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ABSTRACT 

The global biodiversity and land degradation crises have brought about an urgent need 

and great demand for restoration actions. However, restoration outcomes are often less 

than ideal, indicating a need for improved restoration practices. Soil microbiota are 

extremely diverse and functionally important, and should be further considered in 

restoration. However, despite their importance, there remains a gap in understanding of 

how soil microbiota respond following native plant revegetation. Several studies have 

used cross-sectional study designs of restoration chronosequences to infer that 

revegetation causes the recovery of soil microbiota, but it is near-impossible to 

determine cause and effect relationships with cross-sectional study designs. Here we 

used high-throughput amplicon sequencing of the bacterial 16s rRNA gene from soil 

samples collected at two timepoints, 6-years apart, at a revegetation chronosequence 

in South Australia. Our results show some indications of recovery but not the additional 

recovery in bacterial community composition towards the reference sites as expected 

after this 6-year period – a result that appears at odds to the expected patterns of 

revegetation causing recovery of soil microbiota. Spatially-dependent factors (e.g., soil 

chemistry), biotic and abiotic barriers, seasonal differences in sampling, and variability 

among the ecological reference sites could each help explain this apparent lack of 

additional microbial recovery. More detailed longitudinal and/or experimental 

manipulation work is required to further examine the cause-effect relationships. Our 

study contributes important new information and highlights knowledge gaps in how soil 

microbiota respond to revegetation, and we urge caution when attempting to infer 

causation from cross-sectional chronosequence studies.  



Implications for practice 

• Improving the restoration of soil microbiota is essential for ecosystem recovery

due to their broad functional importance, particularly to plant communities

• Cross-sectional study designs of restoration chronosequences are often used to

study the recovery of soil microbiota, but greater caution is required when

interpreting results from such cross-sectional studies

• More detailed longitudinal and/or experimental manipulation work is required to

determine the cause-effect relationships of the recovery of soil microbiota post-

revegetation



INTRODUCTION 

The world is losing biodiversity at an unprecedented rate due to human activity 

(Ceballos et al. 2015) and over one billion hectares of land has been degraded (Gibbs 

& Salmon 2015), which is impacting on ecosystem function and the provision of 

ecosystem services (Sutton et al. 2016). International agreements have been 

established to help mitigate these impacts, with, for example, targets developed to 

restore 350 million hectares of land by 2030 under the Bonn Challenge. Consequently, 

ecosystem restoration – action taken to assist the recovery of a degraded ecosystem – 

is essential if we are to meet these ambitious targets and return biodiverse and 

functional ecosystems (Suding et al. 2015). 

Restoration practice is often leading the science (Perring et al. 2015) with the 

expectation of a ‘Field of Dreams’ hypothesis outcome – if you create habitat, 

ecosystem recovery processes will be initiated and broader ecosystem recovery will 

follow (Hobbs et al. 2011; Guiden et al. 2021). Restoration practice often focuses on 

returning the vegetation components of ecosystems (Hilderbrand et al. 2005; Cross et 

al. 2020), and these revegetation activities do have measurable positive effects (e.g., 

carbon sequestration, habitat provision; (Vesk et al. 2008; Courtney et al. 2009; 

Galatowitsch 2009). However, focussing on revegetation only reflects a small portion of 

an ecosystem and has been shown to result in poor long-term ecological outcomes in 

some cases (Hoogmoed et al. 2012; Hillebrand et al. 2018; Brudvig et al. 2021), and 

considerable knowledge gaps remain, such as whether broader ecological outcomes 

result from revegetation. 



 
 

The soil microbiota – the community of bacteria, fungi, archaea, viruses, and other 

microbial life in soil – is rarely considered in restoration despite its fundamental role in 

many ecosystem functions (Breed et al. 2019; Bardgett & Caruso 2020; Farrell et al. 

2020). Soil microbiota have, for example, a direct role in nutrient cycling, form symbiotic 

relationships with plants and animals, and are core to soil formation (Bakker et al. 

2014; Jansson & Hofmockel 2020; Trivedi et al. 2020). A clearer understanding of the 

response of soil microbiota to revegetation efforts – especially whether revegetation 

causes their recovery – is therefore important to better gauge expected ecological 

outcomes and improve restoration practices accordingly (Harris 2003; Farrell et al. 

2020). 

 

The relatively young science of restoration and the urgency of restoration 

implementation has limited the ability of restoration projects to include robust 

experimental designs (Breed et al. 2018; Gellie et al. 2018). Consequently, many 

restoration studies – including most microbiota restoration studies – have employed an 

opportunistic chronosequence design, where geographic space is used as a proxy for 

time since restoration. In these cross-sectional study designs, samples are collected at 

a single time point across a group of localised restoration sites (Allison et al. 2007; An 

et al. 2009; Banning et al. 2011). These experimental designs could be improved by, 

for example, incorporating representative controls, increased replication and/or 

randomisation of treatments, as well as undertaking longitudinal and intervention 

studies. Without these improvements, it is near-impossible to determine cause and 

effect relationships of restoration interventions on target ecosystem components, such 

as soil microbiota (Prendergast-Miller et al. 2017; Zhang et al. 2020). Spatially 

dependent factors – such as natural variation in edaphic or topographic factors – 



cannot be controlled for in cross-sectional studies of restoration chronosequences 

(Damgaard 2019). An important next step for our understanding of the restoration of 

soil microbiota is therefore to improve the experimental designs used to help infer 

causation, and longitudinal monitoring of existing restoration chronosequences 

presents a good starting place. 

Our understanding of the ecological roles of environmental microbiota has been 

enabled via significant changes in DNA sequencing technologies over recent years 

(Berg et al. 2020). Molecular techniques such as high-throughput sequencing of 

targeted gene regions – or amplicons – from environmental DNA have been adapted 

from other fields and are now widely used to characterise soil microbiota in a 

restoration context (Breed et al. 2019; Berg et al. 2020). While these amplicon 

sequencing methods have limitations (e.g., limited taxonomic resolution, susceptibility 

to contamination, amplification of non-target DNA; Ji et al. 2013; Thomsen & Willerslev 

2015; Carini et al. 2020; Cando‐Dumancela et al. 2021), they do provide a cost-

effective method to generate detailed information on taxonomic diversity and 

community composition of soil microbiota (Berg et al. 2020; Fierer et al. 2021).  

Here we used high-throughput amplicon sequencing of the bacterial 16s rRNA gene 

region to investigate soil bacterial communities at sites from a revegetation 

chronosequence that were resampled six years apart. The revegetation 

chronosequence is at Mt Bold, South Australia, and samples were collected in 

December 2014 and April 2020 at the following sites: unrestored, cleared sites; 

revegetation sites (where native plant revegetation was done in 2005, 2007, 2008 and 

2009); and ecological reference sites. The soil bacterial community data from the 



samples collected in 2014 were published in Gellie et al. (2017) and Liddicoat et al. 

(2019). We addressed the following research question: does the soil microbiota show 

patterns of ongoing ecosystem recovery across two sampling periods, six years apart? 

Results from our study serve as the first example of soil microbiota resampling in a 

revegetation chronosequence and contribute to an improved understanding of soil 

bacterial community changes over time following revegetation. 

METHODS 

Study design 

We used repeated sampling of soil at sites located in a revegetation project at Mt Bold, 

South Australia (35.07°S, 138.42°E; a property managed by South Australia’s water 

utility, SA Water; Figure 1). Mt Bold is a 5,500ha water catchment reserve in the Mt 

Lofty Ranges – a region that is considered a national biodiversity hotspot (Guerin et al. 

2016) and has seen particularly severe ecological degradation (Bradshaw 2012). Prior 

to 2005, large sections of the Mt Bold area had been cleared and grazed at low density 

for >100 years. Grazing ceased in 2003 and revegetation was undertaken between 

2005 and 2009 with the aim of restoring the open Eucalyptus leucoxylon grassy 

woodland that dominated the catchment area prior to clearing. Subsequently, a 

restoration chronosequence was established, and we sampled sites that were 

revegetated in 2005, 2007, 2008 and 2009, in both 2014 and 2020. Revegetation 

methods employed were consistent across the chronosequence, with shallow surface 

ripping and planting conducted at all sites in late winter. Following planting, fencing was 

erected for livestock exclusion and annual weed suppression was done via manual 

slashing.  



 
 

Three remnant grassy woodland sites neighbouring the revegetation project were used 

as ecological reference sites. All three remnant sites were composed of Eucalyptus 

leucoxylon dominant, open grassy woodland, which is typical of the area. Reference 

Site A had seen some clearing in the last 100 years and low-density grazing while 

Reference Sites B and C were not historically cleared or grazed. All reference sites 

were consistently managed with only minor weed control interventions for conservation 

outcomes. Additionally, we included a cleared site that is mowed annually and 

maintained as a fire break as our ‘negative’ control, representing degraded conditions 

expected at chronosequence sites prior to revegetation.  

 

Soil sampling 

Soil sampling was conducted in December 2014 and April 2020 and followed protocols 

outlined by the Australian Microbiome Initiative 

(https://www.australianmicrobiome.com/). Three 25 m x 25 m quadrats at least 25 m 

apart were sampled at all sites, except Reference Site C which had four 25 m x 25 m 

quadrats, giving a total of 25 quadrats, and at least three replicates per treatment 

(Figure 1; see Table S1 for site latitudes and longitudes). Quadrats used were identical 

in location to those randomly selected for the 2014 sampling event (Gellie et al. 2017; 

Yan et al. 2018; Liddicoat et al. 2019; Yan et al. 2020).  

 

Within each quadrat, nine subsample points were selected to capture within-site 

heterogeneity. At each subsample point, soil was collected from two depths (0-10 cm 

and 20-30 cm) resulting in nine subsamples from each depth. Sampling implements 

were sterilised with Decon 90 and 5% bleach between quadrats and between depths to 

help minimise cross-contamination (Cando‐Dumancela et al. 2021). Collected soil was 

https://www.australianmicrobiome.com/


pooled by quadrat and sampling depth and homogenised in a sterile plastic bag in the 

field, resulting in a representative 500 g sample from each depth in each quadrat. 

Approximately 50 g subsamples were taken from each homogenised sample in sterile 

50 mL tubes and frozen for DNA extraction. In addition, 300 g from each sample was 

sent to CSBP Laboratories (Perth, Western Australia) for chemical analysis which 

included soil moisture, nitrate, ammonium, phosphorus, organic carbon and pH 

quantification. Full details of soil physical and chemical quantification methods can be 

found in Bissett et al. (2016).  

DNA extraction & sequencing  

Frozen subsamples were sent to the Australian Genome Research Facility (AGRF) in 

Urrbrae, South Australia for DNA extraction. DNA was extracted and pooled in triplicate 

from each technical replicate using MoBio PowerLyzer PowerSoil DNA Isolation Kit 

following the Earth Microbiome protocol. Bacterial 16s rRNA was PCR amplified using 

the 27F and 519R primers (Lane 1991). Amplicon sequences were resolved using 

paired-end sequencing on the Illumina MiSeq platform as per the AM protocol 

(https://www.australianmicrobiome.com/). Details of DNA extraction and sequencing for 

the 2014 sampling event can be found in Gellie et al. (2017). 

Sequence analysis 

Sequence data used for this work was 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 Variants abundance tables from the AM portal (27 

Nov 2020) (https://www.australianmicrobiome.com/; samples 102.100.100/19281–

https://www.australianmicrobiome.com/


 
 

19330 and 140218–140267). Briefly, paired end reads were merged using Flash2 

(Magoč & Salzberg 2011). Merged sequences were then further screened to remove 

those with ambiguities, long homopolymer runs, or those that were too short/long using 

Mothur screen.seqs (Schloss et al. 2009). Reads passing these filtering steps were 

dereplicated and denoised to zero radius operational taxonomic units (ZOTUs) using 

the UNOISE3 algorithm (Edgar 2016) in USEARCH (Edgar 2010). All reads were then 

mapped to ZOTUs to construct a ZOTU by read count table. ZOTUs were assigned 

taxonomy with the RDP Bayesian classifier (Wang et al. 2007) with the SILVA v132 

rRNA database (Quast et al. 2013; Yilmaz et al. 2014; Glöckner et al. 2017). ZOTUs 

not classified as “Bacteria” or classified as “Bacteria_unclassified” at the phylum level 

were discarded, along with those classified “Mitochondria” or “Chloroplast”. ZOTUs 

which did not occur in at least two samples were also discarded to avoid 

unrepresentative taxa. 

 

Statistics 

All subsequent statistical analyses were performed using R v4.0.2 (R Core Team 2020) 

[R code is available at: https://figshare.com/s/589ff71e0b4722765473. Note that this 

private figshare link will be replaced by a published DOI following article acceptance]. 

One sample from the 2020 sampling event had low total sequence reads (n = 45 reads 

for Cleared Site 2) and was discarded (see Table S2 for read numbers per site). 

Remaining samples from both datasets were rarefied without replacement to the lowest 

remaining read depth (n = 15364) using the rarefy_even_depth function in phyloseq 

v1.32.0 (McMurdie & Holmes 2013). 

 

https://figshare.com/s/589ff71e0b4722765473


 
 

The estimate_richness function in phyloseq was used to assess sample alpha diversity, 

calculating observed ZOTU richness, estimated Chao 1 richness, Gini-Simpson 

(Simpson) and Shannon-Weiner (Shannon) diversity indices. A permuted analysis of 

variance (permuted ANOVA), using the aovp function in lmperm v.2.1.0, was applied to 

compare these diversity measures across both soil depth and revegetation age with 

5000 permutations (Wheeler 2016). To do this, we used site type (i.e., revegetation 

year, reference site, negative control) as a categorical variable, analysed the 2014 data 

separately to the 2020 data, and note that quadrats were non-independent within site 

type.  

 

Using ordinate in phyloseq, the bacterial community composition variation (beta 

diversity) was visualised through principal coordinates analyses (PCoA) of the Bray-

Curtis distances from rarefied ZOTU abundances across soil sampling depth and year 

of revegetation. Permuted multivariate analysis of variance (PERMANOVA) was 

applied via adonis in vegan v2.5-6 to assess bacterial community composition variation 

across soil sampling depth and revegetation year (Oksanen J 2013). Betadisper in 

vegan was used to test homogeneity of group dispersions. The trajectory of soil 

microbiota differences across the revegetation chronosequence was visualised using 

boxplots of pairwise Bray-Curtis similarities to reference data for each quadrat from 

each sampling year and soil sampling depth combination (Liddicoat et al. 2021). A 

Kruskal-Wallis test and a post hoc Dunn test using FSA v0.8.30 was then applied to 

determine significant differences between the similarity values across revegetation 

years (Ogle 2016). 

 



 
 

Stack plots were generated using ggplot2 v3.3.2 to visualise relative abundance of the 

eight most common bacterial phyla and grouped rare phyla for each dataset (Wickham 

2011). Differences in relative abundance of the major bacterial phyla across 

revegetation years and depth were assessed using a permuted ANOVA with the aovp 

function in lmperm. Associations between bacterial community composition and soil 

chemical properties were analysed with PERMANOVA using the adonis method in 

vegan.  

 

To investigate the potential for spatial autocorrelation among sampling sites, a 

Haversine distance matrix was applied using each technical replicate at both sampling 

depths using the distm function in geosphere (Hijmans et al. 2017). A Mantel test was 

then applied in vegan using the spearman method with 9,999 permutations to correlate 

the Haversine distance matrices with Bray-Curtis distances of rarefied ZOTU 

abundance data for each dataset. 

 

RESULTS 

The resulting 6,097,239 quality filtered 16s rRNA bacterial gene reads were analysed 

across the 50 technical replicates from the eight chronosequence sites in the 2014 

sampling event (Tables S2, S3). These reads were resolved to 89,118 unique ZOTUs 

(Table S3). From the 2020 samples, 4,366,332 quality filtered reads were analysed 

from the 49 technical replicates across the eight chronosequence sites which resolved 

to 55,445 unique ZOTUs (Tables S2, S3). The 2020 sample of the 2008 Revegetation 

Site 2 from the 0-10 cm depth returned the lowest total sequence reads (n = 15,364) 

following data cleaning, and this value was used to set the rarefaction level for all other 

samples to normalise for among-replicate variation in read abundance.  



Bacterial alpha diversity 

Revegetation year had a significant negative effect on observed ZOTU richness and 

Chao 1 estimated diversity for the 2014 data (permuted ANOVA: ZOTU richness p = 

0.03; Chao 1 p = 0.01; Table 1). Revegetation year × soil sampling depth also had a 

significant effect on Shannon’s diversity metrics on 2014 data (permuted ANOVA p = 

0.03; Table 1). No other significant effects were seen across the 2014 data (permuted 

ANOVA: p > 0.05 in all cases; Table 1). 

The 2020 data showed a significant effect of revegetation year on increasing observed 

ZOTU richness and Chao 1 estimated diversity (permuted ANOVA: ZOTU richness p = 

0.01; Chao 1 p = 0.02; Table 1). The 2020 data also showed a significant positive effect 

of soil sampling depth on the observed ZOTU richness and Chao 1 diversity measures 

(permuted ANOVA: ZOTU richness p = 0.03, Chao 1 p = 0.01; Table 1). Revegetation 

year × soil sampling depth had a significant effect on observed ZOTU richness, Chao 1 

estimated diversity and Shannon’s diversity metrics for the 2020 data (permuted 

ANOVA: ZOTU richness p = 0.001; Chao 1 p = 0.002; Shannon’s p = 0.001; Table 1). 

No other significant effects were observed in the 2020 data (permuted ANOVA: p > 

0.05 in all cases; Table 1). 

Bacterial community composition 

Both the 2014 and 2020 datasets showed a distinct trend of the bacterial community 

composition becoming progressively similar to reference sites with increasing times 

since revegetation (Figures 2, 3). Bacterial community composition varied significantly 

by revegetation year and soil sampling depth for both the 2014 and 2020 data (2014 



 
 

PERMANOVA: revegetation year at 0-10 cm F = 2.81, p = 0.001; revegetation year at 

20-30 cm F = 2.80, p = 0.001; soil depth F = 5.32, p = 0.001; revegetation year × soil 

sampling depth F = 1.30, p = 0.004; 2020 PERMANOVA: revegetation year at 0-10 cm 

F = 2.98, p = 0.001; revegetation year at 20-30 cm F = 3.11, p = 0.001; soil depth F = 

7.52, p = 0.001; revegetation year × soil sampling depth F = 1.40, p = 0.01; Figure 2).  

 

While the bacterial community composition in revegetation sites became increasingly 

similar to reference sites with time since revegetation, the Bray-Curtis similarity to 

reference values showed significant variation across the different ages of revegetation 

in both the 2014 and 2020 datasets (Kruskal-Wallis: 0-10 cm p < 0.001, 20-30cm p < 

0.001 for both years). In the samples collected in 2014, the reference sites were 

significantly different in Bray-Curtis similarity to all revegetation sites except the site 

revegetated in 2005 at the 20-30 cm soil depth (Figure 3a, 3b). Median Bray-Curtis 

similarity to reference sites ranged from approximately 9% in the cleared and 2009 

sites at the 0-10 cm depth to 16% to 22% in the 2005 sites at 0-10 cm and 20-30 cm 

depths. In the samples collected in 2020, the reference sites were significantly different 

in Bray-Curtis similarity to all revegetation sites except the site revegetated in 2007 in 

the 20-30 cm depth soil (Figure 3c, 3d). The median Bray-Curtis similarity to reference 

sites ranged from approximately 13% in the cleared sites at the 0-10 cm depth to 22% 

to 25% in the 2007 sites at 0-10 cm and 20-30 cm depths, respectfully. There was also 

considerable inter-reference site variation, which was approximately 22 and 25% in 

2014 samples at 0-10 cm and 20-30 cm depths, and approximately 29% in 2020 

samples at 0-10 cm and 20-30 cm depths. 

 



 
 

The 2014 samples were dominated by eight bacterial phyla, each with >1.5% read 

abundance: Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, 

Planctomycetes, Proteobacteria and Verrucomicrobia. These dominant phyla represent 

92.9% of read abundance in 2014 samples with the remaining 7.2% grouped as other 

minor phyla (Figure 4). The 2020 samples were dominated by seven bacterial phyla, 

each with >1.5% read abundance: Acidobacteria, Actinobacteria, Chloroflexi, 

Firmicutes, Planctomycetes, Proteobacteria and Verrucomicrobia. These dominant 

phyla represent 93.6% of read abundance in 2020 samples with the remaining 6.4% 

grouped as other minor phyla. (Figure 4). There were significant associations between 

revegetation year and all dominant phyla in both the 2014 and 2020 datasets (Table 2). 

In both datasets there were also significant associations between soil sampling depth 

and Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Planctomycetes and 

Verrucomicrobia abundances (Table 2). 

 

Soil chemical associations 

In the 2014 data, there were significant associations between soil bacterial community 

composition and nitrate (PERMANOVA: F = 1.20, p = 0.03), phosphorus 

(PERMANOVA: F = 1.95, p = 0.01), pH CaCl2 (PERMANOVA: F = 2.31, p = 0.003), pH 

H2O (PERMANOVA: F = 2.17, p = 0.01) and moisture % (PERMANOVA: F = 1.50, p = 

0.004) at the 0-10 cm sampling depth (Table S4). At the 20-30 cm sampling depth 2014 

data showed significant associations between soil bacterial community composition 

and phosphorus (PERMANOVA: F = 2.64, p = 0.001), organic carbon (PERMANOVA: 

F = 1.87, p = 0.01), pH CaCl2 (PERMANOVA: F = 1.88, p = 0.01) and pH H2O 

(PERMANOVA: F = 1.85, p = 0.01; Table S4). 

 



The 2020 data showed significant associations between soil bacterial community 

composition and nitrate (PERMANOVA: F = 1.90, p = 0.03), phosphorus 

(PERMANOVA: F = 1.45, p = 0.01), ammonium (PERMANOVA: F = 1.55, p = 0.004), 

organic carbon (PERMANOVA: F = 1.75, p = 0.04) and pH CaCl2 (PERMANOVA: F = 

2.20, p = 0.01) at the 0-10 cm sampling depth (Table S4). At the 20-30 cm sampling 

depth in the 2020 data there were significant associations between soil bacterial 

community composition and nitrate (PERMANOVA: F = 4.00, p = 0.001), phosphorus 

(PERMANOVA: F = 1.25, p = 0.03), ammonium (PERMANOVA: F = 1.33, p = 0.05), pH 

CaCl2 (PERMANOVA: F = 1.95, p = 0.01) and moisture % (PERMANOVA: F = 1.83, p 

= 0.02) (Table S4). 

Spatial autocorrelation 

Bray-Curtis distances of soil bacterial communities and physical distances between 

samples had a significant, although weak, spatial autocorrelation in both 2014 and 

2020 at both soil sampling depths, which indicates that bacterial community 

composition tended to be more similar for sites that were physical closer (Mantel test: 

2014 1-10cm r = 0.22, p = 0.01; 2014 20-30 cm r = 0.19, p = 0.01; 2020 0-10 cm r = 

0.27, p = 0.002; 2020 r = 0.30, p < 0.001; Figure 5). 

DISCUSSION 

A refined understanding of soil microbiota responses to restoration is critical to improve 

ecosystem recovery and evaluation of restoration projects. Our data show the absence 

of a clear progression, or increased recovery, in soil microbiota similarity to references 

in revegetated soil bacterial communities between samples collected six years apart. 

Although our samples were collected at different times of year (December in 2014, April 



 
 

in 2020), they are intriguing given previous results from cross-sectional studies of this 

chronosequence (Gellie et al. 2017; Yan et al. 2018; Liddicoat et al. 2019; Yan et al. 

2020) as well as other revegetation chronosequences (Allison et al. 2007; An et al. 

2009; Banning et al. 2011). These previous studies have generally shown the 

appearance of successional changes in soil microbiota with time since revegetation. 

However, to our knowledge, this is the first study to compare chronosequence-based 

patterns in recovery of soil microbiota towards reference states at two time intervals 

separated by multiple years. 

 

We sampled as near as practical to the exact locations that were used in earlier soil 

microbiota restoration studies (Gellie et al. 2017; Yan et al. 2018; Yan et al. 2020). Our 

samples were collected in April (autumn) 2020 and those in the earlier work were 

collected in December (summer) 2014, and this seasonal difference is a limitation of 

our study design as we cannot rule out that the observed differences in soil microbiota 

communities were due to the season of sampling. While there were notable differences 

in the relative abundance of some bacterial phyla, the composition of the bacterial 

communities did not show a clear shift towards increased similarity to reference 

ecosystem sites, that we might expect from an additional six years of successional 

change. Instead, soil samples collected in 2020 – 6 years after the original collection in 

2014 – showed a remarkably similar pattern of similarity to references across the 

revegetation age groups as those collected in 2014 (minor indications of a 

compositional shift between 2014 to 2020 are described below). These results provide 

important evidence in deciphering the responses of soil microbiota to ecosystem 

restoration. Understanding whether soil microbiota facilitate and/or follow ecosystem 

restoration is of great importance to informing outcomes (e.g. biodiversity return and 



 
 

ecosystem functioning) of revegetation (Gann et al. 2019). Indeed, these microbiota are 

a biologically rich and functionally important component of all soil-based ecosystems 

(Dubey et al. 2019) and are probably supplying desirable ecosystem functions to 

restored sites. However, it appears that the soil microbiota at this site may face barriers 

to their return to an ecological reference state. 

 

While it is tempting for restoration chronosequence studies that employ a cross-

sectional study design (i.e., sampling at a single time point) to make strong assertions 

about revegetation causing subsequent soil microbiota recovery, these types of studies 

do not present the quality of evidence needed to support assertions of this kind and 

caution is required in such conclusions, particularly considering our findings. Future 

microbiota restoration studies need to employ more rigorous experimental designs, for 

example by collecting longitudinal data (as done here, although additional sampling 

across seasons and for longer would improve our study design); and running longer 

term experiments in addition to manipulative experiments would help clarify causation 

of the effect of restoration interventions on ecosystem recovery. 

 

We report clear compositional differences in the soil bacterial communities across the 

sites sampled at both timepoints. In our 2014 samples, younger restoration sites were 

compositionally similar to cleared sites, and older restoration sites were similar to local 

reference ecosystems. In 2020, the observed similarity to reference trends were largely 

the same as the 2014 data, where the youngest restoration sites – which are now older 

than the oldest restoration site when the 2014 samples were taken – were similar to the 

cleared sites, and the oldest restoration sites – which have now had an additional 6 

years to mature – had not recovered to the level predicted by Gellie et al. (2017). A 



successional trajectory across a restoration chronosequence is a commonly observed 

pattern in cross-sectional studies, as has also been reported in woodland ecosystems 

(Cavagnaro et al. 2016), post mining rehabilitation (Gastauer et al. 2019) and grassland 

ecosystems (Bauer et al. 2015). Whether these soil microbiota have active roles in the 

establishment of revegetated plant communities and/or are ‘passive’ followers in the 

process is still an area of active debate (Harris 2009; Farrell et al. 2020; Zhang et al. 

2021). The apparent succession observed in restoration chronosequence studies is 

often attributed to belowground plant-soil feedbacks. For example, plants produce root 

exudates that supply resources to microbiota. These root exudates can in turn provide 

bioavailable nutrients to plant roots, and most plant species form symbiotic 

relationships with specific microbiota, and microbiota interact amongst themselves, 

which together shape the ecosystem (Bakker et al. 2014). Independent of plant-soil 

feedbacks is the potential for bacterial communities to display variation dependent 

upon the spatial location of samples – this is the natural phenomenon of spatial 

autocorrelation (O'Brien et al. 2016; Zhang et al. 2020). Spatial autocorrelations have 

potential to exert unaccounted influences on bacterial communities if not carefully 

considered in study designs. Here our results show significant spatial autocorrelation in 

data collected at both time periods, and while this effect was weak (interestingly, it 

increased in strength in our 2020 data) it may go some way in explaining the patterns 

observed. As mentioned above, our results are consistent with previous studies that 

show succession-like patterns in belowground soil bacterial communities, however our 

results appear not to support the notion that with increased time since restoration, soil 

microbiota will progress towards a reference ecosystem state. 



 
 

Our study exposes limitations with revisiting restoration chronosequence studies, 

including potential for ‘shifting goal posts’. For example, the percent similarity within 

reference sites in the 0-10 cm soil samples in 2014 data showed a median similarity 

within reference sites of approximately 21%. However, in our 2020 data, this median 

similarity increased to approximately 26%. Possible explanations for this modest 

increase in similarity within reference sites may include seasonal influences on the soil 

microbiota (i.e., samples were collected in summer in 2014 vs. autumn in 2020), the 

potential for convergent development of soil microbiota over time (e.g., due to different 

micro-climates, moisture availability), as well as historical factors that cause differential 

rates to soil microbiota succession in reference sites vs. disturbed/revegetated sites. 

There were some indications of progress towards a reference community state over the 

6-year time period, where the older revegetated sites (2008-2005) sampled in 2014 

generally showed interquartile range values that spanned 10-20% similarity to 

references and these same sites showed increased interquartile ranges spanning 15-

25% similarity to reference in our 2020 data. Further, in our 2014 data, the 2008-2005 

revegetated sites appear to show a rising trend in similarity to reference values, while in 

our 2020 data the 2008-2005 revegetated sites appear to show a plateauing pattern. 

These results indicate that the soil microbiota in these revegetation sites (and 

particularly the 2009 revegetation) may have reached a barrier to further microbiota 

succession. It is not possible to determine the factors that contributed to the shortfall in 

microbiota succession in our study, and further work should attempt to disentangle the 

influences of potential abiotic (e.g., soil physical or chemical constraints) and biotic 

factors (e.g., absence or presence of disruptive biological species; inability of local taxa 

to displace microbiota that are representative of soils in younger revegetation sites), as 



 
 

well as study associated ecological communities (e.g., vegetation). These could each 

potentially contribute to the apparent lack of succession observed. 

 

We identified seven major bacterial phyla that were common in the two sampling 

periods: they were, Acidobacteria, Actinobacteria, Chloroflexi, Firmicutes, 

Planctomycetes, Proteobacteria and Verrucomicrobia. The relative abundance of each 

phylum was affected by revegetation age in both sampling years, a result consistent 

with previous work (Gellie et al. 2017; van der Heyde et al. 2020). Acidobacteria and 

Firmicutes were the phyla which displayed the greatest change in relative abundance 

across the chronosequence sites in both sampling years, which are findings consistent 

with previous knowledge of these phyla. Acidobacteria is known to increase in 

abundance as available soil nutrients diminish, a pattern expected after the cessation 

of agricultural use and maturation of restoration plantings (Fierer et al. 2007). 

Conversely, Firmicutes have been shown to decrease in abundance with diminishing 

soil nutrient availability (Jesus et al. 2009). We did however observe variation in the 

relative abundances of these dominant phyla between the two datasets; Actinobacteria 

had higher relative abundance in our 2020 dataset, and Acidobacteria and Firmicutes 

had higher relative abundance in our 2014 dataset. Reasons for this variation remain 

undetermined but seasonal fluctuations in soil microbiota being one potential factor. 

Seasonal factors, such as temperature and precipitation, are well-known to modulate 

the structure of soil bacterial communities in some land-use types (Bardgett et al. 2005; 

Lauber et al. 2013; Žifčáková et al. 2016; Samaritani et al. 2017; although see 

Strickland et al. 2017; Carini et al. 2020; Wang et al. 2021). However, further studies 

are needed to determine the effect of seasonal fluctuations and other factors (e.g., soil 

abiotic condition) on these soil microbial communities. 



Our results show that revegetation has a notable association with soil chemical 

properties, suggesting the potential for reducing soil macronutrient levels that are 

associated with agricultural land use and returning the soil chemical profile toward a 

state resembling local reference ecosystems. We observed revegetation age and soil 

sampling depth were associated with many of the reported soil chemical properties. 

Abiotic soil properties are known drivers of soil bacterial communities, where for 

example nitrate and phosphorus concentrations reflect nutrient availability (Fierer 2017; 

Delgado-Baquerizo et al. 2019). Nitrate and phosphorus levels were significantly 

associated with revegetation age in both sampling years, a finding consistent with 

previous work in ex-pastoral land restoration (Cunningham et al. 2015; Gellie et al. 

2017). pH in both sampling years was also associated with restoration age and soil 

sampling depth, and we found pH to be associated with soil microbial community 

composition, which supports previous work that also links pH with soil microbial 

community composition (Fierer 2017). We observed no difference in soil organic 

carbon across the chronosequence, which is a finding consistent with other studies 

(Hoogmoed et al. 2012; Cavagnaro et al. 2016).   

The soil microbiota is a functionally important and biologically rich ecosystem 

component, which is relied upon by surrounding organisms for a plethora of ecosystem 

services. Understanding how soil microbiota respond to revegetation is of great 

importance to achieving successful restoration of degraded ecosystems via replanting 

native plant species. Ecosystem restoration is tasked with reversing tremendously large 

areas of degraded ecosystems and also returning lost ecosystem functions and 

biodiversity. The UN has declared 2021 to 2030 the Decade on Ecosystem Restoration 



 
 

(https://www.decadeonrestoration.org/), and despite the international spotlight, 

restoration interventions often have limited success and practitioners are struggling to 

keep pace with increased demand (Crouzeilles et al. 2016; Broadhurst et al. 2017). 

Several unresolved factors are impeding the success of restoration at the scale 

required to meet global demand, and lack of understanding of microbiota in restoration 

practice has been repeatedly highlighted as a key missing piece to improving 

restoration success (Breed et al. 2019; Birnbaum & Egidi 2020; Mohr et al. 2021). Our 

study helps to build knowledge of longitudinal changes in soil microbiota following 

native plant revegetation. Our results further highlight the limitations of cross-sectional 

chronosequence studies (Walker et al. 2010) and urges caution in conclusions that 

may be drawn. To help improve the evidence base on soil microbiota changes following 

revegetation we recommend the initiation of longitudinal studies of soil microbiota 

restoration and the deployment of manipulative experimental studies to create a clearer 

understanding of microbial successional patterns in a restoration context. 

  

https://www.decadeonrestoration.org/
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TABLES & FIGURES 
Table 1. Mean (± SD) richness and diversity measures of rarefied amplicon sequence 
variant (ZOTU) data from the Mt Bold revegetation chronosequence pooled by site, soil 
sampling depth and sampling year assessed with permuted analysis of variance. 
Significant p values are displayed in bold. 

Sampling 
year 

Site Depth 
(cm) n

ZOTU richness (± SD) Diversity (± SD) 

Observed Chao 1 Shannon Simpson 
2014 

Cleared 0-10 3 6,421 ± 522 13,427 ± 312 7.99 ± 0.37 0.998 ± 1.8E-03 
2009 Reveg 0-10 3 6,531 ± 319 12,932 ± 285 8.18 ± 0.12 0.999 ± 1.7E-04 
2008 Reveg 0-10 3 6,859 ± 499 14,462 ± 327 8.27 ± 0.13 0.999 ± 1.0E-04 
2007 Reveg 0-10 3 6,441 ± 263 13,465 ± 315 8.12 ± 0.10 0.999 ± 1.0E-04 
2005 Reveg 0-10 3 6,003 ± 987 12,518 ± 303 7.95 ± 0.35 0.999 ± 5.6E-04 

Reference A 0-10 3 6,789 ± 696 13,919 ± 309 8.26 ± 0.21 0.999 ± 2.6E-04 
Reference B 0-10 3 6,765 ± 597 14,221 ± 324 8.25 ± 0.18 0.999 ± 2.4E-04 
Reference C 0-10 4 5,774 ± 663 10,070 ± 209 8.08 ± 0.18 0.999 ± 1.9E-04 

Cleared 20-30 3 6,519 ± 502 13,266 ± 300 8.14 ± 0.17 0.999 ± 2.4E-04 
2009 Reveg 20-30 3 6,490 ± 488 13,089 ± 293 8.11 ± 0.15 0.999 ± 2.6E-04 
2008 Reveg 20-30 3 6,073 ± 994 12,809 ± 311 7.93 ± 0.43 0.999 ± 1.1E-03 
2007 Reveg 20-30 3 6,465 ± 574 13,053 ± 293 8.14 ± 0.15 0.999 ± 1.7E-04 
2005 Reveg 20-30 3 6,539 ± 339 13,043 ± 289 8.22 ± 0.07 0.999 ± 4.6E-05 

Reference A 20-30 3 6,529 ± 355 13,572 ± 313 8.16 ± 0.12 0.999 ± 1.9E-04 
Reference B 20-30 3 5,702 ± 532 11,773 ± 292 7.83 ± 0.21 0.998 ± 3.8E-04 
Reference C 20-30 4 4,930 ± 382 8,407 ± 186 7.76 ± 0.13 0.999 ± 1.8E-04 

p values Year 0.034 0.010 0.398 0.593 
Depth 0.088 0.168 0.085 0.325 

Year x Depth 0.099 0.272 0.027 0.066 
2020 

Cleared 0-10 2 5,778 ± 570 10,321 ± 221 8.09 ± 0.10 0.999 ± 1.7E-05 
2009 Reveg 0-10 3 6,119 ± 235 11,252 ± 240 8.16 ± 0.07 0.999 ± 7.1E-05 
2008 Reveg 0-10 3 6,020 ± 710 11,676 ± 264 8.04 ± 0.22 0.999 ± 2.9E-04 
2007 Reveg 0-10 3 6,647 ± 369 13,776 ± 313 8.19 ± 0.07 0.999 ± 1.4E-04 
2005 Reveg 0-10 3 6,412 ± 523 13,160 ± 303 8.12 ± 0.16 0.999 ± 1.6E-04 

Reference A 0-10 3 6,797 ± 702 14,182 ± 321 8.26 ± 0.19 0.999 ± 1.7E-04 
Reference B 0-10 3 7,180 ± 583 14,870 ± 322 8.34 ± 0.18 0.999 ± 4.9E-04 
Reference C 0-10 4 6,829 ± 392 14,142 ± 318 8.27 ± 0.11 0.999 ± 9.9E-05 

Cleared 20-30 3 6,664 ± 146 13,124 ± 285 8.27 ± 0.02 0.999 ± 2.5E-05 
2009 Reveg 20-30 3 6,613 ± 284 13,479 ± 303 8.22 ± 0.10 0.999 ± 1.0E-04 
2008 Reveg 20-30 3 6,833 ± 101 14,816 ± 348 8.27 ± 0.03 0.999 ± 4.2E-05 
2007 Reveg 20-30 3 7,080 ± 254 15,072 ± 339 8.33 ± 0.05 0.999 ± 4.3E-05 
2005 Reveg 20-30 3 6,844 ± 669 14,662 ± 339 8.26 ± 0.16 0.999 ± 1.3E-04 

Reference A 20-30 3 6,869 ± 246 14,601 ± 334 8.25 ± 0.12 0.999 ± 2.1E-04 
Reference B 20-30 3 6,804 ± 172 13,798 ± 305 8.27 ± 0.01 0.999 ± 9.7E-05 
Reference C 20-30 4 6,505 ± 299 13,475 ± 310 8.14 ± 0.06 0.999 ± 3.6E-05 

p values Year 0.012 0.018 0.088 0.351  
Depth 0.029 0.014 0.088 0.517 

Year x Depth <0.001 0.002 0.001 0.062 



Table 2. Effects of revegetation site and soil sampling depth on rarefied relative abundance of major bacterial phyla for each sampling 
year assessed by permuted ANOVA, significant p values (< 0.05) are highlighted in bold. Major phyla include any phylum accounting 
for >1.5% of total relative abundance. Direction of effect is indicated as increasing or decreasing of rarefied relative abundance with 
time since revegetation, or variable where no clear pattern was observed.  

Sampling year Phylum Site Direction of effect Depth Direction of effect Site × Depth 
2014 

Acidobacteria <0.001 Increasing <0.001 Increasing 0.646 
Actinobacteria <0.001 Decreasing <0.001 Decreasing 0.553 
Bacteroidetes <0.001 Variable <0.001 Decreasing 0.668 

Chloroflexi 0.003 Variable 0.036 Increasing 0.883 
Firmicutes <0.001 Decreasing 0.695 0.159 

Planctomycetes <0.001 Variable <0.001 Decreasing 0.697 
Proteobacteria 0.031 Variable 0.060 0.721 

Verrucomicrobia <0.001 Variable <0.001 Increasing 0.165 

2020 
Acidobacteria <0.001 Increasing <0.001 Increasing 0.066 
Actinobacteria <0.001 Decreasing <0.001 Decreasing 0.084 

Chloroflexi <0.001 Variable <0.001 Increasing 0.007 
Firmicutes <0.001 Decreasing 0.080 0.088 

Planctomycetes 0.002 Variable <0.001 Decreasing 0.080 
Proteobacteria <0.001 Increasing 0.071 0.586 

Verrucomicrobia <0.001 Variable <0.001 Increasing 0.012 



Figure 1. Map and panorama photographs of sampling sites at Mt Bold Reservoir in 
the Mt Lofty Ranges, South Australia. The map in panel A indicates clustered sampling 
sites in situ, revegetation year is indicated by colour. Restoration sites included in this 
study were revegetated in 2005, 2007, 2008 & 2009. The cleared site used was 
neighbouring revegetation and reference sites. The reference sites used were adjacent 
to the revegetation areas and served as the reference on which the restoration plans 
were based. Soil was sampled from two depths (0-10cm and 20-30 cm) at all sites. 
Panels B & C show sample site panoramas at the time of sampling in both 2014 (B) & 
2020 (C).  



Figure 2. Principal coordinates analysis (PCoA) based on Bray-Curtis distance 
matrices of rarefied ZOTU abundances across the Mt Bold revegetation 
chronosequence by sampling year (panel), soil sampling depth (shape) and 
revegetation site (colour). Revegetation site is spread across Axis 1 in both the 2014 
(A) and 2020 (B) samples and accounts for most variation in bacterial community
composition. Analysis through permuted ANOVA (PERMANOVA) showed a significant
association between soil bacterial community composition and both revegetation age
and soil sampling depth (p = 0.001 for all). Revegetation sites became increasingly
similar to reference sites with time since revegetation.



Figure 3. Boxplots derived from rarefied abundance data of soil bacterial community 
composition Bray-Curtis similarities to reference site data by site, sampling year and 
soil sampling depth. Kruskal-Wallis and post hoc Dunn tests were used to apply 
significance letters to each boxplot. Boxplots featuring the same letter indicate similarity 
between sites. Differing letters indicate significant difference between site bacterial 
communities.  



Figure 4. Rarefied relative abundance of the eight most abundant bacterial phyla from 
each sampling year at 0-10cm (A and C) and 20-30cm (B and D) soil depths across the 
Mt Bold revegetation chronosequence. These phyla represent 92.9% of total bacterial 
abundance in 2014 samples (A and B) and 95.2% in 2020 samples (C and D). All other 
phyla present were grouped as ‘Other minor phyla’.  



Figure 5. Scatterplot of the relationships between soil bacterial community composition 
(Bray-Curtis distance matrix) and distances between sampling site locations (Haversine 
distance matrix) by soil depth (A and B = 0-10 cm; C and D = 20-30 cm) and sampling 
year (A and C = 2014; B and D = 2020) across the Mt Bold revegetation 
chronosequence. 


	Both the 2014 and 2020 datasets showed a distinct trend of the bacterial community composition becoming progressively similar to reference sites with increasing times since revegetation (Figures 2, 3). Bacterial community composition varied significan...
	While the bacterial community composition in revegetation sites became increasingly similar to reference sites with time since revegetation, the Bray-Curtis similarity to reference values showed significant variation across the different ages of reveg...
	The 2014 samples were dominated by eight bacterial phyla, each with >1.5% read abundance: Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Planctomycetes, Proteobacteria and Verrucomicrobia. These dominant phyla represent 92.9% o...



