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Abstract Restoration interventions such as revege-

tation are globally-important to combat biodiversity

declines and land degradation. However, restoration

projects are generally poorly monitored because

current approaches to monitoring are limited in their

ability to assess important components of biodiversity,

such as belowground microbial diversity. Since soil

bacterial communities mediate many belowground

ecosystems processes and represent substantial biodi-

versity in their own right, bacteria are important

components to monitor during ecosystem restoration.

High-throughput amplicon sequencing (DNA

metabarcoding) has been put forward as a potential

cost-effective, scalable and easy-to-standardise partial

solution to restoration’s monitoring problem. How-

ever, its application to restoration projects has to date

been limited. Here, we used DNA metabarcoding of

bacterial 16S rRNA gene from soil DNA to explore

community differences across a 16-year restoration

chronosequence. The bacterial composition in the

oldest revegetation sites was comparable to the

remnant sites. Proteobacteria and Acidobacteria were

significantly higher in relative sequence abundance,

while Actinobacteria was significantly lower, with

time since revegetation. Classes Alphaproteobacteria

and Acidobacteria were indicative of remnant and the

oldest revegetation sites, while Deltaproteobacteria

and Rubrobacteria were characteristic of younger

revegetation sites. Changes in the soil physical and

chemical characteristics associated with revegetation

appear to shape bacterial community structure and

composition. These findings provide evidence that

revegetation can have positive effects on belowground

microbial communities, and help demonstrate that the

soil bacterial community can be restored towards its

native state by revegetation, which may be useful in

restoration monitoring.
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Introduction

Terrestrial coastal ecosystems often have high con-

servation value and provide many ecosystem services

(Reyers et al. 2013; You et al. 2018). However, they

are also sensitive to land degradation (e.g. via erosion)

(Temmerman et al. 2013), following overexploitation,

habitat transformation and pollution, which have

impacted their ecological value (Lotze et al. 2006).

In response, coastal ecosystems are increasingly

targeted for ecological restoration in order to return

native biodiversity and ecosystem services (Bullock

et al. 2011; Liu et al. 2008). Indeed, in some

circumstances, coastal ecosystem restoration can

provide a more sustainable, cost-effective and eco-

logically sound alternative to coastal engineering

solutions, such as installing sea walls (Temmerman

et al. 2013).

Terrestrial ecosystems, including coastal areas,

consist of aboveground and belowground ecological

components that interact to shape communities (Col-

len and Nicholson 2014; Delgado-Baquerizo et al.

2017; Wardle et al. 2004). Plant-soil feedback pro-

cesses influence plant and microbial communities and

play important roles in determining their structure and

successional dynamics (Callaway et al. 2004; Herrera

et al. 2016; Mangan et al. 2010). Belowground

microbiota influence plant community composition

and productivity through microbe-mediated organic

matter decomposition and nutrient cycling. In turn,

low plant biomass may decrease the nutrients avail-

able to microbiota, subsequently decreasing their

diversity (Qi et al. 2011; Yao et al. 2018).

The diversity and community dynamics of soil

bacteria are often linked to soil physical, chemical and

biological properties (e.g. soil age, pH, nutrient levels)

(Guo et al. 2016; Moon et al. 2016; Trivedi et al. 2016;

Zechmeister-Boltenstern et al. 2011). Revegetation

has been shown to lead to changes in soil properties,

such as pH, organic matter, carbon-to-nitrogen ratio

and texture (An et al. 2009; Gellie et al. 2017; Guo

et al. 2018; Yan et al. 2018). However, studies of the

links between revegetation and soil properties, includ-

ing both abiotic and biotic, in a coastal context are

limited. For example, bacterial diversity has been

shown to increase over a 3-year revegetation

chronosequence in a coastal context (Banning et al.

2011b), and bacterial community structure has been

associated with abiotic soil properties in coastal zones

(Hua et al. 2017; Steenwerth et al. 2002). It is clear that

revegetation can increase soil bacterial biomass,

activity, and diversity in a variety of ecosystems

(Nemergut et al. 2007; Sigler and Zeyer 2002).

However, the extent to which these trends are

maintained in a coastal context remains unclear.

In this study, we test the hypothesis that replanting

the native plant community at a degraded coastal area

associates with similarities found in the ecological

reference site. We used high-throughput amplicon

sequencing to explore the soil bacterial community

across a 16-year restoration chronosequence, includ-

ing samples from remnant sites. We analysed these

samples to address the following questions: (i) Do soil

physicochemical parameters correspond to time since

revegetation, and do these physicochemical parame-

ters associate with the bacterial community? (ii) Does

the soil bacterial community differ more between

remnant sites and young revegetation sites or between

remnant sites and older revegetation sites? (iii) Which

bacterial taxa are indicators of the different ages of

revegetation?

Materials and methods

Site description and sampling

Our study system was an active coastal restoration site

at Fishery Beach (35.63� S, 138.12� E), 4 km from

Cape Jervis in South Australia (Fig. 1). This site was

dominated by pasture grasses used for sheep grazing

until a land management decision for revegetation was

made in the late 1990s (i.e. revegetation for land

management purposes, and not for experiments).

Revegetation was done in a consistent way between

11 and 16 years ago, and included the combined use of

the same site preparation method (i.e. shallow surface

rip), site maintenance (i.e. fencing to exclude stock

and woody weed removal) and replanting the native

dominant tree Allocasuarina verticillata (drooping

sheoak), plus low density native shrubs (e.g. Dodon-

aea viscosa) at all sites. A. verticillata is a nitrogen

fixing tree species native to southeastern Australia,

including the restoration site. The remnant, reference

sites were approximately 5 km east of the restoration

site and were also dominated by A. verticillata. The

remnant sites were protected from grazing and have

had minimal human impact since 1971.
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Sampling was conducted as part of the Biomes of

Australian Soil Environments (BASE) project accord-

ing to the methods described in Bissett et al. (2016). In

December 2014, we sampled soil from three randomly

selected 25 9 25 m quadrats at each of six revegeta-

tion sites, including sites restored 11, 12, 13, 14, 15

and 16 years before sampling. In addition, four

randomly selected 25 9 25 m quadrats were sampled

in remnant reference sites, giving a total of 22

quadrats. Soil was sampled from the 0–10 and

20–30 cm soil horizons at each quadrat, which is the

standard protocol for BASE. Nine soil samples per

quadrat were pooled into a sterile plastic bag, trans-

ported to the laboratory immediately after collection in

sterile 50 mL falcon tubes on dry ice, stored at -

20 �C for DNA analysis—known hereafter as the

replicates (n = 44). 300 g of homogenised soil was

also sampled for soil physicochemical analysis,

including soil moisture, ammonium, nitrate, available

phosphorus, sulphur, organic carbon, conductivity and

soil pH (H20). Soil chemical and physical attributes

were determined at CSBP Laboratories (Perth, Wes-

tern Australia), using the methods described in Bissett

et al. (2016). DNA extraction and sequence analyses

were conducted according to the methods described in

Bissett et al. (2016). Briefly, soil DNA was extracted

and then pooled from 3 9 0.25 g soil samples per

replicate at the Australian Genome Research Facility

(AGRF, Adelaide, Australia) using MoBio powersoil

DNA extraction kits according to manufacturer’s

instructions. We amplified the bacterial 16S ribosomal

DNA with PCR for each replicate using the 16S rRNA

gene primers 27F and 519R (Lane 1991). Sequences

(300 bp PE) were then produced using the Illumina

MiSEQ platform.

Fig. 1 Location and area of revegetation and remnant sites at

Fishery Beach, South Australia. The revegetation at sites

included in our study was undertaken 16, 15, 14, 13, 12 and

11 years before sampling. Remnant sites were approximately

5 km from the 16 years ago site along the coast
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Sequence data and bioinformatic analysis

Sequence data used for this work were generated from

the BASE database workflow (Bissett et al. 2016), and

were downloaded as OTU abundance tables from the

BASE download portal (https://data.bioplatforms.

com/bpa/otu/; samples 102.100.100/192237–19354;

102.100.100/192273–19280) using the taxonomic fil-

ters: Amplicon = ‘‘27f519r_Bacteria, King-

dom = ‘‘Bacteria’’, Phylum = ‘‘Bacteria_unclassi-

fied’’ on 30th May, 2018 (OTU table is available at

Figshare under DOI https://doi.org/10.25909/

5d54a4dbe417c.25909/5d54a4dbe417c). Sequence

data have been deposited with the NCBI sequence read

archive under Bioproject number PRJNA317932.

Bioinformatic analysis was carried out according to

Bissett et al. (2016). Briefly, read merging was done

with FLASH (Magoč and Salzberg 2011), and merged

reads\ 400 bp and those containing Ns or homopoly-

mer runs[ 8 bp were removed using MOTHUR

v1.34.1 (Schloss et al. 2009). OTU’s at 97% sequence

similarity were picked from remaining reads as

follows: (1) demultiplex reads; (2) make an OTU

FASTA mapping file split into chimeric and non-

chimeric reads by sorting reads by abundance, remove

reads with\ 6 copies, cluster reads into OTUs

of C 97% similarity and identifying chimeras using

UPARSE (Edgar 2013) (3) map original reads from (1)

to the OTU representative sequences to compile a read

abundance (OTU) table (Rideout et al. 2014).

OTUs were identified using Greengenes (DeSantis

et al. 2006), using the RDP naı̈ve Bayesian classifier

(Wang et al. 2007) in MOTHER at a 60% read

similarity cut-off. At the time data download BASE

protocols also discarded OTUs not identified as

belonging to bacteria, unidentified at the phylum

level. Further details of our molecular methods can be

found in Bissett et al. (2016).

Statistics

R v 3.5.1 (R Core Team 2018) was used to run all

statistics. Except for alpha diversity, we discarded the

OTUs with less than 100 reads across all 44 samples

before further data analysis, because their abundances

are likely to be poorly estimated and as such could not

be attributed to a treatment effect. The number of reads

was rarefied to the replicate with the lowest number of

reads (94,867 and 108,543 reads, in 0–10 and

20–30 cm soil samples, respectively) with the rarefy

function in vegan v 2.5-1 (Oksanen et al. 2018), with

subsampling without replacement. OTU richness was

estimated using the Chao 1 nonparametric richness

estimator. Diversity was estimated as the effective

number of species (Jost 2006) using the Shannon–

Wiener index (H) and the Gini-Simpson index (D),

where the Shannon–Wiener index and Gini-Simpson

index were transformed by using the formula

exp(H) and 1/(1 - D), respectively, to estimate the

effective number of species.

Distance based redundancy analyses (db-RDA)

based on Bray–Curtis distance matrices of bacterial

97% OTUs were used to visualise the effect of

restoration on bacterial composition, and the relation-

ships between soil physical and chemical variables

and bacterial community composition. Prior to the

ordination, the soil physicochemical variables were

normalised using the decostand function in vegan.

Permutation test (9999 permutations) with the per-

mutest function in vegan was introduced after db-RDA

to measure the significant association between bacte-

rial community composition and soil physical and

chemical variables.

Bacterial OTUs that significantly associated with

the revegetation chronosequence pairwise combina-

tions were identified through indicator species analysis

(Dufrêne and Legendre 1997), using the indicator

value as the statistical index (De Cáceres et al. 2010;

Egidi et al. 2019; Rime et al. 2015). Indicator species

analysis was run using the multipatt function imple-

mented in the indicspecies package with 99,999

permutations. P value correction for multiple testing

was run using the fdrtool function implemented in the

fdrtool package (Strimmer 2008) with a false discov-

ery rate of 10% (q\ 0.10). Heatmaps were generated

using hierarchical clustering methods with the

plot_heatmap function in phyloseq v 1.22.3 (McMur-

die and Holmes 2013).

Differences in relative sequence abundance, OTU

richness, diversity indices, phyla, classes and soil

characteristics across the restoration chronosequence,

soil depths and the interaction between revegetation

site and soil depths were analysed using permuted

analysis of variance with the aovp function imple-

mented in lmPerm 2.1.0 package (Wheeler and

Torchiano 2016) with 5000 permutations.
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The Adonis method for permutational multivariate

analysis of variance (Anderson 2001) was used to test

significant differences in bacterial community com-

position across the restoration chronosequence at the

0–10 and 20–30 cm soil depths. The Tukey HSD test

was used to determine if the relationship between two

revegetation sites was statistically significant or not.

Results

Bacterial community changes

We generated a total of 5,917,424 raw 16S rRNA gene

reads across the 44 samples. Significant changes in

effective species number based on Shannon’s diversity

were observed, but, no significant changes were seen

in richness of the bacterial community across the

restoration chronosequence (Table 1). A total of

3,817,735 bacterial sequences and 10,322 bacterial

97% OTUs (4631 ± 971 SD per sample) remained for

further analysis after quality filtering. Distance based

redundancy analysis (db-RDA) showed distinct bac-

terial communities across the restoration chronose-

quence (Fig. 2), where sites revegetated between 11 to

15 years before sampling had similar bacterial

communities, and showed significant differences to

remnant sites and sites revegetated 16 years ago

(Table A5). The permuted analysis of variance test

also showed that significant differences were observed

between soil depths (P = 0.047), but no significant

interaction was observed (P = 0.223).

The phylum proteobacteria had the greatest relative

sequence abundance and richness (24.47% and

23.46%, 2326 and 2343 OTUs, at 0–10 and

20–30 cm, respectively), followed by Actinobacteria

(23.81% and 23.27%; 2107 and 2113 OTUs, at 0–10

and 20–30 cm, respectively) and Acidobacteria

(19.09% and 18.63%; 1931 and 1941 OTUs, at 0–10

and 20–30 cm, respectively) (Fig. 3, Table A1). All

dominant phyla (each with[ 1.5% of the total number

of sequences in all samples) varied significantly in

relative sequence abundance and varied significantly

in Shannon’s diversity (except for Firmicutes) across

the restoration chronosequence (Tables 2, A1; Fig. 3).

Among the dominant phyla, Proteobacteria and Aci-

dobacteria showed a trend of increasing relative

sequence abundance at the 0–10 cm soil depth with

time since revegetation, while Actinobacteria was

significantly lower in relative sequence abundance at

the 20–30 cm soil depth. The phyla Nitrospirae and

WPS-2 had small relative sequence abundances and

Table 1 Richness and

diversity of bacterial

community across the

restoration chronosequence

assessed by permuted

analysis of variance, with

P values\ 0.05 in bold

Lower case superscript

letters represent differences

in OTUs or diversity

between ages within soil

depths (Tukey HSD test,

P\ 0.05)
aThe richness is calculated

using the OTU number and

Chao’s species richness

estimator (Chao 1)
bThe diversity is effective

number of species based on

Shannon–Wiener H

(Shannon) and Gini-

Simpson’s D indices

(Simpson)

Age Depth (cm) OTUsa (±SD)a Diversityb (±SD)b

Observed Chao 1 Shannon Simpson

11 years ago 0–10 16,791 ± 1411 20,599 ± 1762 4811 ± 630b 829 ± 192

12 years ago 0–10 17,974 ± 1873 21,898 ± 2324 5,516 ± 741ab 963 ± 107

13 years ago 0–10 18,500 ± 1050 22,538 ± 1444 5,310 ± 276ab 1006 ± 191

14 years ago 0–10 16,295 ± 4643 20,350 ± 6402 5338 ± 2375ab 1063 ± 708

15 years ago 0–10 18,985 ± 1009 23,403 ± 1257 5767 ± 952ab 1367 ± 462

16 years ago 0–10 16,805 ± 2134 20,373 ± 2810 4234 ± 687b 780 ± 120

Remnant 0–10 21,543 ± 1594 26,681 ± 2262 7685 ± 600a 1751 ± 464

11 years ago 20–30 17,349 ± 2697 20,970 ± 3543 5258 ± 1326 1059 ± 377

12 years ago 20–30 17,344 ± 2532 20,423 ± 3190 5326 ± 1403 977 ± 115

13 years ago 20–30 18,349 ± 548 22,264 ± 611 5546 ± 869 1111 ± 447

14 years ago 20–30 16,313 ± 2724 20,540 ± 3705 4830 ± 1520 992 ± 440

15 years ago 20–30 19,454 ± 1206 24,009 ± 1716 6456 ± 631 1483 ± 300

16 years ago 20–30 16,872 ± 2018 20,363 ± 2348 4918 ± 730 1078 ± 179

Remnant 20–30 16,198 ± 2000 19,408 ± 2774 4617 ± 872 981 ± 302

P values Site 0.149 0.195 0.027 0.070

Depth 0.435 0.300 0.521 0.784

Site 9 depth 0.163 0.169 0.050 0.135
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were higher in relative sequence abundances at

20–30 cm than 0–10 cm soil depths. Nitrospirae was

significantly lower in 16-year old revegetation sites

and remnant sites, while WPS-2 only appeared in

16-year old revegetation sites and remnant sites

(Table A1; Fig. 3).

Overall, the most abundant classes among the

Proteobacteria, Actinobacteria and Acidobacteria

were Alphaproteobacteria, Rubrobacteria and Aci-

dobacteria, respectively (Table A2). The classes

Acidobacteria-6 (Acidobacteria), Deltaproteobacteria

(Proteobacteria) and Rubrobacteria (Actinobacteria)

decreased significantly in relative sequence abun-

dance with time since revegetation, and Alphapro-

teobacteria (Proteobacteria) and Acidobacteriia

(Acidobacteria) showed the opposite trend, where

these differences were most pronounced between sites

revegetated 11–15 years ago vs. 16-year old revege-

tation sites and remnant sites (Tables 2, A2). These

five classes were the most abundant across the

restoration chronosequence (Tables 2, A2; Fig. 4).

Indicator OTUs

Indicator species analysis was used to identify bacte-

rial OTUs indicative of the different restoration stages.

We observed 67 and 76 bacterial indicator OTUs at

0–10 and 20–30 cm soil depths, respectively (each

with[ 0.1% of the total number of sequences in all

Fig. 2 Distance based

redundancy analysis (db-

RDA) of soil

physicochemical variables

and bacterial community.

db-RDA was based on

Bray–Curtis distance

matrices of bacterial 16S

rRNA OTUs at a 0–10 cm

and b 20–30 cm soil depths

across the restoration

chronosequence. The

variables in red indicate

significant effects on the

bacterial community
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samples; q\ 0.10; Figs. A1, A2). Indicator OTUs

from the remnant and 16-year old revegetation sites

were similar and were different from the other

revegetation sites. Furthermore, the remnant and

16-year old revegetation sites had more indicator

OTUs with larger indicator values ([ 0.50), than the

sites revegetated between 11 to 15 years before

sampling (Figs. A1, A2).

Heatmaps based on the cluster analysis were run to

visualise differences in relative sequence abundances

of indicators across the restoration chronosequence.

These plots showed the indicators associated with the

restoration chronosequence, and these OTUs largely

Fig. 3 Stackplot showing

changes in relative sequence

abundance of bacterial

phyla. Relative sequence

abundances of the dominant

bacterial phyla and rare

bacteria at a 0–10 cm and

b 20–30 cm depths across

the restoration

chronosequence
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formed distinct assemblages across the restoration

ages (Figs. 5, 6). Indicator analysis also revealed that

the OTUs in the classes Alphaproteobacteria and

Acidobacteria were generally associated with remnant

and 16-year old revegetated sites, while those from the

Deltaproteobacteria and Rubrobacteria were charac-

teristic of sites revegetated between 11 to 15 years

before sampling (Figs. 5, 6, A1, A2).

Bacterial community associations with soil abiotic

properties

Notable differences in soil physical and chemical

characteristics were observed across the restoration

chronosequence and soil depths (Tables A3, A4).

Differences with time since restoration included lower

soil pH (P\ 0.001) and higher sulphur (P = 0.030).

Nitrate, phosphorous, organic carbon, conductivity

and sulphur were significantly higher in 0–10 cm

compared to 20–30 cm soil depths, while pH was

significantly lower in 0–10 cm compared to 20–30 cm

soil depths (Tables A3, A4).

Distance based redundancy analysis (db-RDA)

showed that the proportion of variation in the bacterial

community explained by the first two axes respec-

tively was 53.07% and 13.70%, and 58.62% and

13.02% at 0–10 cm and 20–30 cm soil depths,

respectively. A distinct bacterial community structure

across the restoration chronosequence was observed

(Figs. 2, A3). To further understand the relationships

between bacterial community composition and soil

properties, their Pearson correlation coefficients were

calculated using Permutation tests. The bacterial

community strongly associated with soil physical

and chemical variables based on Bray–Curtis dissim-

ilarity and Permutation tests at 0–10 (F6,15 = 4.019,

P = 0.001) and 20–30 cm (F6,15 = 5.050, P\ 0.001)

(Figs. 2, A3). The factors with the highest correlation

with the first two axes at 0–10 cm soil depth were soil

moisture (R2 = 0.440, P = 0.004), and at 20–30 cm

soil depth were conductivity (R2 = 0.475, P = 0.002),

soil moisture (R2 = 0.431, P = 0.006), nitrate

(R2 = 0.377, P = 0.014) and sulphur (R2 = 0.307,

P = 0.028) (Fig. 2, Table A6).

Discussion

We used high-throughput 16S rRNA amplicon

sequencing to explore differences in soil bacterial

community composition across a 16-year coastal

restoration chronosequence. The restoration interven-

tion was revegetation of the native and dominant tree

Allocasuarina verticillata. We observed that sites

revegetated between 11 to 15 years before sampling

had similar bacterial communities and were distinct

from older revegetated (16 year) and remnant sites.

Our study showed that changes on soil bacterial

communities were associated with variation in soil

moisture, nitrate, sulphur and phosphorus across the

restoration chronosequence.

Our sampling design was not ideal to make space-

for-time proxy conclusions on the effect of time since

Table 2 Effect of revegetation sites and soil depths on relative

sequence abundance of bacterial phyla and dominant classes

assessed by permuted analysis of variance, with P val-

ues\ 0.05 in bold

Taxon Age Depth

Proteobacteria < 0.001 0.408

Deltaproteobacteria < 0.001 < 0.001

Alphaproteobacteria < 0.001 0.824

Betaproteobacteria < 0.001 1.000

Gammaproteobacteria 0.111 1.000

Actinobacteria < 0.001 0.165

Actinobacteria 0.057 0.014

Rubrobacteria < 0.001 0.013

Thermoleophilia < 0.001 < 0.001

Acidobacteria < 0.001 0.041

Acidobacteria-6 < 0.001 0.227

Acidobacteriia < 0.001 0.151

Solibacteres < 0.001 0.066

Chloracidobacteria < 0.001 0.765

Firmicutes 0.007 0.045

Bacilli 0.016 0.035

Bacteroidetes < 0.001 0.229

Saprospirae < 0.001 < 0.001

Cytophagia < 0.001 0.419

Planctomycetes < 0.001 0.035

Phycisphaerae < 0.001 0.271

Planctomycetia < 0.001 < 0.001

Gemmatimonadetes < 0.001 1.000

Gemmatimonadetes 0.010 0.292

Verrucomicrobia < 0.001 < 0.001

Spartobacteria < 0.001 < 0.001

Chloroflexi < 0.001 0.003
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revegetation on the bacterial community. Our young-

est revegetation site was 11 years old when sampled,

and our sampling sites suffer from spatial autocorre-

lation of treatments (De Palma et al. 2018). Further-

more, we observed a large split in bacterial community

structure between the sites revegetated 15 and

16 years prior to sampling, where the 15 years old

site clustered with the sites sampled 11 to 14 years

prior to sampling, and the 16 years old site clustered

with the remnant vegetation site. Explaining such a

divide requires additional investigation (e.g. longitu-

dinal sampling), as it could potentially be explained

not by the time since revegetation, but rather by

unsampled site-specific features (e.g. groundwater). In

Fig. 4 Stackplot showing

changes in relative sequence

abundance of bacterial

classes. Relative sequence

abundances of the dominant

bacterial classes and rare

bacteria at a 0–10 cm and

b 20–30 cm depths across

the restoration

chronosequence
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spite of this, our results indicate the potential for this

coastal revegetation intervention to have had a posi-

tive effect on the sub-surface soil bacterial

community.

Most previous high-throughput ecological studies

on bacterial community changes have focused on

natural ecological processes, such as natural regener-

ation (Guo et al. 2018) or soil development (Jesus et al.

2009; Rime et al. 2015), and only few studies have

explored bacterial responses to active ecological

restoration (Banning et al. 2011a; Cavagnaro et al.

2016; Xue et al. 2017), with none in coastal contexts to

our knowledge. Our work further contributes to the

growing evidence that soil bacterial communities

differ between varying plant communities—including

those differing in age. Such differences imply a

positive response to aboveground ecological restora-

tion interventions, such as revegetation (Gellie et al.

2017).

Bacterial community differences

There is a common assumption in restoration that ‘if

you plant it, they will come’ (Harris 2009). However, it

is generally not well understood how long ecological

recovery takes to occur, particularly for non-target

taxa, such as bacteria. Two previous studies have

shown considerable bacterial community recovery

after 8 (Gellie et al. 2017) and 14 years of revegetation

(Banning et al. 2011a), but in other studies, the

bacterial community has been found not to respond,

after 4 years of reduced grazing for example (Ha-

monts et al. 2017). As such, further work is required to

more fully understand how and when microbial

ecosystem components respond to traditional restora-

tion interventions, such as revegetation.

Our study highlights the opportunity for using

molecular tools to identify and assess bacterial groups

during restoration, which may serve as potential

ecological indicators of restoration processes. Pro-

teobacteria, Actinobacteria and Acidobacteria were

the phyla that exhibited the greatest differences in

relative abundance between the revegetated sites in

our study. Proteobacteria and Acidobacteria showed a

significantly higher proportion of reads, while Acti-

nobacteria were significantly lower, with time since

revegetation. These associations are similar to a

previous study on bacterial community changes in a

woodland restoration system (Gellie et al. 2017).

Indeed, the relative abundance of several Acidobac-

teria taxa seemed to show an increasing trend with

time since revegetation, which is not surprising as

these taxa tend to be more abundant in forests and less

so in pastures (Fierer et al. 2007; Huang et al. 2015).

Bacteria are important foundations of ecosystem

functions (e.g. nutrient cycling, symbioses, substrate

formation) and supply valuable ecosystem services

(e.g. carbon storage, nutrient availability for plants). In

our study, we observed the bacterial phylum Nitro-

spirae to be significantly lower in relative abundance

in older revegetation sites, which is consistent with

previous work in a degraded steppe ecosystem (Yao

et al. 2018). Nitrospirae are involved in the nitrogen

cycle and performs nitrite oxidation in nitrification

(Koch et al. 2015; Luecker et al. 2010). While further

work is needed to confirm whether Nitrospirae was

performing this function in our study system, its

presence provides indirect evidence that it had the

potential to do so.

We observed clear differences in bacterial OTU

Shannon diversity across our samples, which is

consistent with previous studies on soil bacteria

(Zheng et al. 2017); such as rainforest-to-agriculture

land conversion (Rodrigues et al. 2013). Other studies

have found that land-use change does not alter soil

bacterial diversity, even after 20-years of restoration

(Liao et al. 2018), or conversion of long-standing

primary forest to pasture or croplands (Jesus et al.

2009).

Overall, there is a great need for longitudinal,

spatially-independent studies to further the develop-

ment of molecular tools to identify and track microbial

changes and indicators of restoration success. Previ-

ous studies, and ours, have sampled sites that differ in

the time since restoration, but were each sampled at a

single point in time. Such designs are not ideal to

determine whether restoration was the primary cause

of change, or whether changes occurred at all. Such

design limitations reduce the strength of inferences

about changes that may have occurred due to restora-

tion and the identification of indicator taxa that could,

bFig. 5 Heatmap with dendrograms based on the indicator OTU

abundance across the restoration chronosequence. The 67

indicator OTUs (each having[ 0.1% total relative sequence

abundance) at 0–10 cm soil depths
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with further development, be representatives of

restoration success.

Potential bacterial indicator taxa of ecosystem

restoration are useful as they make candidates for

focussed, follow-up work that aims to better under-

stand their function (Breed et al. 2019; Liddicoat et al.

2019). The species Burkholderia bryophila (phylum

Proteobacteria) was a significant indicator for remnant

and 16-year old revegetation sites, and has previously

been reported in native grassland ecosystems (Van-

damme et al. 2007). Two species in the genus

Rubrobacter (phylum Actinobacteria) had significant

indicator values for sites revegetated between 11 to

15 years before sampling, which has been reported to

have an active role in efflorescence formation and

mineral precipitation, which can contribute to biode-

terioration processes (Mihajlovski et al. 2017).

Associations between soil abiotic properties

and bacteria

Soil conditions have strong effects on the structure of

microbial communities (Hanson et al. 2012; Singh and

Gupta 2018; Yao et al. 2018). Soil moisture, nitrate,

sulphur and conductivity at the 20–30 cm soil depth

were each significantly correlated with the bacterial

community across the restoration chronosequence.

Such associations between soil abiotic conditions and

bacterial community structure are expected (Liao et al.

2018; Singh and Gupta 2018). However, our findings

are important in a restoration context because even

though it is clear that strong associations exist between

above and belowground biota (Wardle et al. 2004),

excess soil nitrogen—often present pre-restoration,

particularly in post-agricultural landscapes—can inhi-

bit restoration (e.g. it can widen the environmental

filter for invasive species; Funk 2008). Further work is

needed to address the feedback loops between the

bacterial community, plant community and soil con-

ditions as they are generally not well understood.

We observed differences in the bacterial commu-

nity with soil depth, which is likely contributed to by

differences in resource inputs. Surface soils are

expected to have greater detritus accumulation and

availability of organic carbon and macronutrients than

sub-surface soils (Allison et al. 2007). Soil depth had

no overall effect on bacterial diversity and relative

abundance. At the phylum level, soil depth had a

significant effect on many taxa and most showed

greater diversity and abundance in surface soils—as

expected. A notable exception was the phylum

Acidobacteria, which showed greater relative

sequence abundance in deeper soils, which is counter

to expectations (Fierer et al. 2007). More work is

clearly needed to understand the impact of depth

gradients and correlated environmental variables on

the soil bacterial community, particularly in a restora-

tion context.

Monitoring restoration of microbiota with high-

throughput sequencing approaches

Monitoring changes to microbiota during ecosystem

restoration is important because these microbiota have

key functional ecological roles and represent substan-

tial biodiversity in their own right (An et al. 2009;

Breed et al. 2019). Consequently, a cost-effective

quantification approach for microbiota is required if

these microbial communities are to be successfully

integrated into restoration monitoring and assessment.

Microbial community cultivation-based approaches

are methods that can be used to characterise microbial

communities (Balint et al. 2016), however the major-

ity of microorganisms are uncultivable by standard

techniques, which leaves many taxa unmonitored

(Epstein 2013). Soil microbial biomass (used to, for

example, derive fungal to bacterial ratios), microbial

enzyme activity and soil respiration are also estab-

lished approaches to quantify microbial communities

(Baldrian 2019; Kuzyakov and Blagodatskaya 2015).

Data derived from these approaches can be proxies of

or actual measurements of biochemical processes

(Bandick and Dick 1999; Ros et al. 2003), and they

have been used in restoration contexts (Li et al. 2018;

Ross et al. 1982). While these methods are good at

characterising general microbial patterns, and impor-

tantly can provide a picture of microbial function, they

lack the fine-scale resolution that can be generated

with high-throughput sequencing based approaches.

bFig. 6 Heatmap with dendrograms based on the indicator OTU

abundance across the restoration chronosequence. The 76

indicator OTUs (each having[ 0.1% total relative sequence

abundance) at 20–30 cm soil depths
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High-throughput sequencing has facilitated the

emergence of DNA metabarcoding by sequencing a

particular amplicon (or barcode) from an environ-

mental DNA sample—an approach generally called

metabarcoding or high-throughput amplicon sequenc-

ing (Gomez-Escribano et al. 2016; Lindahl et al. 2013;

Taberlet et al. 2012). This approach can identify the

biological sources of genetic material with reasonable

accuracy and precision (Barnes and Turner 2015;

Corlett 2017). High-throughput amplicon sequencing

has been put forward as a cost-effective, efficient and

easy-to-standardise approach that can be used to

survey and monitor cryptic biodiversity (Ji et al.

2013), including in a restoration context (Breed et al.

2019). Such high-throughput sequencing approaches

are by no means a panacea to monitoring microbiota,

as these approaches are often limited by poor

taxonomic databases and inaccessibility of functional

attributes of some techniques (Egidi et al. 2019; Ji

et al. 2013). Furthermore, false positives may occur for

multiple reasons, such as contamination during sam-

pling or during laboratory work, and PCR or sequenc-

ing errors (Ficetola et al. 2015). We emphasise that

further work is required to improve high-throughput

sequencing approaches, such as DNA metabarcoding,

as a useful tool for monitoring and assessing the

restoration of microbiota.

Conclusions

The development of high-throughput amplicon

sequencing methods offers extraordinary scientific

and practical opportunities for better understanding

the roles of microbial communities in restoration

contexts; for example, opening opportunities to

develop targeted microbiome inoculations. However,

the full potential and limitations of these methods to

monitor restoration projects require more work to

understand how consistent soil bacterial communities

are in responding to revegetation and how they

respond to other restoration interventions (Bulman

et al. 2018; Cowart et al. 2015). Most restoration

projects assess their success based either on simple

input metrics (e.g. number of trees planted) or aim for

outcomes that are difficult to quantify (e.g. improve

ecosystem integrity) (Collen and Nicholson 2014;

Harris 2003; Moreno et al. 2017). Our findings provide

further encouraging evidence for establishing a DNA

metabarcoding method as a scalable and comprehen-

sive tool to monitor the microbiome of restoration

interventions. With further development, high-

throughput amplicon sequencing has great potential

to be an effective tool used to monitor the efficacy of

restoration interventions, as has been shown in other

allied areas of ecology (Thomsen and Willerslev 2015;

Valentini et al. 2016).
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