether differences in recovery times predicted using alternative 
measures (Bray-Curtis versus Aitchison) are significantly different. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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FIGURE 1. Plant-soil interactions in degraded mine lands. Arrows in the plant-soil systems present 
the possible net plant-soil feedbacks among soil abiotic properties, plant and soil community, with 
red arrows for negative feedbacks and blue arrows for positive feedbacks. For ellipses in different 
colors, green ones represent plant communities, gray ones represent soil community, yellow ones 
represent physical properties, and red ones represent chemical and biogeochemical properties, 
respectively. Different graphics in the plant rhizosphere represent three groups of soil biota 
including enemies, symbionts, and decomposers depending on different shapes.

FIGURE 2. Above- and below-ground functional traits of tolerant plants inducing PSFs in 
degraded mine lands. The trade-offs of functional traits economics spectrum and the patterns of 
PSFs of different plants toward severe conditions can alter the ecosystem functioning and are 
yet to be explored. As for belowground traits, the architectural traits include root depth, root 
branching; morphological traits contain root diameter, specific root length; physiological traits 
consist of nutrient content, root respiration, root exudation; and biotic traits refer to the 
interactions between roots and AMF, rhizobia, PGPB, and pathogens. The shown circular 
images: (A) root system scanning image of Phytolacca americana, representing root 
architectural traits; (B) the root segment of Digitaria sanguinalis and (C) the cross-section 
of Dicranopteris linearis root, both representing morphological traits; (D) the rhizome and fine 
roots of Miscanthus sinensis, representing roots nutrient content, i.e., physiological traits; 
and (E) the stained root segment of Miscanthus sinensis colonized with AMF, representing biotic 
traits.
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