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Thesis Abstract

The effective restoration of degraded ecosystems is essential in addressing the twin
global crises of biodiversity decline and climate change. However, restoration
success is elusive, and the development of innovative methods is needed to address
these shortcomings. Soil — our planet’s most biodiverse habitat — is home to at least
60% of Earth’s species yet it is inadequately integrated into the practice and science
of restoration. The soil microbiome is a crucial component of healthy ecosystems.
Improved integration of the soil microbiome into the restoration of biodiverse,
functional and resilient ecosystems has the potential to improve restoration success

and help address the global crises of biodiversity decline and climate change.

In this thesis, | take on exploring current and emerging practical uses of the soil
microbiome in the restoration of functional and resilient ecosystems in southwest
Western Australia — a global biodiversity hotspot. In chapter one, | present a
comprehensive forward-looking review that covers current knowledge and future
directions for the practical application of soil microbiota to improve ecosystem
restoration (published in Biological Reviews). The review highlights how soil
microbiota are currently integrated in ecosystem restoration, identifies knowledge
gaps constraining their integration and suggests research to address these
knowledge gaps. In chapter two, | use amplicon sequencing techniques in an
observational study to assess the state of recovery of soil bacterial communities
following landscape-scale revegetation across six restoration sites in southwest
Western Australia (published in Biological Conservation). | identify key persistent
agricultural land-use legacies that have inhibited the recovery of these important

ecological communities. In chapter three, | use shotgun metagenomic sequencing



approaches to explore how expanding from taxonomic-based metrics by examining
functional potential can provide a more ecologically informative picture of the
recovery of specific microbial-mediated ecosystem functions. In this chapter, | show
that both taxonomic and functional gene compositions have not entirely recovered
following restoration efforts and land-use legacies associate with these altered
compositions. While results may indicate incomplete recovery, they do not
necessarily mean dysfunction but likely reflect functional adaptations to altered
conditions. In chapter four, | embed a soil translocation experiment into active
restoration sites in southwest Western Australia to assess the effectiveness of three
different soil translocation methods on the establishment of beneficial soil microbiota.
| show that retaining soil structural integrity through intact soil translocations is
important in achieving successful inoculation. By contrast, mixed soil translocations
and surface spreading — the predominant method of soil translocation — saw
microbial communities diverge away from the microbial profile of donor sites.
Together, these thesis components employ novel methods to identify, address and
close knowledge gaps towards improving ecosystem restoration outcomes through

improved integration of the soil microbiome.
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Thesis structure

This thesis is structured in adherence to the HDR Thesis Rules as set by Flinders

University. The thesis can be easily navigated through the Table of Contents.

The thesis contains four primary chapters: a comprehensive review and three data
chapters. The primary chapters are preceded by a thesis summary and a general

introduction and succeeded by a general discussion. Both the general introduction
and general discussion are kept relatively brief as each chapter contains important

introduction and discussion materials.

Chapters one and two have been peer-reviewed and published in Biological Reviews
and Biological Conservation. They are reproduced here under a CC BY 4.0 open

access licence (http://creativecommons.org/licenses/by/4.0/).

Although both journals have their own unique formatting and referencing
requirements, this thesis shares a single format and referencing style throughout.
Figures have been embedded within the text after their first mention. | have chosen
to retain some journal-specific formatting within the published chapters where it
maintains the authenticity of the published version. For example, section headings in
chapter 1 are identified with Roman numerals whereas section headings in chapter 2
are identified with Arabic numerals. The thesis contains a single reference list for all
chapters following the main text. Supplementary information from each chapter is

included separately as Appendices.
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General introduction

Background

The effective restoration of degraded ecosystems must be rapidly scaled-up to
unprecedented levels in order to address the existential threats of the global
biodiversity and climate crises (Silliman et al., 2024). Accordingly, the United Nations
has declared 2021 — 2030 The Decade on Ecosystem Restoration with the aim to
scale-up and unlock restoration implementation potential (Waltham et al., 2020).
While the science and practice of ecosystem restoration — defined as “the process of
assisting the recovery of an ecosystem that has been degraded, damaged or
destroyed” (Gann et al., 2019a) — has been advanced substantially over the past few
decades, many restoration efforts still do not achieve their goals and failure is widely
underreported (Rillig et al., 2024; Hobbs, 2009; Prober et al., 2025). Ecosystem
restoration has previously been concentrated on aboveground ecosystem attributes
(e.g., revegetation, animal reintroductions). However, as soil is home to somewhere
between 60% (Anthony, Bender & van der Heijden, 2023) and 99.9% of the earth’s
species (Blakemore, 2025), increased attention is being given to the importance of
soil as a foundation for the majority of ecosystem processes (Nannipieri et al., 2017,
Raupp, Carrillo & Nielsen, 2024). As such, advancements in improving the
integration of belowground ecological communities into restoration are crucial to help

address persistent restoration shortfalls.

Soil microbiomes — the communities of bacteria, archaea, fungi, viruses, and their
internal and external structural elements in soil (Berg et al., 2020) — play key roles in

soil structural formation, nutrient cycling, plant productivity and carbon sequestration.
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The soil microbiome is linked with aboveground ecosystem components at species,
community, and ecosystem levels (Fierer, 2017; Heneghan et al., 2008). As land use
and environmental changes impact on one ecosystem component, they can lead to
up or downstream shifts in the other. Therefore, improving our understanding of both
the response of soil microbiota to other restoration interventions (e.g., restoration
plantings) as well as how to directly target the restoration of soil microbiota is crucial

to effectively return biodiverse and functional ecosystems.

Microbial distributions are shaped by a complex interplay of ecological and
environmental factors (Liu & Salles, 2024; Martiny et al., 2006). A long-held but still
disputed principle in microbial biogeography is the Bass-Becking hypothesis, which
states that "everything is everywhere, but, the environment selects" (Baas-Becking,
1934). This idea suggests that microbial taxa have broad dispersal capacities, but
their local composition is primarily determined by environmental conditions. In the
context of ecosystem restoration, soil microbial communities are influenced not only
by present-day environmental factors but also by historical land-use legacies, such
as those associated with prior agricultural disturbance (Jangid et al., 2011; Osburn,
Aylward & Barrett, 2021). These legacies can alter soil properties in ways that shape
microbial community recovery and reinforce alternative stable states that differ from
undisturbed ecosystems. While this thesis explores the relationship between
microbial composition and soil abiotic properties in restored landscapes, it does not
explicitly disentangle the relative contributions of environmental filtering, dispersal
limitation, or historical contingencies. Nevertheless, the findings provide insight into
the extent to which environmental selection may drive microbial community

assembly following land-use change and ecosystem restoration.
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Biodiversity of Western Australia’s Southwest floristic region has been severely
impacted by historic land clearing and subsequent land use conversions for
agriculture. These impacts have resulted in the area being listed as a global
biodiversity hotspot, an area with exceptional concentrations of endemic species
undergoing exceptional loss of habitat (Myers et al., 2000). As of 2017, the
southwest floristic region contained 8,379 described native vascular plant species,
47% of which are endemic and 28% of which are of conservation concern at the
state level (Gioia & Hopper, 2017). The high levels of degradation in large areas of
this region have caused concerns that the possibility of restoration to historic
conditions may be unlikely (Hopper, 2009). However, others have argued that
continued advancements to, and investments in, restoration practice and science are
warranted to ensure the conservation and restoration of the region’s crucial

biodiversity (Cramer, Hobbs & Standish, 2008; Standish & Hobbs, 2010).

In line with the calls to advance restoration progress, multiple conservation-focussed
organisations are now engaged in restoring connectivity and functionality in the
region. The largest of these restoration projects in the region — Gondwana Link —
aims to restore landscape connectivity across more than 1,000 km of land between
the remnant forests of the far southwest corner of Western Australia and the
Nullarbor Plains to the northeast (Bradby, Keesing & Wardell - Johnson, 2016). Bush
Heritage Australia (BHA) — one organisation involved in Gondwana Link — has been
acquiring and actively revegetating post-agricultural properties in southwest Western
Australia’s Fitz-Stirling region with the aim of restoring functional native ecological

communities. BHA currently own, manage or are involved in restoration/conservation
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work on lands spanning approximately 7,000 hectares in the Fitz-Stirling region and
have recorded over 1,000 native taxa on their reserves (Figure 1) (Bush Heritage
Australia, 2023). Historic agricultural practices in the region — including long-term
fertiliser application in a region where vegetation is adapted to nutrient poor soil
conditions — are well known to severely impact both abiotic and biotic soil properties
including soil nutrient levels and soil microbiota (Standish et al., 2006). These
disturbances and their post-agricultural legacies can impede the effective restoration
of functional and biodiverse native ecosystems (Parkhurst et al., 2022a).
Accordingly, novel considerations and advancements towards overcoming post-
agricultural restoration barriers will be integral to restoring functional native

ecosystems both in southwest Western Australia and the wider world.

Figure 1 Photographs from Bush Heritage Australia reserves in the Fitz-Stirling
region of southwest Western Australia. (A) Aerial photo of Red Moort Reserve with
the Stirling Ranges in the background showing the degree of habitat fragmentation in
the region [photo: Greenskills, reproduced with permission]; (B) Restoration planting
work on a new BHA reserve, Ediegarrup [photo: Adrian Gaspari, reproduced with
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permission]; (C) Aerial photo showing the contrast between post-agricultural and
remnant land [photo: Grassland Films, reproduced with permission]; (D-G) Photos of
a variety of endemic plant species on Monjebup reserve [photos: Shawn Peddle].

Thesis aims and outline

My PhD research is embedded within ongoing restoration projects led by BHA in
Western Australia’s southwest Australian floristic region, a global biodiversity hotspot
(Myers et al., 2000). My thesis is focussed on addressing knowledge gaps regarding
the responses of soil microbial communities and their functional capacities following
post-agricultural restoration plantings in a highly biodiverse mallee heath vegetation
community. Additionally, the thesis explores a novel method of directly targeting the
restoration of soil microbial communities through the translocation of soil with the
intention of inoculating whole microbial communities. All four thesis chapters are
focused on how the inclusion and consideration of the soil microbiome can improve

ecosystem restoration outcomes.

In this thesis | aim to identify and address knowledge gaps hindering the effective
integration of the soil microbiome into ecosystem restoration. Each of my PhD
chapters address this broad aim. Here, | outline each chapter’s aims, major

conclusions and contributions to restoration science and practice:

Chapter 1: Practical applications of soil microbiota to improve ecosystem
restoration: current knowledge and future directions

(Published in Biological Reviews: https://doi.org/10.1111/brv.13124)
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In this chapter | aim to provide a thorough and forward-looking review that examines
existing knowledge and future prospects for leveraging soil microbiota in ecosystem
restoration. This review explores current applications of soil microbiota in restoration
efforts, identifies key knowledge gaps limiting their integration, and proposes
research strategies to bridge these gaps. | outline practical applications across
restoration planning, direct interventions, and monitoring strategies, emphasising the
need to integrate and consider soil microbiota into restoration targets (figure 2). |
demonstrate how embedding microbiota-focused experiments in restoration projects,
alongside statistical modelling approaches, can improve causal understanding and
guide research priorities. | identify the inoculation of soil microbiota as a promising
but underutilised strategy, with knowledge gaps surrounding establishment success
and effective methods. Additionally, | show how microbial diversity, composition, and
function can serve as indicators of restoration progress. | provide a framework for
applying soil microbiota in ecosystem restoration and emphasise the need for
researcher-practitioner collaboration to bridge knowledge gaps and enhance
restoration outcomes. Importantly, while this review identifies numerous knowledge
gaps inhibiting effective integration of microbiota into restoration, only a few are

addressed in the succeeding thesis chapters.
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Figure 2 The Society for Ecological Restoration (SER) recovery wheel (Gann et al.,

[

2019) and how improved integration of soil microbiota into the planning, intervention,
and monitoring phases of ecosystem restoration projects could contribute to each of

the six recovery outcome themes (Peddle et al. 2024, page 3).

Chapter 2: Agricultural land-use legacies affect soil bacterial communities
following restoration in a global biodiversity hotspot

(Published in Biological Conservation: https://doi.org/10.1016/].biocon.2023.110437]

Monitoring soil microbial communities following restoration can provide important
context on post restoration ecosystem recovery. In this data chapter | aim to assess
the recovery of soil bacterial communities following post-agricultural restoration

plantings across six restoration sites in southwest Western Australia (figure 3) using
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amplicon sequencing of bacterial 16S rRNA genes. | show that soil bacterial
communities in revegetated and degraded sites remain similar to one another but
are distinctly different to those in remnant bushland communities, even up to 17
years after restoration. | identify elevated soil phosphorus as a key factor limiting
microbial recovery, highlighting the lasting impact of agricultural land-use legacies on
soil microbiota. These findings underscore a major challenge for conservation and
restoration practitioners seeking to integrate soil microbiota into restoration efforts in
ancient, nutrient-poor landscapes, where soil nutrient legacies may hinder microbial

community reassembly.

Figure 3 Photographs of a (A) degraded land condition site at Monjebup Reserve,
(B) revegetated land condition site at Monjebup Reserve, and (C) remnant land
condition site at Yarraweyah Falls Reserve.

Chapter 3 Soil microbial functions associate with persistent agricultural
legacies and indicate an alternative stable state following restoration plantings
in a global biodiversity hotspot

(Prepared to submit to Restoration Ecology, preprint available via Authorea at:

https://doi.org/10.22541/au.174301721.10879091/v1)

Assessing microbial taxonomic diversity and composition is increasingly used to

gauge restoration success. However, due to high functional redundancy and weak
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taxa-function links in soil, taxonomic data alone may be insufficient to infer ecological
recovery. In this chapter, | assess the recovery of microbial functional potential
following post-agricultural restoration in southwest Western Australia using shotgun
metagenomic sequencing. | show that while the overall number of microbial functions
does not differ between land conditions, functional compositions remain distinct
between revegetated and remnant sites, with strong associations to soil abiotic
properties, including phosphorus. Despite a general lack of functional recovery, |
conclude that this likely does not represent a dysfunctional system but a functional

response to an alternative stable state driven by soil abiotic conditions.

Chapter four: Stronger together: intact soil translocation increases the
resilience of inoculated microbial communities
(Prepared to submit to Ecology Letters, preprint available via Authorea, DOI:

https://doi.org/10.22541/au.174180429.99271478/v1)

My previous data chapters both focussed on post-restoration observational
monitoring to assess recovery of microbial communities and their functions. In this
chapter, | embedded an experiment into two post-agricultural restoration sites in
southwest Western Australia to assess the efficacy of three soil translocation
methods for inoculating whole microbial communities (Figure 4). | demonstrate that
retaining soil structural integrity through intact translocations results in the improved
establishment of donor-site microbial communities. Surface spreading— the most
widely used method of soil translocation in restoration—resulted in microbial
communities diverging away from the donor compositions and becoming more like

recipient site communities. These findings suggest a need for the restoration sector
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to reconsider current microbial inoculation approaches and highlight the potential
benefits of intact soil translocations. To enhance ecosystem recovery, greater
investment and innovation are needed to scale up effective soil translocation

methods.

Donor Site Recipient Site —i—* Establishment?

Figure 4 Graphical illustration of the concept of testing the efficacy of three soil
translocation treatments (intact core, mixed core and surface spreading) for

successfully establishing soil microbial communities.

Following my primary thesis chapters, | conclude with a general discussion of the
implications of the thesis results for the practice and science of ecosystem
restoration, their novel contributions to the field, and future research directions
needed to continue to advance the integration of the soil microbiome towards

improving ecosystem restoration.
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ABSTRACT

Soil mlrmlm)u are important components of healthy ecosystems. Greater consideration of soil microbiota in the restoration of
iodi ional, and resilient y is mqunmd 10 address the twin global crises of biodiversity decline and climate
change. In this review, we discuss available and emerging practical applications of soil microbiota into (1) restoration planning,
() direct interventions for shaping soil biodiversity, and () strategies for itoring and predicting ion trajectories. We
show how better planning of restoration activities to account for soil microbiota can help improve progress towards restoration
targets. We show how planning to embed soil microbiota experiments into restoration projects will permit a more rigorous
assessment of the effectiveness of different restoration methods, especially when ¢ i d by statistical delli
Ippr()d\‘h(“ that capitalise on cxuung data sets to improve causal undcmandings and prioritise rescarch s\mlcgics where
appropriate. In addition IulL&u\tnuL ! 1 microbiota, ion strategies that include soil microbiota can improve
the resilience of whole d Ik ion planning should identify appropriate reference target ecosystem
attributes and — from the pcrspctuu of soil microbiota comprehensibly consider potential physical, chemical and biological
influences on recovery. We identfy that inoculating ecologically appropriate soil microbiota into degraded environments can
support a range of restoration interventions (e.g. targeted, broad-spectrum and cultured inoculations) with promising results.
Such inoculations however are currently underutilised and knowledge gaps persist surrounding successful establishment in
light of community dynamics, including priority effects and community coalescence. We show how the ecological trajectories
of restoration sites can be assessed by characterising microbial diversity, composition, and functions in the soil. Ultimately, we
highlight practical ways to apply the soil microbiota toolbox across the planning, intervention, and monitoring stages of eco-
system restoration and address persistent open questions at each stage. With continued collaborations between rescarchers and
practitioners to address knowledge gaps, these approaches can improve current restoration practices and ecological outcomes.
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genomics, restoration methods.
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ABSTRACT

Soil microbiota are important components of healthy ecosystems. Greater
consideration of soil microbiota in the restoration of biodiverse, functional, and
resilient ecosystems is required to address the twin global crises of biodiversity
decline and climate change. In this review, we discuss available and emerging
practical applications of soil microbiota into (i) restoration planning, (i7) direct
interventions for shaping soil biodiversity, and (iii) strategies for monitoring and
predicting restoration trajectories. We show how better planning of restoration
activities to account for soil microbiota can help improve progress towards
restoration targets. We show how planning to embed soil microbiota experiments
into restoration projects will permit a more rigorous assessment of the effectiveness
of different restoration methods, especially when complemented by statistical
modelling approaches that capitalise on existing data sets to improve causal
understandings and prioritise research strategies where appropriate. In addition to
recovering belowground microbiota, restoration strategies that include soil microbiota
can improve the resilience of whole ecosystems. Fundamentally, restoration
planning should identify appropriate reference target ecosystem attributes and —
from the perspective of soil microbiota — comprehensibly consider potential physical,
chemical and biological influences on recovery. We identify that inoculating
ecologically appropriate soil microbiota into degraded environments can support a
range of restoration interventions (e.g. targeted, broad-spectrum and cultured
inoculations) with promising results. Such inoculations however are currently
underutilised, and knowledge gaps persist surrounding successful establishment in
light of community dynamics, including priority effects and community coalescence.

We show how the ecological trajectories of restoration sites can be assessed by
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characterising microbial diversity, composition, and functions in the soil. Ultimately,
we highlight practical ways to apply the soil microbiota toolbox across the planning,
intervention, and monitoring stages of ecosystem restoration and address persistent
open questions at each stage. With continued collaborations between researchers
and practitioners to address knowledge gaps, these approaches can improve current

restoration practices and ecological outcomes.

Key Words: ecosystem restoration, improved ecological outcomes, positive soll

legacy, recovery trajectory, restoration genomics, restoration methods

33



CONTENTS

l. Introduction
Il. Soil microbiota in restoration planning
(1) Considering soil microbiota and restoration goal setting
(2) When to prioritise investment in soil microbiota
(3) Improving conclusions on causation in soil microbiota restoration
(4) Embedding soil microbiota experiments
(5) Modelling approaches to ascertain causation
lll. Restoration interventions that directly target soil microbiota
(1) Whole soil translocations and microbial inoculations
(2) Seed enhancements that contain microbial additives
(3) Microbial cultures and suspensions
(4) Targeting specific microbiota
(5) Promoting positive soil legacies
IV. Monitoring soil microbiota for restoration
(1) Monitoring microbial diversity, composition, and function
(2) Monitoring restoration trajectories with soil microbiota
V. Conclusions
VI. Acknowledgements

VII. Author contributions

34



l. INTRODUCTION

Overexploitation of natural systems has led to the biodiversity crisis (Ceballos et al.,
2015; Dirzo & Raven, 2003) and vast areas of degraded ecosystems (Gibbs &
Salmon, 2015). While conserving remnant ecosystems is a priority, there is also a
need to restore degraded areas to biodiverse and functioning ecosystems (Higgs et
al., 2018; Perring, Erickson & Brancalion, 2018; Moreno-Mateos et al., 2020).
Accordingly, there is a marked increase in ecosystem restoration globally, with
targets to restore more than 350 million hectares under The Bonn Challenge and the
United Nations declaring 2021-2030 the Decade on Ecosystem Restoration.
However, there is considerable room to improve the success of restoration projects

(Crouzeilles et al., 2016; Wortley, Hero & Howes, 2013).

The essential role of soil in ecosystem restoration is recognised, mainly by
considering soil physical and chemical processes in ecosystem recovery (Costantini
et al., 2016; Munoz-Rojas, 2018; Perring et al., 2015). Over the last 15 years
however, increased attention has been given to soil microbiota — the communities of
bacteria, archaea, fungi, viruses and protists within soils — and their interactions in
the soil system and with aboveground biota due to their essential functional roles
(Harris, 2009; McKinley, 2019; Eisenhauer et al., 2017a). Soil microbiota are among
the most biodiverse and functionally important ecosystem components and are
essential to many biogeochemical processes. For example, biological nitrogen
fixation by diazotrophs, nitrogen-fixing bacteria and archaea forms the foundation of
Earth’s terrestrial productivity (Zhu et al., 2022; Vitousek et al., 2013) and
cyanobacteria (carbon and nitrogen fixers) combine with fungi, bacteria, lichens, and

other organisms to form biological soil crusts (‘biocrusts’) which can stabilise soil
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landscapes and enhance water availability (Weber et al., 2022; Yan-Gui et al., 2013).
Furthermore, soils are home to over half of Earth’s biodiversity (Anthony et al., 2023)
and belowground microbial biomass is often comparable in scale to aboveground
plant or animal biomass (Fierer, 2017). Soil microbiota also interact with
aboveground ecosystem components and are intimately involved in plant and animal
health, and vice versa. For example, the relationship between plants and arbuscular
mycorrhizal fungi is one of the oldest terrestrial symbiotic interactions (Field &
Pressel, 2018; Tisserant et al., 2013) where plants depend on fungi to gather
essential nutrients in exchange for carbohydrates. Consequently, we can expect
reciprocal shifts in above and belowground ecosystem components (Kardol &
Wardle, 2010; Prober et al., 2015). Therefore, improving the integration of soil
microbiota and associated microbial ecology into ecosystem restoration will have
considerable benefits across restoration planning, intervention, and monitoring

phases (Fig. 1).
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Fig. 1. The Society for Ecological Restoration (SER) recovery wheel (Gann et al.,

[

2019) and how improved integration of soil microbiota into the planning, intervention,
and monitoring phases of ecosystem restoration projects could contribute to each of

the six recovery outcome themes.

Historically, scientists faced technological challenges in quantifying and grasping the
diversity and composition of soil microbiota, as traditional culture-dependent
methods were only able to grow <1% of microbial taxa (Alivisatos et al., 2015;
Vartoukian, Palmer & Wade, 2010). However, modern sequencing technologies
enable a detailed taxonomic and functional understanding of soil microbiota. For
example, the now routine high-throughput amplicon sequencing of DNA extracted
from soil samples can provide a detailed taxonomic view of the microbiota within a

given sample (Berg et al., 2020; Fierer, 2017). These amplicon datasets can then be
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associated with spatial, land-use, environmental condition and/or restoration-
intervention data to answer ecological questions (Tedersoo et al., 2019; Thomsen &

Willerslev, 2015; Breed et al., 2019).

Advances in DNA-based technologies and improvements in our understanding of
plant-soil-ecosystem interactions are enhancing our ability to use soil microbiota in
restoration (Mohr et al., 2022). Indeed, there are several reviews on soil microbiota
in a restoration context, and most have focused on theoretical aspects of including
soil microbiota in restoration or relevant technological advancements (Coban, De
Deyn & van der Ploeg, 2022; Contos et al., 2021; Rawat et al., 2022). Here, we
complement these previous reviews by focussing on the practical interface of soil
microbiota and ecosystem restoration and highlight key knowledge gaps that are
limiting effective integration of soil microbiota into restoration. We highlight where
and how the integration of soil microbiota has successfully occurred and identify
opportunities and challenges for improved integration to enhance restoration

outcomes.

Il. SOIL MICROBIOTA IN RESTORATION PLANNING

Planning a restoration project requires setting realistic goals, making informed
choices of interventions, and deciding on indicators to monitor progress towards
stated goals (Hobbs & Norton, 1996; Collen & Nicholson, 2014; Suding et al., 2015).
Unfortunately, despite enormous growth in the scope and scale of restoration
globally, many projects fail to achieve their stated goals despite the growing scientific
rigour of restoration practice (Crouzeilles et al., 2016; Wortley et al., 2013; Sun et al.,

2017). The reasons for these shortfalls are numerous and include insufficient
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consideration of soil microbiota (Heneghan et al., 2008; Kardol & Wardle, 2010;
Farrell et al., 2020). Accordingly, restoration projects should routinely consider soil
microbiota early as part of their modus operandi — together with more traditional
targets and assessments for flora and fauna. These projects will then be in a better
position to determine their ecological starting place, trajectory and target — all
components of best-practice restoration (Kardol & Wardle, 2010; Heneghan et al.,
2008; Gann et al., 2019b). Here, we outline how and when restoration projects
should plan to incorporate soil microbiota from the outset to maximise benefits to
ecological outcomes while avoiding wasted resources. We also highlight that
improving our understanding of how specific restoration interventions affect soill

microbiota is needed to plan restoration effectively.

(1) Considering soil microbiota and restoration goal setting

Quantifying the severity of the degradation of an ecosystem is crucial in determining
the level of intervention required to meet targets (Heneghan et al., 2008; Chazdon,
2008). For example, when a restoration site is depleted of mycorrhizal fungi required
by a target plant species (e.g. mixotrophic orchid species are entirely dependent on
orchid mycorrhiza for germination), there is little sense in investing resources to
establish the plant without simultaneously addressing the lack of symbiotic fungi
(Koziol, Crews & Bever, 2020). Furthermore, invasive plant species in a degraded
landscape can modify soil microbiota to the point that the soil environment is in an
alternate state of dynamic equilibrium (Suding, Gross & Houseman, 2004; Gornish et
al., 2020). Here, removing the invasive plants and revegetating the landscape relies
on the soil microbiota to move towards a state that is more supportive of the

recovering native plant community which is by no means guaranteed (Harris, 2009).
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A revegetation-only approach may not overcome persistent soil legacies (i.e., altered
nutrient levels from fertiliser use, altered soil structure from compaction, invasive
species, undesirable biological communities) and risks perpetual states of ecological
invasion (Anthony et al., 2019; Bell, Siciliano & Lamb, 2020). As a result, specific
interventions that address invasive plants and altered soil microbiota (see Section III)
need to be part of the restoration planning phase. Moreover, major disturbance to
soil physical and chemical conditions (e.g. from mining, erosion, compaction, excess
nutrients) will alter the foundational habitat for soil microbiota, so addressing limiting
abiotic factors also represents a key priority in restoration planning (Robinson et al.,
2024b). There is immense value in setting early goals to understand soil microbial
ecology at the initial stages of a restoration project. This goal-setting process will
help the restoration practitioner to quantify and pre-empt biotic and abiotic
constraints or opportunities (e.g. a lack of mycorrhizal fungi, plant-associated
pathogens for structuring plant communities, altered soil physical or chemical

properties).

If barriers to recovery are not identified as part of the planning stage, ecosystem
recovery will likely be inhibited (Hobbs & Norton, 2004). Practitioners should address
these constraints in a restoration project by, for example, using knowledge of plant—
soil feedbacks in the planning phase. Restoration projects could promote negative
feedbacks between plant and soil communities by, for example, inoculating sites with
late-succession soil microbiota that encourages vegetation diversity in the early
recovery phase (Carbajo et al., 2011; Kardol, Martijn Bezemer & Van Der Putten,
2006). This can lead to mycorrhizal fungi outpacing bacterial pathogens, potentially

promoting community evenness in late-succession plants (Fierer, 2017; Kardol &
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Wardle, 2010). Integrating soil microbial ecology knowledge into predictive ecological
frameworks (e.g. modelling different environmental change scenarios, including
microbiota assembly and functional dynamics) could further allow targeted site-

specific restoration plans (Eviner & Hawkes, 2008).

Reference site selection and assessments are central elements of planning and
defining goals in a restoration project (Gann et al., 2019b). Soil physical and
chemical conditions, together with plant diversity and other factors in reference sites,
shape microbiota development (Fierer, 2017). While reference site soil microbiota
are increasingly used in restoration monitoring (see Section IV), they are not
routinely assessed during the planning phase. Gaining information on the
composition, and even functional characteristics, of microbiota in both degraded and
target reference sites will position projects better to tailor their interventions to
address varied levels of degradation in the whole ecosystem. Soil microbiota are
highly heterogeneous across even small (<1 cm?) spatial scales (Fierer, 2017) and
therefore reference site selection and sampling design are crucial to capture
variation adequately (van der Heyde, Bunce & Nevill, 2022; Liddicoat et al., 2022).
This high level of spatial variation can impact assessments of community
composition and function, and distort interpretations of the reference community

(Peddle et al., 2022).

The numbers and locations of reference site samples should account for vegetation
and soil heterogeneity to provide the best possible picture of microbiota targets
(Peddle et al., 2022; van der Heyde et al., 2022). One option is to implement a

stratified random sampling scheme. This approach involves dividing the study area
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into distinct strata based on relevant factors influencing biodiversity distribution, such
as vegetation and soil types or topographical features. Within each stratum, random
sampling points are selected to ensure representative coverage of the area while
minimising bias and distortions caused by heterogeneity. Additionally, employing
systematic sampling techniques, such as grid or transect sampling or pooling
samples to account for landscape heterogeneity (Bissett et al., 2016) can further

enhance spatial representativeness and accuracy of biodiversity assessments.

A key open question in integrating soil microbiota into restoration is: what do ‘good’
soil microbial communities look like in terms of species composition and/or
functionality? The composition of soil microbiota will vary greatly in different contexts
and environments with no single ‘ideal’ microbial community (Fierer, Wood & de
Mesquita, 2021). Generally speaking, the microbial community composition most
suited for any given restoration site should be informed by suitable reference sites.
However, understanding the specific elements of microbial communities and drivers
of microbial diversity, composition and function that can be generalised across
environments will improve how and where we integrate microbiota into restoration
(Liddicoat et al., 2024). In some cases, desirable microbiota characteristics might be
informed by higher-level functional outcomes (e.g. establishment of sensitive plants,
nutrient cycling, disease suppression). Various microbial taxa have seen increased
research focus on their uses for restoring particular ecosystem processes or
connections. For example, plant growth-promoting rhizobacteria have potential for
their ability to improve plant growth (Radhapriya, Ramachandran & Palani, 2018;
Solans, Pelliza & Tadey, 2022) and enhance germination (Dominguez-Castillo et al.,

2021), and arbuscular mycorrhizal fungi can promote recovery of native vegetation
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via mechanisms that enhance phosphorous uptake in plants (Koziol et al., 2018) and

improve soil physicochemical properties (Willis, Rodrigues & Harris, 2013).

While there are ‘good’ members of microbial communities, there are also pathogens
that can be harmful to microbial communities and other ecosystem components (e.g.
Phytophthora cinnamomi is a soil-borne plant pathogen) (Mansfield et al., 2024) and
restoration plans need carefully to consider the risks of inadvertently spreading
harmful pathogens. Importantly however, plant-pathogen interactions may be
beneficial in restoration as they also play a significant role in shaping plant diversity
and community dynamics. Pathogens can influence plant diversity through various
mechanisms, including selection pressure on host species and facilitation of
competitive interactions (Bever, Mangan & Alexander, 2015), which may impact

plant and soil community stability.

(2) When to prioritise investment in soil microbiota

Another key question that needs to be addressed to ensure restoration is as efficient
and effective as practically possible is: when will the inclusion of soil microbial data
improve restoration success? While the explicit consideration of soil microbiota in
restoration could arguably provide benefits to all projects, it does come with
additional costs (e.g. soil sampling, DNA extraction and sequencing, complex
bioinformatics) and potential risks (e.g. introduction of harmful pathogens, public or
policymaker scepticism from undesirable outcomes) that need to be considered to
maximise positive restoration outcomes and avoid wasted resources. Soil
ecosystems are complex and highly variable both within and across sites which

means a one-size-fits-all recommendation is problematic. Furthermore, soill
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microbiota are unlikely to be the only factor hindering restoration outcomes.
Restoration projects should therefore include risk assessments and cost-benefit
analyses on a case-by-case basis to determine if, and to what extent, soil microbiota
should be included. The inclusion of soil microbiota in any given restoration project
and any determination on the likelihood of that inclusion translating into cost-effective
improved restoration outcomes will be largely dependent on the project’s goals and
level of degradation or disturbance of soil physical, chemical, and biological

properties.

Decisions on including soil microbiota in restoration plans and interventions should
be informed largely by the impact that degrading processes have had on soils and
the level of investment that is available. Even short-term disturbances to vegetation
communities with minimal disturbance to soils can cause shifts in soil microbial
diversity and composition (Navarrete et al., 2015; Qu et al., 2024). However, if soil
physical and chemical properties remain similar to an undisturbed state, a focus on
restoring vegetation communities alone may be sufficient to see the recovery of soil
microbiota. On the contrary, if degrading processes have substantially modified soil
physical or chemical properties, then soil biological properties will most likely be
impacted as well. For example, restoration sites that were previously used for
agriculture with extensive fertiliser applications can have long-lasting nutrient
legacies that persist for decades to millennia (Turley et al., 2020; Parkhurst, Standish

& Prober, 2022b).

These persistent land-use legacies can then act as an abiotic barrier and impede the

recovery of soil microbiota and present situations where restoration should plan
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interventions that specifically seek to overcome these abiotic constraints (Peddle et
al., 2024a). Additionally, alterations in soil pH, moisture, and structure resulting from
degradation can also influence microbial community composition and activity, further
emphasising the relevance of soil physicochemical assessments in guiding the
inclusion of soil microbiota in restoration initiatives. Physical and chemical conditions
are generally easier to observe and test than soil microbiota and should be
considered to provide as near-optimal conditions as possible with reference sites as
a guide. This sets the foundation for development of biological communities
(Robinson et al., 2024b). Restoration planning can, of course, consider ‘in-principle’
influences on (and via) microbiota, however, practitioners will be blind to actual
effects and recovery if relevant attributes of microbiota remain uncharacterised. By
integrating assessments of soil physical, chemical, and biological properties,
restoration practitioners can tailor decisions on the inclusion of microbiota-based
interventions (see Section lll) to the specific needs of degraded ecosystems,

facilitating more effective restoration outcomes.

(3) Improving conclusions on causation in soil microbiota restoration

To determine better the level of effort required to affect recovery of soil microbiota it
is important to improve our understanding of how soil microbiota responds following
traditional restoration interventions such as revegetation. If revegetation alone
largely leads to recovery of soil microbiota, then costly assessments and
interventions focussed on microbiota are probably not needed. However, attributing
soil microbial recovery solely to revegetation without properly ascertaining causation
will lead to soil microbiota being overlooked and risks missing opportunities either to

address this crucial ecosystem component directly (Lem et al., 2022) or to utilise soil
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microbiota more as drivers of change as opposed to solely passengers (Harris,
2009). Observational studies of soil microbiota following revegetation often indicate
that soil microbiota in restoration sites resemble reference sites more closely with
increasing time since restoration (Barber et al., 2017; Gellie et al., 2017; Klopf et al.,
2017; Ngugi et al., 2018; Parsons et al., 2020; Sun et al., 2017; Yan et al., 2019;
Banning et al., 2011). These studies are often used to infer that the restoration
intervention (e.g. native plant revegetation) is causing the restoration of soll
microbiota but further rigour is needed to improve our knowledge of causal

mechanisms affecting the recovery of soil microbiota.

Observational chronosequence-based studies often suffer from unmeasured or
unaccounted factors that can confound results and cloud conclusions. Other soll
characteristics (both biotic and abiotic), climate, aboveground biological influences
(e.g. vegetation, land-management history), topographic relief, parent geological
materials, age of development, and spatial location (e.g. proximity to external
influences) will influence soil microbiota composition (Delgado-Baquerizo et al.,
2020; McBratney, Santos & Minasny, 2003; Pino et al., 2019) and may vary
independently of a restoration intervention. Furthermore, restoration methods may
change over time; for example, an unpredictable supply of seed resources may
cause temporal variation in revegetation (Broadhurst et al., 2016; Ladouceur et al.,
2018), or there may be inter-seasonal changes in climate, or changes in revegetation
practices or planting crew. These time-dependent changes to restoration practice
can introduce uncontrolled variation across the chronosequence and must be better
considered during chronosequence studies. In many situations, collecting sufficient

covariate data to explain fully (or develop models to account for) soil microbiota
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spatial autocorrelations is impractical. Therefore, ensuring that these unmeasured or
unaccounted influences do not compromise experimental designs and sampling

plans by having appropriately designed studies is necessary.

Despite their limitations, chronosequence designs are useful for inferring ecological
responses to restoration interventions through time without long-term sampling or
controlled experiments (Walker et al., 2010). However, explicitly planning to embed
good quality experiments — such as those with adequate replication, controls and
randomisation — into restoration projects will help to alleviate issues with spatial
autocorrelation (van der Heyde et al., 2022) or pseudo-replication (i.e., treatment N =
groups of 1) and assist in minimising the effects of confounding factors (e.g. changes
in restoration planting methods, seed supply, climate variation, spatial location).
However, it should be noted that truly longitudinal and/or manipulative studies are
needed to produce high-quality evidence and conclusive support on causation (Lem

et al., 2022) (see Section I1.5).

(4) Embedding soil microbiota experiments

By planning to embed well-designed experiments into restoration projects,
practitioners and researchers could form partnerships to address many of the
limitations of chronosequence (i.e., space-for-time) designs (Broadhurst et al., 2023).
Embedded experiments could nest replicated soil microbiota interventions (e.g.
different soil inoculation methods or revegetation techniques) within reference and
restoration sites or include spatially independent and replicated restoration

interventions across a project (Fig. 2). Such an approach will improve the evidence
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base of the effect of specific restoration interventions on the recovery of soil

microbiota and their associated functions.

Treatments:

B Control
B ntact soil core
B Mixed soil core
Mixed 2 cm inoculation

Treatments:

B control

B 5% pine oil (2 /m?)

B 2% glyphosate (100 mL/m?)
5-10 cm scrape

!

Fig. 2. Embedding soil microbiota experiments into restoration sites. (A) A soil

microbiota translocation field experiment embedded into an ongoing restoration
project in Western Australia [photograph credit: Shawn Peddle]. (B) Embedded soil
microbiota experiments in a restoration site in the Mt Lofty Ranges, South Australia
[photograph credit: Tarryn Davies]. Designing and embedding experiments into
restoration projects will allow for improved causal conclusions in testing microbiota-

focussed hypotheses.

Adequately replicated, randomised, controlled and comparable restoration sites are
not often routinely present in restoration projects unless planned for from the outset.
This lack of core scientific design principles in systems that are often used in
observational studies limits conclusions that can be drawn from such research. For
this reason, restoration projects could improve our evidence base by collaborating

with researchers and embedding microbiota-focussed experiments into restoration
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projects. Well-designed longitudinal studies that repeatedly sample the same
restoration sites through time will provide more robust evidence on cause—effect
relationships than cross-sectional chronosequence studies alone (Christie et al.,
2019; Lem et al., 2022). Embedding experiments would also help close critical
restoration knowledge gaps, such as knowing when a focus on soil microbiota will
substantially improve restoration success. However, by their very nature, longitudinal
studies require years of research and given the urgency required to address the
biodiversity crisis, statistical modelling methods (e.g. structural-causal modelling,
see Section 11.5) will be useful to help understand the key knowledge gaps that need
to be addressed with on-site long-term experiments and what can be solved with

observational study designs alone.

(5) Modelling approaches to ascertain causation

Where particular microbiota-oriented outcomes are desired, but restoration activity
cannot wait for definitive experimentally derived knowledge on cause—effect
relationships, certain modelling approaches may help to distil information from
relevant existing microbiota-restoration datasets. Techniques such as structural—-
causal modelling, structural equation modelling and path analysis can be applied to
test hypotheses using observational cross-sectional data (Arif & MacNeil, 2023;
Grace & Irvine, 2020). These approaches involve specifying a theoretical model that
reflects likely causal relationships among variables of interest, including both
observed and latent (i.e., unmeasured) variables. Then, the hypotheses are tested
by specifying directional paths that represent the assumed causal relationship
between variables in the model. Using the observed data, parameters (i.e.,

coefficients) of the specified model are estimated. These estimates assess the
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strength of the hypothesised causal/directional relationships and goodness of fit
metrics indicate how well the model aligns with the data, even in the absence of
experimental evidence (Eisenhauer et al., 2015), facilitating informed decision

making in restoration planning.

As a specific example, we could consider a scenario where a restoration intervention
aims to enhance soil fertility and plant growth by introducing specific microbial
species or communities. By using structural causal modelling, researchers can
construct a theoretical model that includes variables related to soil microbiota
composition and function, soil fertility, and plant performance. They can hypothesise
directional paths between these variables representing the assumed causal
relationships. Through analysis of observational cross-sectional data from similar
restoration projects and controlling for covariates, researchers can estimate the
parameters of the model and assess the strength and direction of the hypothesised
causal relationships. For instance, it might be that certain microbial taxa or functional
genes are strongly associated with increased soil fertility, which in turn positively

impacts plant growth.

While structural-causal modelling with cross-sectional data is powerful, it has
limitations. It cannot establish causality as definitively as controlled or longitudinal
experiments, and causality may be more challenging to infer in the presence of
unobserved confounders especially in systems such as soil with thousands of
distinct taxa and many functional groups (Eisenhauer et al., 2022). However, it
allows researchers to specify, estimate and evaluate complex causal models

providing insights into causal relationships without the need for experimental or
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longitudinal designs. Furthermore, the strength of causal claims should always be
considered in the context of the study’s design and the potential presence of

unobserved confounding variables.

lll. RESTORATION INTERVENTIONS THAT DIRECTLY

TARGET SOIL MICROBIOTA

It is possible to manipulate soil microbiota to assist in the recovery of degraded
ecosystems by reinforcing beneficial interactions between plant species and soil
microbiota lost through degradation (Aghili et al., 2014; van der Putten et al., 2016;
Albornoz et al., 2022). Soil microbiota-focussed interventions can improve plant
species prospects by improving plant growth, and depending on the ecological
system, diverse soil microbiota have also been shown to mediate vegetation
community diversity and improve ecosystem productivity (Naeem et al., 1994; Yang
et al., 2021). Informed by mechanisms of ecosystem recovery and species-specific
responses, soil microbiota interventions can advance restoration objectives and
restore the diminished capacity of impacted ecosystems to recover naturally. In this
section, we review more established (e.g. soil inoculations) and less well-established
(e.g. specific microbial cultures, seed enhancements) ways to manipulate soil
microbiota to improve restoration outcomes. We note that obvious abiotic barriers to
the development of site-specific favourable soil microbial communities (e.g. soil
substrate problems, excess nutrients, low pH, high salinity) should be identified and

addressed before attempting direct manipulation of soil microbiota.

(1) Whole soil translocations and microbial inoculations
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Translocating whole soil communities — whether in the form of intact turfs or
homogenised bulk soil — is one way of inoculating soil microbiota into degraded
ecosystems to shift the microbial community towards one that is more representative
of a target ecosystem. This essentially involves collecting soil from a reference
ecosystem and translocating it directly into a restoration site (Koziol et al., 2018;
Wubs et al., 2016b; Carbajo et al., 2011). Inoculating degraded sites with reference
ecosystem soil and associated biota has been shown to improve the growth and
establishment of desirable native plants and exclude weeds in both greenhouse and
field conditions (Koziol et al., 2018; Wubs et al., 2016b; Fahey & Flory, 2022). For
example, Wubs et al. (2019a) showed that soil inoculations can have ecosystem
legacy effects that steer successional changes and can last for at least two decades.
Importantly, however, Gerrits et al. (2023) highlight how the directionality of this
legacy effect depends on the suitability or fit of translocated soil to the recipient site,
with mismatches steering communities in the wrong direction. Similar interventions
can also shift the direction of the development of vegetation communities (Wubs et
al., 2016b) and improve prospects for native vegetation success (Wubs et al.,
2019b). However, while research has shown a benefit for the restoration of
vegetation, few studies have focussed on the efficacy of soil translocations to shift

whole microbial communities themselves.

Substantial knowledge gaps remain on the effectiveness of soil translocations,
including: what methods are best to use (e.g. bulk soil, intact turfs, volumes
required), to what extent do soil physical and chemical properties in recipient sites
impact establishment, how priority effects impact on microbial community recovery

(i.e., establishment may be dependent on the order of arrival of specific taxa), and,
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how does the coalescence of distinctly different soil communities impact successful
establishment? As such, further research on whole soil translocations and
inoculations should focus on addressing these knowledge gaps via embedded
experiments to understand better how soil volume, translocation method, and
community coalescence dynamics affect microbial community assembly across
varied ecosystems and soil types. Addressing these knowledge gaps will then
enable the research community to develop decision-support frameworks to help
determine when whole-soil translocations will provide restoration benefits that are

commensurate with cost.

Another critical open question relating to soil translocation is: how can we minimise
the impacts soil translocations have on donor ecosystems? While soil translocations
may be effective, soil collection can impact remnant habitats and consideration is
needed to limit impacts to remnant sites while providing a benefit to degraded sites.
Solutions are needed to scale up soil translocations outside situations where soil can
be harvested because existing remnant habitat is already being cleared. As such,
decisions on interventions impacting remnant habitat will need to weigh factors such
as the contribution of remnant habitat to support the integrity and viability of
restoration or conservation efforts (Tulloch et al., 2016; Wintle et al., 2019), or if a
degree of destructive harvesting of soil resources from remnant sites can provide
restoration benefits that outweigh impacts to remnant habitat. To address the need
for reliable seed sourcing in restoration or revegetation, seed-production areas are
being established instead of relying on sourcing seeds from remnant habitats (i.e.,
target plants are grown ex-situ ‘en masse’ to produce seed stock) (Zinnen et al.,

2021). This concept could potentially be applied to soil microbiota with soill
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microbiota production areas, although various open questions (i.e., how do we
cultivate whole target microbial communities, can we subset communities to focus on
particular taxa, and what is the ‘ideal’ composition of these communities) need to be
addressed before soil microbiota production areas can be effectively implemented at

scale.

Despite these knowledge gaps, whole-soil translocations are increasingly used in
large-scale restoration projects where topsoil is salvaged as part of the initial
disturbance (e.g. surface strip mining) and then reinstated during restoration (Tibbett,
2010; Schmid et al., 2020; Liddicoat et al., 2022). The objective of topsoil transfer is
to preserve the soil-stored seedbank rather than the soil microbiota per se. Still,
benefits from the reservoir of microbiota contained in these topsoils present an
opportunity to improve restoration outcomes. Limiting the amount of time for which
soils are stockpiled before translocation is crucial as stockpiling can disrupt biological
integrity and impact microbial diversity and composition (Hernandez et al., 2024;
Valliere et al., 2022). In best-practice cases, the direct return of harvested topsoil to
nearby restoration sites will limit the physical and biological degradation of soil from
long-term stockpiling (Rokich et al., 2000; Peddle et al., 2022). However, the impact
of the collection and homogenisation of vertical soil profiles during the transfer

process on soil microbiota is likely detrimental but still poorly understood.

An emerging approach that avoids broadacre spreading of whole soil is the targeted
use of microbiota from local soils via extruded pellets or coatings as a vessel for
seed delivery (Gornish, Arnold & Fehmi, 2019; Madsen et al., 2016) (Fig. 3). This

method is designed to improve the precision of seed delivery in large-scale
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restoration efforts that simultaneously provide beneficial soil microbiota and the
target seeds. Such an approach can reduce the demand for soil by 100-fold (Stock
et al., 2020). However, similar questions to those identified earlier in relation to
whole-soil inoculations are still unresolved and applicable here. For example: how do
the mechanical and chemical disturbances of creating the pellets affect microbial
community composition, and how well can targeted microbial communities in
extruded pellets be established within donor soils with vastly different microbial

communities or physicochemical properties?

Fig. 3. Manipulating soil microbiota as part of restoration interventions. Eucalyptus
seeds (A) before and (B) after coating with mycorrhizae inoculants [photograph
credit: Todd Erickson]. (C) Seedlings germinated from extruded seed pellets
containing live soil [photograph credit: Todd Erickson]. (D) Control (sand + bentonite,
left) and cyanobacteria encapsulated pellets (right) [photograph credit: Miriam
Murioz-Rojas]. (E, F) Whole soil translocation experiment with (E) translocated
intact soil core and (F), resampling one year after translocation to assess
establishment and dispersal of soil microbiota [photograph credit: Shawn Peddle].
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(2) Seed enhancements that contain microbial additives

Seed enhancements that add specific microbial inoculants in a restoration context
can improve the germination and growth of desirable plant species (Chua et al.,
2019; Dadzie et al., 2024; O'Callaghan, 2016). Seed coating involves the precise
application of binders and mineral powders to seeds to create a thin artificial layer of
material capable of altering the physical shape of seeds and/or carrying beneficial
products such as microbiota (Fig. 3 A—C) (Brown et al., 2021; Erickson et al., 2021).
Similarly, extruded pellets made via extrusion or moulding technologies can make
larger seed-soil matrices while offering the same microbial inoculation opportunities.
For instance, microbiota can be added to the seed coat and/or into extruded pellet
ingredients either dry within the powder or wet via the binder (Alfonzetti et al., 2023;
Dadzie et al., 2024; Munro et al., 2024). Alternatively, seed priming involves
immersing seeds in water-based (i.e., hydro-priming) or osmotically controlled (i.e.,
osmo-priming) solutions or soil matrix (i.e., matrix-priming) to commence the process
of germination under controlled conditions, followed by a re-drying step (Brown et al.,
2021; Madsen et al., 2018). Once sown, primed seeds show a much higher and
more rapid germination potential, recruitment synchronicity and seedling vigour.
Priming with additives like microbial suspensions can facilitate the uptake of
beneficial microbiota directly onto and potentially into the seeds (O'Callaghan, 2016;
Munoz-Rojas, 2018). Consequently, the targeted microbiota will be established
directly in the soil near the germinating seed or within the seedling tissue itself

(O'Callaghan, 2016; Chua et al., 2019).

There have been successful implementations of naturally-obtained microbiota that

benefit key restoration plant species by seed enhancements (including extruded
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seed pelleting and/or hydro-priming with microbial additives) (Mufioz-Rojas et al.,
2018; Dadzie et al., 2022). The improved accessibility and effectiveness of these
techniques represent a valuable opportunity for restoration. Bioencapsulation —
which involves encasing seeds in protective polymers (natural and/or synthetic) that
sustain microbial inoculants — can also be used to enhance the survival of microbiota
during storage and introduction into field soils (Brown et al., 2021; Schoebitz, L6pez
& Roldan, 2013). These methods may be more suitable for large-scale field settings
through the gradual and prolonged release of target microbiota. These extruded
pellet or seed coatings can be applied widely via targeted dispersal across
restoration sites to improve seed vitality and establish beneficial and targeted
microbes, such as cyanobacteria for forming soil biocrusts (Roman et al., 2020).
Additionally, using materials such as clay, carbohydrates and/or hydrogels to encase
seeds and engineer seed microenvironments represents a recent technological
transfer into restoration from the agricultural and pharmaceutical sectors, and shows
promise for improving restoration success via the incorporation of microbiota
(Zvinavashe et al., 2019). Still, limitations preventing the implementation of these
approaches include the challenge of identifying appropriate inoculants across
different ecological communities, accumulating sufficient biomass, and testing these
applications under field conditions. Field testing must be improved before this
technology can provide a reliable and scalable tool for restoration practitioners

(Ayuso et al., 2017; Roman et al., 2018).

(3) Microbial cultures and suspensions
Microbial cultures and suspensions are additional alternative and promising lab-

based approaches to whole-soil inoculations and seed enhancement technologies.
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They rely on less-destructive sourcing of soil microbiota requiring smaller quantities
of soil and, therefore, have a reduced impact on reference ecosystems compared
with whole-soil translocations (Dadzie et al., 2022; Muioz-Rojas et al., 2018; Roman
et al., 2020). Microbial cultures can be isolated into a liquid medium via suspensions.
These suspensions and cultures offer versatility: they could introduce specific
microbiota into liquids or pastes and inoculate plant tissues like roots, seeds, or soils
directly (Olle & Williams, 2013; Vassilev et al., 2020). Isolation and culturing of soil
microbiota within the context of native plants has resulted in increased recruitment
and growth of a variety of plant taxa [e.g. mangroves, legumes, cacti; (Bacilio,
Hernandez & Bashan, 2006; Bashan et al., 2012; Radhapriya et al., 2018)].
Expected applications of strain-culturing could further improve the cultivation and
recovery of rare and endangered plants (Dutta, Na & Lee, 2021) and are
commonplace within orchid fungal symbiosis research (Hossain, 2022). However,
the successful establishment of inoculants is highly dependent on priority effects,
niche/resource availability, and community cohesiveness (Debray et al., 2021; Diaz-
Colunga et al., 2022). Limitations to these approaches include their poor shelf-life
and the inadvertent loss of desirable microbiota (Ramakrishna, Yadav & Li, 2019).
Moreover, many mass-produced inocula are likely unsuitable for natural
environments (Koziol et al., 2018; Jiang et al., 2023; Kaminsky et al., 2019). These
techniques, therefore, require additional investment to improve their reliability,
affordability, and broad-scale application if they are going to be of general use in
restoration. In addition, the cost and technical challenges of matching isolated

cultures and suspensions to a specific restoration context is a hurdle to overcome.

(4) Targeting specific microbiota
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Specific microbial taxa can be lacking in an ecosystem, disproportionally impacting
plant fithess (Thrall et al., 2001). For example, obligate symbionts (e.g. rhizobia)
often fail to persist in degraded soils since their survival relies on the presence and
persistence of their host plant species (Thrall et al., 2001; Berruti et al., 2016) or
other microbes within a whole community. For bulk soil inoculations, microbiota
specificity is low as this approach relies on a whole-of-community transfer.
Therefore, varying degrees of specificity are relied upon for microbial cultures and
suspensions when targeted for use as an additive in direct soil applications or via
priming, coating and extruded pelleting approaches. Because of this variable
specificity, the required level of microbe—host matching is an important factor to
consider when developing soil microbiota interventions (e.g. does an inoculum need
to land precisely within the root zone of a target plant to succeed?). Furthermore,
reliance on expensive and highly technical approaches could be a liability for
restoration practice where patents and corporate control of technology could limit
affordable uptake and equitable use of tools needed to improve restoration outcomes

(Osborne et al., 2021).

A targeted consortium of microbes (e.g. multiple taxa of cyanobacteria) may be
preferable over individual strains (Chua et al., 2019; Dadzie et al., 2022), especially
since a diverse community should result in more resilient microbiota (Chua et al.,
2019; Rodriguez & Duran, 2020; Berendsen et al., 2018). Culturing diverse microbial
consortia can be challenging however, as varying capture and growth rates across
taxa are likely (Kaminsky et al., 2019). A further roadblock is selecting the

appropriate techniques to capture, extract and transfer the targeted microbiota or
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strains. This will be particularly challenging for obligate symbionts, which can be

particularly hard to isolate and culture (Berruti et al., 2016).

The use of plant hosts has been proposed as a way to culture a targeted microbiota.
Trap cultures in soil, for example, involve collecting soil samples containing target
microbial communities — such as arbuscular mycorrhizal fungi — from whole soil in a
reference ecosystem, which is then propagated with host plants ex-situ for later
inoculation (Koziol et al., 2018). Techniques like this could be scaled up in soil
microbiota production areas which could reduce impacts on remnant ecosystems
comparatively to the direct transfer of topsoil. However, these soil culturing systems
require substantial time and technical investments to establish them. Once
operational, communities may shift away from their ‘wild type’ or desired community.
Evidence suggests that these communities can change to undesirable states over
time, due to the build-up of soil pathogens (Bauer, Mack & Bever, 2015) or reduced
diversity within the microbial communities, which could harm host plants (Trejo-
Aguilar et al., 2013) undermining the effectiveness of microbial products.
Alternatively, harnessing the positive soil legacies of plants and host-mediated
microbiome engineering have been proposed as methods of selecting for specific
functional outcomes in microbial communities by subjecting plants to specific
selective pressures (e.g. inducing drought tolerance in a host-plant’s microbiota via
instigating water stress) (Mueller & Sachs, 2015; Pineda, Kaplan & Bezemer, 2017,
Gopal & Gupta, 2016). However, our ability to introduce targeted microbiota or a
select microbial strain depends on our capacity to identify specific taxa of interest
and extract, propagate, and successfully re-introduce them effectively and in a

replicable way.
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(5) Promoting positive soil legacies

Utilising the positive soil legacies of plants could improve the fitness of plant species
used in revegetation (Chua et al., 2019; Koziol et al., 2018). Positive soil legacies
involve the recruitment and fostering of favourable microbiota in the soil through a
preparatory generation of plant growth, thereby priming the soil microbiota to provide
a plant fitness advantage for the next generation (Pineda et al., 2017; Gopal &

Gupta, 2016).

The potential for creating positive soil legacies through priming the soil with specific
plants has been demonstrated with the wildflower Senecio jacobaea (Pineda et al.,
2017). When exposed to insect pests, this plant generated a feedback mechanism
where sugars and organic acids exuded from its roots maintained a distinct soll
fungal community that affected the regulation of amino acids in the host plant’s
phloem sap, providing the plant with reduced herbivore populations (Kos et al.,
2015). Also, Buchenau, van Kleunen & Wilschut (2022) observed, for some
European grasses, improved growth in the second generation of plants grown in
drought-exposed and nutrient-limited soils, due to a positive legacy of the soil
microbiota. The next step for utilising positive soil legacies better is to improve
understanding of the generality of this effect as it is not present for all plant species

(Kaisermann et al., 2017).

Understanding microbial-mediated stress responses in plants and how plant-
microbial interactions can be applied to improve plant stress tolerance presents

promising restoration opportunities (Larson, Venette & Larson, 2022; Petipas, Geber
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& Lau, 2021; Valliere et al., 2020). The transfer of soil microbiota from non-local soils
or across environmental gradients (e.g. temperature, aridity, nutrient) into
revegetation sites could instil stress-ameliorating interactions between plants and the
relocated microbiota. This could build resilience to developing stress and disturbance
expected under climate change or site-specific legacies of previous land use —
provided we improve our understanding of patterns of host-plant-specific versus

general adapted microbial functions (Petipas et al., 2021).

IV. MONITORING SOIL MICROBIOTA FOR RESTORATION

Accurate and efficient monitoring of biotic and abiotic responses to restoration is
required to ensure that recovery is progressing as desired (Ruiz - Jaen & Mitchell

Aide, 2005; Collen & Nicholson, 2014; Mufoz-Rojas, 2018) and facilitates both the
evaluation of a project against its stated goals and amendments to a project should
evaluation uncover a lack of suitable progress (Gann et al., 2019b; Liddicoat et al.,
2022). While the historical inclusion of soil microbiota in restoration goals has been
rare, they are now increasingly used to assess ecosystem recovery as advances in
sequencing technology improve our understanding of microbial ecology (Liddicoat et
al., 2022; Mohr et al., 2022; van der Heyde et al., 2022). Most studies have used a
chronosequence design (see Section 11.3) for common issues with this design) and
have characterised soil microbiota using a variety of methods (Table 1). Different
microbiota assessment methods have their pros and cons, which we briefly outline

below with key study design considerations.
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Table 1. Key tools used to characterise microbial communities, functions and/or biomass in soil.

Technique DNA based Complexity Data analysis Biomass data Taxonomic data Functional data
Phospholipid fatty acid analysis No Moderate Easy Yes Poor Poor

(PLFA)

Amplicon sequencing Yes Low Moderate No Detailed Poor to moderate
Shotgun metagenomics Yes High Hard No Detailed Detailed (potential)
Metatranscriptomics Yes Very high Hard No Moderate Detailed
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(1) Monitoring microbial diversity, composition, and function

High-throughput amplicon sequencing is an increasingly common method used to
characterise microbial diversity and community composition in a sample. Amplicon-
based data can be used to assess differences in microbial communities across
restoration treatments, controls, or ages (Fig. 4). Since amplicon sequencing is
increasingly accessible and affordable, there has been rapid, recent growth in
restoration studies using this approach (Mohr et al., 2022). This method presents a
detailed picture of microbial diversity and community composition, which is not
provided by culture-dependent methods or phospholipid fatty acid analysis (PLFA)
approaches. Since phospholipids are only collected from live microbes during
sampling, PLFA provides a snapshot of live microbial biomass. As such, PLFA has
an advantage over DNA sequence-based approaches where DNA is sampled from
both live and dead microbes and living biomass cannot be estimated (Seymour,
2019). However, unlike sequence-based approaches, PLFA cannot provide detailed
taxonomic insight into microbial diversity or composition. Therefore, it has been
recommended that combining PLFA and sequence-based approaches can provide
an accurate assessment of both live microbial biomass and community composition

(Nkongolo & Narendrula-Kotha, 2020a).
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Fig. 4. lllustrations of examples of data presentations useful for monitoring soil
microbiota in restoration. (A) A non-metric multidimensional scaling (NMDS)
ordination from amplicon sequencing data comparing differences in microbial
community composition across a restoration chronosequence. The ordination
indicates communities become increasingly similar to Reference sites with
increasing time since restoration. (B) A constrained correspondence analysis (CCA)
ordination indicating how microbial community composition is constrained by soil
physical and chemical properties. (C) Boxplots indicating the similarity to reference
sites of microbial communities across a restoration chronosequence. The box plots
indicate increased similarity to reference sites with increased time since restoration
and the red line indicates the projected number of years until full recovery. (D) An
NMDS ordination from shotgun metagenomic sequencing data showing shifts in
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microbial functional gene composition across a restoration chronosequence

overlayed with correlated Level 1 functional categories.

Linking microbial amplicon sequencing data to microbial functions would be very
useful for monitoring functional changes in soil microbiota during restoration.
However, limited understanding of the functional roles of most microbial taxa,
particularly in soils, presents a critical problem to the uptake of these tools (Morris,
Meyer & Bohannan, 2020) and should be a key priority moving forward. Moreover,
horizontal gene transfer between taxa would further confound amplicon-based
taxonomy and functionality linkages, and as such, inferring function from amplicon
data is not currently advised (Morris et al., 2020; Makiola et al., 2020). Some
bioinformatic tools can estimate functionality from amplicon sequence data, such as
PICRUSt2 (Douglas et al., 2020) and Tax4Fun2 (Wemheuer et al., 2020). However,
there are many limitations with these approaches including that predicted functions
represent approximations (not exact matches to the reference functions), and
functional predictions are biased towards existing reference genomes and less likely
to provide good functional characterisations for understudied environments such as

soil (Douglas et al., 2020; Sun, Jones & Fodor, 2020).

Growing opportunities from shotgun metagenomic and/or metatranscriptomic data
sets are now available to provide high-quality insights into microbial functions in a
restoration context (Breed et al., 2019; Sun et al., 2020). Shotgun metagenomics is
similar to amplicon sequencing, but instead of amplifying a targeted gene region, it
involves random sequencing of all DNA from within a sample. These random
fragments of the metagenome within a sample can be aligned to functional and

taxonomic databases and/or assembled into metagenome-assembled genomes
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(MAGs). These approaches can provide functional gene abundance data directly
instead of just taxonomic data or inferred functions from amplicon data. Restoration
scientists can then interrogate these functional gene abundance data for functions of
interest — such as genes associated with nitrogen fixation or primary productivity —
and compare these before and after restoration to assess changes to key ecological
functions and processes (Sun & Badgley, 2019). Importantly though, metagenomics
involves a much higher sequencing cost, and the complexity of data processing and
analysis requires expertise that could place a disproportionate burden on restoration
projects. Furthermore, both amplicon and shotgun metagenomics do not discern
between active and inactive organisms as relic DNA in the sample is also sequenced

(Li et al., 2017; Sun & Ge, 2023).

An additional layer of functional information can be obtained by collecting, isolating,
and sequencing RNA (as opposed to DNA used in amplicon and metagenomic
approaches) from a soil sample with metatranscriptomics. This technique can be a
powerful asset in studying soil ecosystem services carried out by microbiota but is
not yet widely used in ecological contexts (Breed et al., 2019). Analysing total
community RNA transcripts can potentially reveal a microbiome’s gene expression
under specific conditions, known as the active functional profile. This approach
provides an opportunity to study direct alterations of the (meta-)transcriptome in
response to different environmental conditions. High functional redundancy is
common in soil microbiomes (Louca et al., 2018; Prosser, 2020) and identifying
relationships between microbial community structure and function remains
challenging because observed community functions are often difficult to link to

specific taxonomic groups. Furthermore, RNA-based methods are generally more
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expensive and time-consuming than DNA-based methods (Cordier et al., 2019), and
the unstable nature of RNA molecules presents a technical challenge. Because
transcriptional profiles can vary considerably over time, any information gained via
metatranscriptomics should be interpreted as a ‘snapshot’ in time. Nonetheless,
metatranscriptomics can be a powerful asset in trying to shed light on the dynamics
of ecosystem functions carried out by microbiota and warrants consideration as part

of a multi-omics approach (Aguiar-Pulido et al., 2016).

(2) Monitoring restoration trajectories with soil microbiota

Due to their essential roles in ecological processes and rapid responses to
environmental changes, soil microbiota are increasingly recognised for their use as
bioindicators of recovery following ecosystem restoration (Coban et al., 2022; Rawat
et al., 2022). Changes in land use, vegetation composition, and soil physical and
chemical properties can lead to reciprocal changes in soil microbiota (Delgado-
Baquerizo et al., 2020). Accordingly, microbiota depend on feedbacks with
aboveground ecosystem components and monitoring changes to microbiota
following restoration interventions can present a holistic indication of any potential

recovery trajectory, or lack thereof (van der Heyde et al., 2022).

Using chronosequence-based amplicon sequence data, Liddicoat ef al. (2022)
modelled trajectories of soil microbiota recovery towards reference states (Fig. 4B).
The authors assessed whole-soil bacterial communities and included multiple
reference samples, and measures of similarity among these, to determine the level
of natural variation that should be recognised when setting realistic targets for

rehabilitation. Analysis of the entire community avoids reliance on any specific
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indicator taxa — whose presence and abundance may vary considerably with site
history and current conditions. Asymptotic logarithmic models (i.e. the response
variable approaches a given value with a diminishing rate of change as the
independent variable increases) were used to visualise trends and predict recovery
timeframes as similarity-to-reference values increased with rehabilitation age,

approaching a nominal target defined as the median of among-reference similarities.

Moving beyond community composition-based metrics alone, Sun & Badgley (2019)
used shotgun metagenomics to assess changes in both community composition and
functional gene abundance across a mine site restoration chronosequence (Fig. 4C,
D). The metagenomic data indicated taxonomic shifts with restored samples
becoming more like the reference with increasing age as well as successional
patterns in important functional groups associated with nitrate and ammonia
oxidisers. The authors did however highlight that while relative abundances of
methanotrophs and methane monooxygenase genes increased through the
chronosequence, their levels were still much lower than those from unmined

reference sites even 31 years post revegetation.

As ongoing knowledge gaps are addressed and further refinements are made to how
we effectively incorporate microbiota in restoration, ensuring benefits from the use of
these tools become equitable is essential to ensure society and nature benefit
equally across the globe. The use of many of the tools described here and collection
and dissemination of data is already skewed away from the global south. For
example, the US National Center for Biotechnology Information (NCBI) nucleotide

database contains no sequence-read archives from restoration studies in South
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America, Africa, or much of Asia (aside from China and Japan) (Robinson et al.,
2023). Securing adequate funding for restoration is already a barrier to restoration
success and further reliance on costly technologies to effect positive outcomes will
likely further increase the restoration gap between developed and developing
nations. Ensuring equitable benefit from improved integration of soil microbiota is
likely a more difficult task than overcoming technical barriers or knowledge gaps but

is essential to effecting improvements where they are most needed.

V. CONCLUSIONS

(1) Better integration of soil microbiota into restoration planning, interventions and
monitoring has clear potential to improve ecosystem restoration outcomes.

(2) The research community should tackle several key knowledge gaps to help
integrate soil microbiota into ecosystem restoration, including: (/) how do we best
determine causation in microbial responses to restoration, (i) when is the inclusion
of soil microbiota worthwhile, (iii) what do ‘good’ soil microbial communities look like
and what elements can be generalised across broad restoration settings, (iv) what
methods of inoculating restoration sites with whole microbial communities are most
effective and how do we limit disturbance to remnant habitat while sourcing
inoculants, (v) what barriers impede the establishment of targeted microbiota such
as plant growth-promoting rhizobacteria and how do we overcome them, and (vi)
how do we ensure equitable access to these tools to benefit society and nature
maximally across the globe?

(3) Further collaboration between practitioners and cross-disciplinary researchers

can help to address knowledge gaps, increase our understanding of restoration-
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focused microbial processes and apply established microbiota-focused restoration
techniques and knowledge to practical on-the-ground applications.

(4) Experiments with spatial and temporal components embedded into restoration
projects that account for confounding factors will help overcome the limitations of
observational studies in an effective way to fill knowledge gaps. Modelling
techniques — including structural-causal models — will be useful for developing
causal understanding and informing research priorities.

(5) Whole-soil translocations and microbial inoculations can drive successional
changes in both soil microbiota and aboveground vegetation towards a target
reference ecosystem; further research however is needed to understand barriers in
microbial establishment and how to overcome them. To limit further degradation
associated with sourcing soil inocula, these inoculations can be scaled up using
various seed-enhancement technologies that add specific microbial inoculants to
seeds as a coating or extruded pellets.

(6) Positive soil legacies can be promoted in restoration sites to prime soil microbiota
to provide a fitness advantage to future plant generations and instil greater resiliency
to environmental stressors including climate change-associated increases in aridity.
(7) Advancements in various omics technologies allow for effective monitoring of
recovery trajectories to assess progress following restoration and continually adapt
management strategies based on progress. Recovery of both microbial community
composition and their ecologically important functions should be investigated to
determine the state of the ecosystem and any further interventions needed to affect

the restoration of biodiverse and functional ecosystems.
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Ecosystem restoration in post-agricultural 1 is a critical to agricultural land aband
climate change, and the escalating biodiversity crisis. However, effective restoration of these landscapes can be
hampered by land-use legacies that create biotic and abiotic barriers to ecosystem recovery, particularly in
ancient Tertiary landscapes where vegetation is adapted to nutrient deficient soils. While our understanding of
how to overcome these barriers when restoring plant communities is improving, there is limited knowledge of
how these legacies impact on recovery of soil microbiota — the biodiverse and functionally-important commu-
nities of soil microbes. Here, we used amplicon sequencing of the bacterial 16S rRNA gene extracted from soils
across a restoration project in southwest Western Australia, a global biodiversity hotspot, to examine recovery of
soil microbiota following post-agricultural restoration. We sampled soils at six sites under four land conditions —
degraded post-agriculture, actively revegetated post-agriculture, p y d, and bushland -
generating 1,609,618 sequences corresponding to 15,009 unique bacterial taxa. We show that soil bacterial
ities in d and d ded ples were similar across sites but strongly dissimilar to adjoining
remnant samples. We show that limited recovery of bacterial c ities was linked to el d soil phosphorus
levels. Together, our results indicate soil microbiota have not recovered despite revegetation taking place up to
17 years ago, and this lack of recovery is likely driven by soil nutrient legacies from past agricultural practices.

Our study highlights a key challenge faced by conservation practitioners when integrating soil microbiota into

ecosystem restoration in post-agricultural 1

1. Introduction

The conversion of natural ecosystems for agriculture is a principal
cause of global terrestrial biodiversity declines (Foley et al., 2005;
Leclere et al., 2020). As demand for agriculture increases, so does the
need to conserve biodiversity to maintain vital ecological support sys-
tems (Cramer et al., 2008). The land area needed to meet the demand of
agricultural production is still expanding, although this expansion is
now outpaced by agricultural land abandonment driven largely by
biophysical (e.g., decreased productivity, climate change, accessibility)
and socioeconomic (e.g., migration, declining profit) factors (Poore,
2016; Subedi et al., 2022).

The restoration of post-agricultural landscapes back into functional

d. d

in ancient, nutrient-poor 1

and biodiverse native ecosystems presents an opportunity to ease — or
even reverse — global biodiversity declines (Chazdon et al., 2020).
However, persistent agricultural land-use legacies can pose significant
challenges to the restoration of pre-disturbance ecological communities
both above and below ground (Parkhurst et al., 2022a; Standish et al.,
2006; Turley et al., 2020). These land-use legacies can be particularly
impactful in old Tertiary landscapes, such as southwestern Australia, in
contrast to younger recently glaciated landscapes found across the
northern hemisphere that can be quicker to recover following agricul-
tural abandonment (Cramer et al., 2008). These old landscapes are
highly weathered and nutrient impoverished and are particularly sen-
sitive to overcoming agricultural legacies stemming from the addition of
fertilisers and other land management procedures that substantially
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Abstract

Ecosystem restoration in post-agricultural landscapes is a critical response to
agricultural land abandonment, climate change, and the escalating biodiversity crisis.
However, effective restoration of these landscapes can be hampered by land-use
legacies that create biotic and abiotic barriers to ecosystem recovery, particularly in
ancient Tertiary landscapes where vegetation is adapted to nutrient deficient soils.
While our understanding of how to overcome these barriers when restoring plant
communities is improving, there is limited knowledge of how these legacies impact
on recovery of soil microbiota — the biodiverse and functionally-important
communities of soil microbes. Here, we used amplicon sequencing of the bacterial
16S rRNA gene extracted from soils across a restoration project in southwest
Western Australia, a global biodiversity hotspot, to examine recovery of soil
microbiota following post-agricultural restoration. We sampled soils at six sites under
four land conditions — degraded post-agriculture, actively revegetated post-
agriculture, passively regenerated, and remnant bushland — generating 1,609,618
sequences corresponding to 15,009 unique bacterial taxa. We show that soil
bacterial communities in revegetated and degraded samples were similar across
sites but strongly dissimilar to adjoining remnant samples. We show that limited
recovery of bacterial communities was linked to elevated soil phosphorus levels.
Together, our results indicate soil microbiota have not recovered despite
revegetation taking place up to 17 years ago, and this lack of recovery is likely driven
by soil nutrient legacies from past agricultural practices. Our study highlights a key
challenge faced by conservation practitioners when integrating soil microbiota into
ecosystem restoration in post-agricultural landscapes in ancient, nutrient-poor

landscapes.
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1. Introduction

The conversion of natural ecosystems for agriculture is a principal cause of global
terrestrial biodiversity declines (Foley et al., 2005; Leclére et al., 2020). As demand
for agriculture increases, so does the need to conserve biodiversity to maintain vital
ecological support systems (Cramer et al., 2008). The land area needed to meet the
demand of agricultural production is still expanding, although this expansion is now
outpaced by agricultural land abandonment driven largely by biophysical (e.g.,
decreased productivity, climate change, accessibility) and socioeconomic (e.g.,

migration, declining profit) factors (Poore, 2016; Subedi, Kristiansen & Cacho, 2022).

The restoration of post-agricultural landscapes back into functional and biodiverse
native ecosystems presents an opportunity to ease — or even reverse — global
biodiversity declines (Chazdon et al., 2020). However, persistent agricultural land-
use legacies can pose significant challenges to the restoration of pre-disturbance
ecological communities both above and below ground (Parkhurst et al., 2022a;
Standish et al., 2006; Turley et al., 2020). These land-use legacies can be
particularly impactful in old Tertiary landscapes, such as southwestern Australia, in
contrast to younger recently glaciated landscapes found across the northern
hemisphere that can be quicker to recover following agricultural abandonment
(Cramer et al., 2008). These old landscapes are highly weathered and nutrient
impoverished and are particularly sensitive to overcoming agricultural legacies
stemming from the addition of fertilisers and other land management procedures that
substantially alter ecosystem properties (Hopper & Gioia, 2004; Standish et al.,

2006).
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Land-use conversion for agriculture alters multiple ecosystem components and these
changes can persist long-term — potentially for millennia — following the cessation of
agricultural practice (Brudvig et al., 2021). Animal grazing and tillage lead to soil
compaction, fertiliser application to increase productivity alters natural soil nutrient
levels, cropping and frequent disturbance introduces persistent exotic plant species,
and the removal and fragmentation of native vegetation depletes soil seed banks
and limits the recovery of dispersal-limited flora (Flinn & Vellend, 2005; Cramer et al.,
2008; Murphy et al., 2004). All these legacies present challenges not only for the
restoration of aboveground biota, but also belowground soil microbiota (Turley et al.,
2020). Soil microbiota are also susceptible to land-use change and, as vegetation
complexity and soil abiotic properties are altered, so too are soil microbiota (Fierer,
2017). While the revegetation of biodiverse native flora is the typical focus of post-
agricultural restoration, soil microbiota are only recently being considered in a
restoration context (Coban et al., 2022; Mohr et al., 2022). Research to date on the
recovery of ecologically important soil microbiota following restoration of post-
agricultural landscapes is limited (Watson et al., 2022), and effectively absent in the
context of the southwest Australian floristic region, a recognised global biodiversity
hotspot containing old, climatically buffered, infertile landscapes (OCBILs) (Hopper,

Silveira & Fiedler, 2016).

While flora and fauna are often the primary focus in ecosystem restoration, soils are
home to an estimated 59% of all life on earth (Anthony et al., 2023). Soil microbiota
form some of the most biodiverse ecosystem components and contribute to a
fundamental range of ecological processes including nutrient cycling, decomposition,

and ecosystem productivity (Fierer, 2017; Harris, 2009). While our understanding of
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the drivers of soil microbial diversity and composition has improved greatly in the
past decade (Mohr et al 2022), the response of soil microbiota to traditional
revegetation is still uncertain and varies across restoration settings (Watson et al.,
2022). The development of soil eDNA metagenomic applications to characterise
environmental microbiota has seen a focus on observational post-restoration
research to assess the recovery of soil microbiota following revegetation (e.g.,
(Liddicoat et al., 2022; Schmid et al., 2020; Sun et al., 2021). While these studies
often indicate a trajectory towards recovery, recovery is often incomplete and
confounded by the restoration methods applied and the nature of the original
disturbance (Watson et al., 2022; Lem et al., 2022; Liddicoat et al., 2022). Numerous
microbiota-focussed post-mining restoration assessments indicate that — even with
the substantial disturbance of surface strip mining and transfer of topsoil — microbiota
composition often progresses towards a reference like composition following
restoration efforts (van der Heyde et al., 2020; Peddle et al., 2022; Liddicoat et al.,
2022). However, the recovery of microbiota following restoration of post-agricultural
land in global biodiversity hotspots has received very little attention and it is unclear
to what extent post-agricultural soil legacies persist and impede recovery of soil

microbiota in this context.

The diversity and composition of soil bacteria are shaped by multiple ecosystem
properties (McBratney, Mendonga Santos & Minasny, 2003). While there is more
evidence for above- and below-ground relationships for fungi than bacteria due to,
for example, the direct symbiotic relationship that mycorrhizal fungi have with plants,
there are associations between aboveground alpha diversity and soil bacterial alpha

diversity (Steinauer et al., 2015; Wang et al., 2022; Eisenhauer et al., 2017b).
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However, the relationship between aboveground plant alpha diversity and soil
bacterial community composition (beta diversity) is stronger than the alpha diversity
associations (Prober et al., 2015; Tedersoo et al., 2016; Fierer, 2017). Strong
evidence also exists for the effects of soil abiotic properties, particularly soil pH,
organic carbon, and nutrient levels, on soil bacterial diversity and composition
(Delgado-Baquerizo & Eldridge, 2019; Fierer, 2017). Accordingly, there is often an
expectation that the restoration of a highly biodiverse vegetation community will
initiate concomitant changes in soil bacterial communities (Harris, 2009; Breed et al.,

2019; Watson et al., 2022).

To assess these expected changes in soil bacterial communities following
revegetation, we sampled soils from four land conditions across six post-agricultural
restoration sites to examine the recovery of soil bacterial communities in a post-
agricultural setting in the southwest Australian floristic region — a global biodiversity
hotspot. We hypothesised that: (1) sites that have undergone active revegetation of
biodiverse native flora will have bacterial communities that more closely resemble
those from uncleared remnant sites than sites that are still degraded because the
revegetation can facilitate a combined recovery in soil bacteria; (2) sites with an
agricultural land-use history will have soil physicochemical legacies that will be
different to those from sites with no agricultural land-use history, and these post-
agriculture sites will have soil properties that associate with changes in soil bacterial

community communities.

2. Materials and Methods

2.1 Site description and soil sampling
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This study was conducted in the southwest Australian floristic region, a global
biodiversity hotspot with exceptional levels of plant species richness, endemism, and
habitat fragmentation from land clearing (Myers et al., 2000; Hopper & Gioia, 2004).
Here, we sampled soils from six sites in September 2020 between the Stirling Range
National Park and Fitzgerald River National Park (Yarraweyah Falls, Monjebup
Reserve, Red Moort Reserve, Chingarrup Sanctuary, Chereninup Reserve, and
Beringa Reserve; Fig 1). All six sites are currently managed for conservation
purposes and were previously agricultural properties. The region is punctuated with
expanses of old, climatically buffered, infertile landscapes (OCBILs) which, since the
early Cretaceous, have sustained persistent weathering without continental climactic
extremes and are generally nutrient poor, and particularly low in phosphorous

(Hopper et al., 2016).
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Figure 1. Map of study area. Maps that show (A) location of the six study sites used
for soil sampling in southwest Western Australia; and sampling design and layout of
degraded, passive regenerated, revegetated, and remnant land conditions at each
sampled site (B) Yarraweyah Falls, (C) Monjebup North Reserve, (D) Red Moort

Reserve, (E) Chingarrup Sanctuary, (F) Chereninup Reserve, (G) Beringa Reserve.
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Land clearing — predominantly for crop-based agriculture — has resulted in
substantial native vegetation fragmentation. However, multiple conservation focused
groups have been returning ecological connectivity via revegetating a heterogenous,
highly biodiverse mallee heath vegetation community as part of the Gondwana Link
project (Bradby et al., 2016). The region has a Mediterranean-type climate with hot,
dry summers and cool, wet winters and average annual rainfall of 460mm (Australian
Bureau of Meteorology 2023). Soils in the region are typically nutrient poor and
range from shallow to deep sandy duplexes with sandy topsoil over clay or heavy

textured subsoils (van Gool, Stuart-Street & Tille, 2018).

Each of our six sites contain areas where native vegetation was cleared for
agricultural cropping and grazing in the mid-1900s but has since undergone active
native revegetation between 2003 and 2018. Revegetation methods consist of direct
seeding a species-rich mix of local provenances as described in Jonson (2010).
Each site contained areas of (i) remnant natural vegetation that were not historically
cleared or subjected to agriculture (hereafter Remnant), (ii) areas that were
historically cleared with little to no agricultural use that were passively regenerated
(no direct seeding or planting, hereafter Regenerated), (iii) areas that were
historically cleared and used for predominantly cropping agriculture that have since
been actively revegetated through direct seeding (hereafter Revegetated), (iv)
degraded areas that were historically cleared for agriculture and currently undergo
active management to suppress vegetation for the purpose of firebreaks or access

tracks (hereafter Degraded) (Fig S1).
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All six sites contained these four land conditions in close proximity (mean distance
between land conditions at each site range between 88 m at Chereninup Reserve
and 228 m at Chingarup Sanctuary). For each land condition at each site, we
established a 25 x 25 m plot and systematically collected nine soil subsamples from
the top 10 cm of topsoil to capture plot heterogeneity. These nine subsamples were
then pooled and homogenised in a sterile plastic bag, and a 50 mL sample collected
and frozen on-site for subsequent DNA extraction and sequencing (described below)
at the Australian Genome Research Facility (Adelaide, South Australia), and a 500 g
sample collected for physicochemical analysis at CSBP Laboratories (Perth,
Western Australia) quantifying phosphorus (Colwell), potassium (Colwell), sulphur
(KCI 40), organic carbon (Walkley-Black), nitrate nitrogen, ammonium nitrogen,

electrical conductivity, pH (water), pH (CaCl2), and physical characteristics.

2.2 eDNA sequencing and bioinformatics

DNA was extracted from each soil sample using the Qiagen DNeasy PowerLyzer
PowerSoil Kit following manufacturer’s instructions and quantified fluorometrically.
Soil bacterial 16S rRNA was amplified using the 341F (CCTAYGGGRBGCASCAG)
and 806R (GGACTACNNGGGTATCTAAT) primer set before 300 base pair paired
end sequencing on the lllumina MiSeq platform. Diversity profiling was conducted
using QIIME 2 2019.7 (Bolyen et al., 2019). Primers were trimmed and
demultiplexed raw reads were quality filtered using the cutadapt plugin and denoised
with DADAZ2 (Callahan et al., 2016) to zero-radius operational taxonomic units
(zOTUs). Taxonomy was assigned to zOTUs using the q2-feature-classifier

(Bokulich et al., 2018) classify-sklearn naive Bayes taxonomy classifier. zOTUs not
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classified as “Bacteria” or classified as “Bacteria_unclassified” at the phylum level

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

2.3 Data analysis

R version 4.3.1 (R Core Team, 2023) was used for all statistical analyses.
Rarefaction curves were generated comparing observed zOTU richness and sample
sequence read depth to assess if sample zOTU richness was adequately
represented by read depth and to determine an appropriate read depth for
rarefaction to ensure unbiased comparisons across samples (Fig S2). All samples
were determined to have adequate sequence read depth and all samples were
rarefied to 22,427 reads to match the sample with the lowest read depth using the

rarefy_even_depth function with Phyloseq (McMurdie & Holmes, 2013).

2.4 Bacterial alpha diversity and community composition

We calculated observed and estimated chao1 bacterial zOTU richness as well as
Simpson and Shannon diversity indices using Phyloseq and compared these metrics
across our four land conditions and six sites using permuted analysis of variance
with the aovp function in Imperm v2.1.0 (Wheeler, Torchiano & Torchiano, 2016) with

999 permutations.

Bacterial community compositions across our four land conditions and six sites were
visualised using principal coordinates analysis (PCoA) ordinations of Bray-Curtis
distances from the rarefied zOTU abundances using ordinate in phyloseq.
Differences in bacterial community composition across land conditions and sites

were assessed using permuted multivariate analysis of variance (PERMANOVA)
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implemented with the adonis2 method in vegan (Oksanen et al., 2013). Homogeneity

of group dispersions was tested with the betadisper function in vegan.

To further evaluate the similarities of bacterial communities between sites, we used
Bray-Curtis distances to calculate similarity values (i.e., 100%*(1 — distance)) for
each sample to all remnant samples, including each remnant sample to all other
remnant samples (Liddicoat et al. 2022). The distribution of similarity to remnant
values across the four land conditions were then displayed as boxplots. A Kruskal-
Wallis multiple comparison test was used to determine whether the ‘similarity to
remnant’ values differed across our land conditions. Significant pairwise differences
between land conditions were then identified using post-hoc Dunn tests with
Bonferroni correction to adjust p values for multiple comparisons. We also calculated
a ‘site-adjusted similarity to remnant’ index to account for site-specific effects. To do
this, we calculated the similarity to remnant value of each degraded, regenerated,
and revegetated sample only to its paired site-specific remnant sample and
displayed these values in boxplots. We explored land condition effects with a
Kruskal-Wallis test. To explore if bacterial communities in revegetated and passively
regenerated samples were becoming more like those in remnant samples with
increasing time since revegetation and time since change in land-use, we calculated
similarity to remnant values separately for both revegetated and passively
regenerated samples. We plotted these values against the number of years since
revegetation for the revegetated samples (Chereninup Reserve revegetated in 2003
= 17 years, Chingarrup Sanctuary revegetated in 2005 = 15 years, Yarraweyah Falls
revegetated in 2013 = 7 years, Monjebup Reserve revegetated in 2014 = 6 years,

Red Moort Reserve revegetated in 2015 = 5 years, and Beringa Reserve
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revegetated in 2018 = 2 years) and the number of years since change in land-use
(Beringa Reserve cleared in 1993 = 27 years since change in land use, Chereninup
Reserve cleared in 1987 = 33 years since change in land use, Monjebup Reserve
cleared in 1986 = 34 years since change in land use, Yarraweyah Falls cleared in
1975 = 45 years since change in land use, Chingarrup Sanctuary cleared in 1970 =
50 years since change in land use, and Red Moort Reserve also cleared in 1970 =

50 years since change in land use) for the passively regenerated samples.

Heatmaps of the relative abundances of all bacterial phyla, class, and order from
non-rarefied zOTU data created with the plot_heatmap() function in phyloseq were
used to visualise if any particular taxa were driving changes in community
composition across the land conditions. A stack plot was generated using ggplot2
v3.4.4 to visualise phylum level rarefied bacterial relative abundance of all samples
grouped by the four land conditions. For each of the ten most abundant bacterial
phyla, we assessed differences in relative abundances across land conditions using

permuted ANOVA with the aovp function in Imperm.

2.5 Soil physicochemical associations

Associations between bacterial community composition and scaled (i.e., mean-
centred and divided by the standard deviation) soil chemical variables were
visualised and assessed using constrained correspondence analysis (CCA) with the
cca() function in vegan. Highly correlated (>0.75) variables were identified and
removed from our analysis using the findcorrelation function in caret (Kuhn, 2015).
Remaining variables (= total vegetation cover, tree cover, grass cover, ammonium

nitrogen, nitrate nitrogen, phosphorus (Colwell), sulphur, organic carbon, pH (H20),
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copper, manganese, zinc, aluminium, and sodium) were used for automated model
selection by permutation tests with the ordistep function in vegan. The model
selected variables — sodium, manganese, phosphorus (Colwell), and sulphur — and
their association with bacterial community composition was visualised with a CCA
and tested with a permuted ANOVA with 999 permutations. Differences for each soil
physicochemical variable across land conditions were visualised with boxplots and

differences tested using analysis of variance with the aov function.

To further explore correlations between key soil physicochemical variables and
bacterial community composition, we used the PCoA coordinates of each sample
and calculated the Euclidean distance of each sample to the remnant centroid. We
then plotted these Euclidean distances against the phosphorus, pH, iron,
manganese, sodium, sulphur, and organic carbon value for each sample. Each of
these variables were either selected in our CCA model or were expected to strongly
associate with bacterial community composition (Fierer, 2017). Correlations were
assessed for all chosen variables and the distance to remnant centroid with the

cor.test function using the spearman method.

2.6 Spatial autocorrelation

We explored associations between bacterial community composition (using Bray-
Curtis ecological distances) and geographic distances between samples to test for
the presence of spatial autocorrelation. Here, we used Haversine distance matrices
with the distm function in geosphere (Hijmans et al., 2017), which calculates the
distance between every sample based on a spherical land surface from GPS

coordinates. The relationship between the Haversine distance matrix and Bray-Curtis
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distance matrix was examined with a Mantel test in vegan using the spearman

method with 9,999 permutations.

3. Results

We sequenced 16S rRNA amplicons from the 24 soil samples collected across our
six sites, which generated a total of 1,609,618 bacterial 16S rRNA reads. We
identified 15,009 unique bacterial zOTUs with a mean of 67,067 (+ 20,831 SD)
sequence reads per sample (Table 1). Following quality filtering including removal of
taxa not assigned as bacteria or those assigned as chloroplast or mitochondria and
rarefaction to the lowest sample read depth of 22,427 reads, 13,964 zOTUs

remained for analysis.

Table 1. Mean (x SD) bacterial amplicon sequence variant (zOTU) abundance for
the four land conditions.

Land Condition Samples (n) zOTU abundance (+SD)
Degraded 6 77,765 £ 17,797.53
Regenerated 6 51,061 + 24,052.23
Revegetated 6 65,815 £ 21,798.52
Remnant 6 73,627 + 11,290.65

3.1 Bacterial alpha diversity and community composition

Land condition and site had significant effects on bacterial community composition
(Fig. 2a; PERMANOVA: condition df = 3, F = 1.578, p = 0.004; site df = 5, F = 1.978,
p = 0.001). As samples from one site (Chereninup) were strongly differentiated from
the rest, we also ran PCoA and PERMANOVA analyses excluding this site. Land

condition and site still had significant effects on bacterial community composition
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(Fig. 2b; PERMANOVA: condition df = 3, F = 1.944, p = 0.002; site df = 4, F = 1.516,

p = 0.014). Neither land condition nor site influenced bacterial alpha diversity (Table

2, Fig. S3: ANOVA, p > 0.05 for all).

Table 2. Mean (£ SD) bacterial amplicon sequence variant (zOTU) Observed and

Chao1 richness and Shannon and Simpson diversities from four land conditions

across six restoration sites in southwest Western Australia.

Samples zOTU Richness (xSD) Diversity (+SD)

Land Condition

(n) Observed Chao 1 Shannon Simpson
Degraded 6 1402.8 £289.0 1445.7 £302.9 6.46 £0.29 0.994 +0.0026
Regenerated 6 1008.0 £371.5 1031.9+3984 6.19+0.38 0.995 +0.0030
Revegetated 6 1167.2 £442.4 1195.7 +459.4  6.24 +0.40 0.997 £0.0009
Remnant 6 1274.5 £130.9 1308.7 £136.1  6.41 £0.14 0.995 +£0.0029
p value 0.234 0.236 0.403 0.570
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Figure 2. Principal Coordinate Analysis (PCoA) ordinations of Bray-Curtis distances
indicating bacterial community composition across four land conditions (Degraded,
Passive Regenerated, Revegetated, and Remnant) at six sample sites. (A) Data
from all samples from all sites, which indicates that a single site (Chereninup
Reserve) is explaining the most variation in bacterial community composition, but
remnant samples are also similar to each other but different to degraded and
revegetated sites. (B) Bacterial community composition for the sites remaining after
excluding Chereninup, which indicates bacterial communities are different across
land conditions with both Degraded and Revegetated samples similar to each other

but different to Remnant sites.
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Land condition had a significant effect on similarity to remnant values (Kruskal-
Wallis: p = 0.022), with revegetated and remnant land condition samples differing
significantly (Fig. 3a: Dunn post-hoc test with Bonferroni correction: p = 0.019). Land
condition also had a significant effect on site-adjusted similarity to remnant values
(Fig. 3b: p = 0.009), where revegetated sites had lower values than passive
regenerated sites (Fig. 3b: Dunn post-hoc test with Bonferroni correction: p = 0.008).
Although we detected an effect of time since revegetation on similarity to reference
values (Fig. 3c: Kruskal-Wallis, p = 0.013), we found no indication of a trajectory
towards recovery with increasing time since revegetation. Time since change in land-
use did not have an effect on similarity to reference among passive regeneration

samples (Fig. 3d: Kruskal-Wallis, p = 0.155).
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Figure 3. Boxplots indicating similarities of Bray-Curtis distance to remnants to
assess how similar bacterial communities are compared by (A) land condition (Deg =
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Degraded, Reg = Regenerated, Rev = Revegetated, and Rem = Remnant) against
all remnant samples; (B) land condition against site specific remnants (i.e., similarity
of each degraded, passive regenerated, and revegetated sample to their sites paired
remnant sample); (C) years since revegetation for all revegetated samples; (D) years
since change in land-use (the number of years since vegetation was last cleared) for
all passively regenerated samples. Groups not sharing a letter are significantly
different (p<0.05) as indicated by Kruskal-Wallis multiple comparison tests with Dunn
post hoc and Bonferroni correction.

3.2 Soil physicochemical associations

Manganese, sodium, phosphorus, and sulphur each associated with bacterial
community composition, largely explained by high levels of these variables at each
land condition at Chereninup (Fig. 4a). After removing Chereninup, iron, sodium,
sulphur, and phosphorus had effects on bacterial community composition (Fig. 4b).
Increased levels of iron and decreased levels of phosphorus associated with
bacterial communities in all remnant samples, and increased levels of sodium and
sulphur associated with bacterial communities in remnant and passive regenerated
samples from both Monjebup North Reserve and Red Moort Reserve. Increased
phosphorus associated with bacterial communities in degraded, passive
regenerated, and revegetated samples from Yarraweyah Falls and the passive

regenerated sample from Beringa Reserve.
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Figure 4. Constrained correspondence analysis (CCA) ordinations of bacterial
community composition from Bray Curtis distances and associated soil
physicochemical properties for (A) all samples and sites with manganese,
phosphorus (Colwell), sodium, and sulphur associating with bacterial community
composition at a single site (Chereninup Reserve); and (B) with Chereninup Reserve
removed from analysis to explore associations in all other samples. Increased levels
of iron, sodium, and sulphur are associating with community composition in mainly
remnant sites and increased phosphorus levels are associated with degraded,
passive regenerated, and revegetated samples from Yarraweyah Falls and a passive



We found a strong positive correlation between the Euclidean distance of all samples
to the remnant centroid and sample phosphorus levels (Fig. 5: spearman, r = 0.621;
p = 0.001) and a positive correlation between distance to remnant centroid and
manganese (Fig. 5: spearman, r = 0.456, p = 0.025). Iron was negatively correlated
with distance to remnant centroid (Fig. 5: spearman, r = -0.44, p = 0.031). Soll
physicochemical variables were not significantly different across land conditions (Fig.

S4: ANOVA, p > 0.05 in each case).
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Figure 5. Correlation plots for the Euclidean distance of each sample to the remnant
centroid compared against (A) phosphorus, (B) manganese, and (C) iron.
Phosphorus and manganese each displayed positive correlations with the distance
to the remnant centroid, and iron displayed a negative correlation with the distance

to remnant centroid.

3.3 Relative abundance of bacterial phyla

The ten most common bacterial phyla from all samples represented 98.56% of the
total bacterial relative abundance, with the remaining phyla grouped as ‘other minor
phyla’. Land condition only had an effect on the relative abundance of the phylum
Proteobacteria (Fig. S5: permuted ANOVA, p = 0.001) which was most abundant in
remnant samples, followed by passive regenerated samples, degraded samples,

then revegetated samples.
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3.4 Spatial autocorrelation
Bacterial community composition and geographic distance between sample locations

were not correlated (Fig. S6: Mantel, r=0.073, p = 0.164).

4. Discussion

Our assessment of soil bacterial communities following post-agricultural restoration
revealed a surprising lack of recovery. Sites that were actively revegetated up to 17
years prior to sampling were similar to long-standing degraded sites, where
vegetation has been actively suppressed since the cessation of agricultural activities.
However, bacterial communities in degraded and revegetated samples differed
strongly from those in uncleared remnant bushland sites, with no patterns of
increasing similarity to remnants with increasing time since revegetation. Our results
contrast to many previous studies that found soil bacterial recovery following
revegetation, including a global meta-analysis (Watson et al., 2022), Western
Australian post-mining contexts (Liddicoat ef al., 2022; van der Heyde et al., 2022),
and northern hemisphere post-agricultural contexts (Barber et al., 2017; Barber et
al., 2023). Sites with an agricultural land-use legacy of elevated phosphorus levels
had bacterial communities that were less similar to those in remnant sites, indicating

that soil phosphorus was a likely abiotic barrier to this recovery.

4.1 Bacterial communities have not recovered following revegetation
Our restoration sites showed little recovery in soil bacterial communities towards
their spatially-paired remnant sites. This lack of recovery contrasts with the

increasing amount of research that largely shows recovery trajectories following
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revegetation efforts. Globally, soil bacterial communities in revegetated sites tend to
become increasingly like reference sites with increasing time since revegetation
(Watson et al., 2022), and signs of recovery have been seen in as little as three
years following revegetation (Peddle et al., 2022). Previous research on post-mining
restoration in southwest Western Australia has also presented strong evidence of
soil bacterial community recovery following revegetation, with similarity to reference
states achieved from 40-60 years (van der Heyde et al., 2020; Liddicoat et al., 2022).
Microbiota also appear to recover quickly in geologically younger northern
hemisphere soils. For example, Barber et al. (2017) and Turley et al. (2020) reported
patterns consistent with successional recovery of soil microbiota following post-
agricultural restoration. In our study, the site with the longest time since revegetation
(17 years) not only showed no indication of recovery, but also had the lowest
similarity to remnant value of all our revegetated sites. Previous research assessing
recovery of bacterial communities over time has indicated time since revegetation is
a crucial factor for recovery in both post-agricultural (Barber et al., 2017; Barber et
al., 2023; Lem et al., 2022) and post-mining systems (Liddicoat et al., 2022; Ngugi et
al., 2018; van der Heyde et al., 2020), with bacterial communities in revegetated
sites becoming more like the reference sites over time. In contrast, bacterial
community recovery at our study sites appears to be inhibited by abiotic (incl. soll
phosphorus levels) and biotic (e.g., established agricultural niche-adapted bacterial
communities) barriers stemming from agricultural land-use legacies. While long term
agricultural land-use is known to alter soil biotic and abiotic properties (Brudvig et al.,
2021; Cramer et al., 2008; Parkhurst et al., 2022b), in old infertile landscapes, such

as old, climatically buffered, infertile, landscapes (OCBILs) (Hopper & Gioia, 2004),
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our results suggest these soil legacies may present more substantial barriers to

recovery than they do in geologically younger, more fertile landscapes.

Soil bacterial communities within remnant or reference sites often display
considerable spatial variation (Peddle et al., 2022; Liddicoat et al., 2022), which
impacts comparisons made between reference sites and other land conditions,
including sites that are being restored. It is imperative to account for this variation
when assessing progress towards restoration targets (Brudvig et al., 2017; Hobbs &
Norton, 1996; White & Walker, 1997). To account for this variation among remnant
sites, we assessed the similarities of each of our degraded, passively regenerated,
and revegetated samples only to their site-specific paired remnant sample. When we
did this, we found that soil bacterial composition in revegetated samples had the
lowest similarity to their paired site-specific remnant values, and passively
regenerated samples displayed the highest similarity to remnant values. While this
higher similarity to remnant value could suggest that passive recovery may return
bacterial communities that more closely resemble natural targets, the extent of
agricultural land-use at some of our passively regenerated sample locations was
unclear. It is likely that the higher similarity to remnant values in the passively
regenerated samples resulted from lower levels of degrading processes and/or
abiotic barriers to recovery (e.g., long-term application of fertiliser, elevated levels of

phosphorus).

4.2 Agricultural legacies and their association with bacterial communities
We show that elevated soil phosphorus was likely a major barrier to the recovery of

soil bacterial communities. This result is consistent with previous work that has
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shown elevated phosphorus to be a barrier to biodiverse plant community
establishment in OCBILs (Lambers et al., 2011). Agricultural legacies — including
elevated levels of phosphorus — in our sites appear to be inducing a stable
alternative state of soil bacterial communities and given our results, is unlikely to shift
towards a recovery state with additional time alone. This study adds to a list of
known impacts in addressing elevated soil phosphorus in restoration efforts. While
previous research has addressed this elevated soil phosphorus barrier in native seed
viability, seed sourcing, and seed germination contexts (Standish & Hobbs, 2010),
additional work (e.g., soil microbiota focused restoration interventions) is required to
improve recovery of soil biota in these post-agricultural settings in ancient

landscapes.

The soil bacterial community was particularly different at one of our sites
(Chereninup), which was largely explained by different levels of manganese,
phosphorus, sodium, and sulphur across all four land conditions at this site (incl. the
remnant) as shown in the CCA. This indicates site-specific variation in soil properties
displayed at Chereninup was not necessarily a result of agricultural land-use legacy.
However, when we ran our analyses without samples from Chereninup, soil abiotic
properties associated strongly with different bacterial communities across the four
land conditions. In particular, bacterial communities in remnant soils associated with
lower levels of phosphorus and higher levels of iron. Soils in southwest Western
Australia are phosphorus limited due to ancient weathering, particularly in OCBILs
(Hopper & Gioia, 2004). These processes have led to many locally-derived
adaptations in the diverse flora of the region to efficiently mine phosphorous in these

phosphorus-limited soils (Lambers et al., 2011). Therefore, enduring phosphorous
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impacts on soil bacterial communities are likely to inhibit recovery following
revegetation when post-agricultural legacies are not adequately addressed during
restoration interventions. Our results support others that have also shown that
bacterial communities are impacted by altered soil phosphorus levels (Oliverio et al.,

2020; Leff et al., 2015).

Ironstone gravels, arising from ancient weathering, also feature in soil profiles within
the southwest Australian floristic region (Hopper et al., 2016; van Gool et al., 2018).
Land and soil disturbance for agriculture has potential to alter the distribution and
bioavailability of iron in soil profiles, for example, via vegetation clearance, tillage,
erosion, plant nutrient removal, and altered soil moisture retention. The availability of
iron shapes soil microbiota (Jin, Ye & Zheng, 2013), so altered soil iron availability
may represent a further source of post-agricultural land-use legacies impacting on

soil bacterial communities.

5. Conclusions

We report results from a global biodiversity hotspot that go against the global trend
of soil bacterial community recovery following aboveground revegetation. We
conclude that agricultural land-use legacies were likely inhibiting this recovery. It is
well-known that ecological restoration of aboveground biota within ancient infertile
landscapes is a major challenge, however our findings are the first to show that this
challenge also applies to the functionally important and highly biodiverse
belowground soil bacterial communities. Accordingly, more research is required to
develop strategies that help overcome post-agricultural land-use legacies that act

above- and below-ground. Improving post-agricultural restoration prospects for soil
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microbiota will also benefit aboveground outcomes and help ameliorate continuing
issues for the successful establishment of aboveground communities. While
interventions such as whole soil inoculations may be promising, further research is
needed to determine the most effective methods for establishing whole microbial
communities and whether or not such inoculations can even overcome existing soil

legacies in degraded landscapes.
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Abstract

The soil microbiome is a fundamental ecosystem component and research
evaluating the recovery of microbial communities is increasingly used to monitor the
efficacy of restoration efforts. However, given high levels of functional redundancy
among soil microbial taxa and the subsequent lack of definitive taxa-function links,
taxonomic assessments alone are unlikely to provide sufficient rigour to infer
ecological recovery. Here, we applied shotgun metagenomics to soil samples
collected across six post-agricultural restoration sites in southwest Western Australia
to assess the recovery of microbial functions. We compared both taxonomic and
functional diversity and composition across four land conditions: degraded, passive
regenerated, revegetated, and remnant. We found no difference in the effective
number of functions (alpha diversity) across land conditions. However, functional
compositions (beta diversity) differed between remnant and revegetated conditions
and associated with altered soil abiotic properties, especially available phosphorus.
Remnant soils contained a higher effective number of phosphorus metabolism
functions despite having the lowest levels of available phosphorus indicating their
greater capacity for phosphorus acquisition and cycling using diverse pathways
under nutrient-poor conditions. While our results show differences in total functional
compositions, associations with post-agricultural soil abiotic legacies indicate
functional adaptations to an alternative stable state rather than a lack of recovery or
dysfunction. Together, our findings highlight that restoration interventions that
directly target the soil microbiome (e.g., soil inoculation) are needed to facilitate

recovery of the soil microbiome.
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1. Introduction

The effective restoration of natural ecosystems on post-agricultural land is important
to address global biodiversity declines (Chazdon et al., 2020). However, post-
agricultural restoration often faces numerous challenges arising from altered soil
abiotic properties including homogenised soil structure from tillage practices and soil
nutrient legacies from decades of fertiliser application (Brudvig et al., 2021; Cramer
et al., 2008). These post-agricultural soil legacies can impede the recovery of both
above- and below-ground ecosystem components despite concerted restoration
efforts (Suding et al., 2004; Turley et al., 2020). Assessing the recovery of soil
microbial communities and their ecological functions following restoration provides
an informative monitoring tool for the effectiveness of restoration interventions

(Robinson et al., 2023; van der Heyde et al., 2022).

Microbial communities show mixed responses to restoration plantings. Some studies
indicate a lack of recovery in microbial communities decades after restoration
interventions (Peddle et al., 2024a; Turley et al., 2020), while others more commonly
indicate patterns towards recovery (Barber et al., 2023; Liddicoat et al., 2022),
although recovery is often incomplete (Watson et al., 2022). While assessing the
recovery of soil bacterial communities following post-agricultural restoration sites in
southwest Western Australia, Peddle et al. (2024a) showed that agricultural land-use
legacies persisted up to 17 years after the cessation of agricultural practices. These
land-use legacies also associated with a lack of recovery in soil bacterial community
composition. While assessments of microbial communities can provide indications of
ecological succession and recovery trajectories, a lack of recovery of community

composition does not directly infer a lack of functional recovery due to high levels of
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functional redundancy and horizontal gene transfer between taxa (Allison & Martiny,
2008). These high levels of functional redundancy and the inability to directly link
function to taxonomy indicates that functional recovery could occur despite a lack of
recovery of taxonomic composition. As such, more comprehensive meta-omics
based methods that allow assessments of both microbial communities and their
functional gene abundances are required to accurately assess the recovery of key

microbially mediated ecological functions (Breed et al., 2019; Robinson et al., 2023).

Increasingly, studies are using single gene focussed amplicon or eDNA
metabarcoding approaches to assess the recovery of microbial communities
following restoration (Barber et al., 2023; Mohr et al., 2022). Integrating functional
analyses into studies of the soil microbiome or soil health is crucial for understanding
ecosystem processes (Raupp et al., 2024), yet many studies primarily focus on
taxonomic composition. Shotgun metagenomic approaches present an opportunity to
enhance these analyses by enabling accurate assessments of microbial functional
recovery, offering deeper insights into ecosystem recovery, resilience and
biogeochemical cycling (Mason et al., 2023; Singh et al., 2024; Sun & Badgley,

2019).

Soil microbiota are fundamental components of healthy ecosystems, performing
multiple simultaneous ecological functions relevant for nutrient cycling, primary
productivity, and climate regulation (Delgado-Baquerizo et al., 2016). Microbiota
convert soil organic matter and facilitate mineral weathering (dissolution) of soil and
rock substrates into bioavailable forms of nutrients (e.g., nitrogen, phosphorus)

required by plants and other organisms (Cavicchioli et al., 2019; Kleber et al., 2015;
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Samuels et al., 2020). In phosphorus deficient soils, like those in southwest Western
Australia, microbiota play crucial roles in the phosphorus cycle by mineralising
organic phosphorus, solubilising inorganic phosphorus and facilitating plant uptake of
phosphorus through symbiotic associations (Pang et al., 2024). Furthermore, it is not
possible to reliably predict functional contributions for these important roles, based
solely on taxonomic identity (e.g., via amplicon or marker gene based sequencing
approaches) (Nkongolo & Narendrula-Kotha, 2020b). However, shotgun
metagenomic approaches that directly sequence and quantify microbial genomes
allow more functionally-relevant assessments of crucial ecological processes in soil,
such as nutrient cycling and organic matter decomposition (Sun & Badgley, 2019;
Mason et al., 2023; Robinson et al., 2023). This is particularly valuable in restored
ecosystems where shifts in microbial functional capacity — such as phosphorus
metabolism — can indicate recovery trajectories and functional resilience (Peddle et

al., 2024b).

Here, we used shotgun metagenomics to characterise the diversity and composition
of soil microbial communities and their functions across four land conditions
(degraded, passive regenerated, revegetated, remnant) in six post-agricultural
restoration sites in southwest Western Australia. Although previous amplicon-based
assessments of the recovery of bacterial communities at these sites indicated a lack
of recovery of community composition (Peddle et al., 2024a), assessing the recovery
of microbial functions — such as phosphorus metabolism — will be valuable for
evaluating recovery trajectories, efficacy of restoration interventions, and any
corresponding shifts in functional resilience (Mason et al., 2023). We addressed the

following research questions: (i) Has either active (i.e., our revegetated condition) or
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passive (i.e., our regenerated condition) restoration led to the recovery of microbial
functional diversity or composition? (ij) Do persistent agricultural land-use legacies

associate with functional gene compositions across our four land conditions?

2. Materials and Methods

2.1 Site description and soil sampling

This study was conducted at six sites in southwest Western Australia (Yarraweyah
Falls, Monjebup Reserve, Red Moort Reserve, Chingarrup Sanctuary, Chereninup
Reserve, and Beringa Reserve), situated between the Stirling Range National Park
and Fitzgerald River National Park (Figure 1). While all sites are currently managed
for conservation, they were each previously used for agricultural cropping and
experienced substantial clearing of native vegetation. The region falls within the
southwest Australian floristic zone, recognised as a global biodiversity hotspot due to
its extraordinary plant species richness, high levels of endemism, and extensive
habitat fragmentation resulting from land clearing (Myers et al., 2000; Gioia &
Hopper, 2017). Land clearing, primarily for agricultural cropping, has resulted in
highly fragmented native vegetation. To counteract this, various conservation groups
are working to restore ecological connectivity by re-establishing a diverse mallee
heath vegetation community as part of the Gondwana Link project (Bradby et al.,
2016). The region experiences a Mediterranean climate, with hot, dry summers and
cool, wet winters, and receives an average annual rainfall of approximately 455 mm
(Australian Bureau of Meteorology, 2025). The soils are typically nutrient-poor and
range from shallow to deep sandy duplexes, characterised by sandy or sandy-loam

topsoils overlaying clay or heavier-textured subsoils.
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Figure 1. Maps indicating (A) location of the six study sites used for soil sampling in
southwest Western Australia; and sampling design and layout of degraded, passive
regeneration, revegetation, and remnant land conditions at each sampled site (B)
Yarraweyah Falls, (C) Monjebup North Reserve, (D) Red Moort Reserve, (E)

Chingarrup Sanctuary, (F) Chereninup Reserve, (G) Beringa Reserve

Each of the six sites were largely cleared for agricultural cropping and grazing in the
mid-20th century and have since undergone extensive revegetation between 2002
and 2017 using species-rich seed mixes sourced from local provenances. In this
study, four distinct land conditions were identified within each site: (i) remnant natural
vegetation that was never cleared or used for cultivation (hereafter, remnant), (ii)
historically cleared areas with minimal to no agricultural use that passively
regenerated without direct seeding or planting (hereafter, regenerated), (iii) formerly
cleared agricultural land that has been actively revegetated via direct seeding
(hereafter, revegetated), and (iv) degraded areas that were historically cleared for
agriculture and are now actively managed to suppress vegetation for firebreaks or
access tracks (hereafter, degraded). A sampling design was implemented to ensure

each site contained all four land conditions in close proximity (Figure 1). At each site,
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25 x 25 m quadrats were established within each of the four land conditions in
September 2020. Within each of these quadrats, nine soil subsamples were
systematically collected from the top 10 cm of topsoil to account for plot-scale spatial
heterogeneity. These subsamples were pooled and homogenised, with a 50 ml
sample frozen on-site for subsequent DNA extraction and 500 g of soil retained for
physicochemical analysis at CSBP Laboratories (Perth, Western Australia)
quantifying texture, pH, conductivity, organic carbon, available phosphorus (Colwell),
ammonium nitrogen, nitrate nitrogen, potassium (Colwell), sulphur, and total copper,

iron, manganese, zinc, aluminium, calcium, sodium, and boron.

2.2 Shotgun metagenomic sequencing and bioinformatics

DNA was extracted from each soil sample using the Qiagen DNeasy Powerlyzer
Powersoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions
and quantified fluorometrically. Libraries were prepared using Nextera library prep
kits (lllumina, San Diego, CA) then linear DNA libraries were converted into DNA
nanoball (DNB) structures using the MGIEasy Universal Library Conversion Kit (MG,
China). Three of our samples failed library prep, and the remaining 21 libraries were
sequenced at the South Australian Genomics Centre (SAGC) with the MGl DNBSEQ
G400 (MG, China) producing 2 x 150bp paired-end sequences. Bioinformatic
processing of the metagenomics data was performed on the DeepThought high
performance computing facility (Flinders University, 2021). Data cleaning was
conducted using fastp v0.23.2 (Chen et al., 2018), which included trimming adapters
from DNB sequences. Taxonomic IDs were assigned using Kraken2 v2.0.7 (Wood,
Lu & Langmead, 2019), followed by Bracken (Lu et al., 2017) to estimate taxonomic

abundances and then KrakenTools (Lu et al., 2022) was used to create a taxonomic
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abundance table. We assigned prokaryotic gene functions to the sequences (also
termed reads) using SUPER-FOCUS v1.6 (Silva et al., 2015) with the Diamond
v0.9.14 aligner (Buchfink, Reuter & Drost, 2021). This functional assignment also
grouped sequences into three thematic functional subsystems from the SEED

database (Overbeek, Disz & Stevens, 2004).

2.3 Statistical analysis — Taxonomy

R version 4.4.0 (R Core Team, 2024) was used for all statistical analyses. Relative
abundance normalisations were applied to both taxonomic and functional datasets to
address differences in sequencing read depth across samples. As SUPER-FOCUS
only assigns prokaryotic functions to reads, we removed any taxa assigned as
eukaryote at the Kingdom level from our taxonomic dataset to match the prokaryote
functional assignments of our functions dataset. To assess taxonomic alpha
diversity, we calculated the effective number of species for each sample and tested
for differences across land condition with ANOVA and Tukey post-hoc test using
vegan (Oksanen et al., 2013). Then, we visualised microbial community
compositions across our land conditions and sites using non-metric multidimensional
scaling (NMDS) ordinations based on Bray-Curtis distances using ordinate in the
phyloseq (McMurdie & Holmes, 2013) package. We assessed differences in
microbial compositions across land condition and site using permutational
multivariate analysis of variance (PERMANOVA) using the adonis2 method in vegan.
Next, microbial community compositions and their associations with scaled (mean-
centred and standardised) soil physicochemical variables were analysed and
visualised using constrained correspondence analysis (CCA) with the cca function in

vegan. Variables with a collinearity above 0.75 were removed using the
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findCorrelation function in caret (Kuhn, 2015). The remaining variables underwent
automated model selection with the ordistep function in vegan. Model-selected
variables and their associations with bacterial and fungal composition were
visualised in a CCA. The significance of these associations was assessed with
permuted ANOVA with 999 permutations to determine whether the constrained

ordination model explained a significant portion of community variation.

2.4 Statistical analysis — Functions

We first assessed alpha diversity of all functions in the dataset by calculating the
effective number of functions (calculated as the exponent of Shannon’s diversity
index) (Jost, 2006) for each sample and comparing them across our four land
conditions with ANOVA and Tukey post-hoc tests. Next, using identical methods
outlined above, we visualised microbial functional compositions with an NMDS
ordination and assessed differences in functional compositions across land condition
and site with PERMANOVA. We then used CCA (methods detailed above) to assess
associations in composition of all functions at the functional process level with soll
physicochemical variables (methods detailed above). To inform further analyses of
specific functional groups across the breadth of the functional dataset, we visualised
the relative abundance of the top 20 most abundant levels of subsystem 1 for each
sample with a stacked bar plot. We then tested for differences in the relative
abundance of each subsystem 1 level across our four land conditions with permuted
ANOVAs by performing individual analyses for each subsystem 1 group. Any level of
subsystem 1 that differed across land condition was then retained for further analysis
in addition to any subsystem 1 level linked to the abiotic legacies in these sites

previously identified in Peddle et al. (2024a) (phosphorus metabolism, iron
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acquisition and metabolism, sulphur acquisition and metabolism, and nitrogen

metabolism).

2.5 Subsystem 1 functional groups

For phosphorus metabolism, iron acquisition and metabolism, sulphur acquisition
and metabolism and any subsystem 1 level whose relative abundance differed
across land condition, we then assessed alpha diversity, functional composition and
associations with soil physicochemical properties, and the relative abundance of all
subsystem 2 or 3 levels. For alpha diversity, we again calculated the effective
number of functions for each sample and compared it across land condition with an
ANOVA and Tukey post-hoc test using vegan. We assessed the composition of
functions across land condition and site using NMDS ordinations and
PERMANOVAs, and the associations of functional compositions with soil
physicochemical properties across land condition using CCAs. We then assessed
differences in the relative abundance of each subsystem 2 level (unless no
subsystem 2 levels were assigned in which case we used subsystem 3 levels) with
stacked bar plots and tested for differences in the relative abundance of each group
individually across land condition with permuted ANOVAs. These analyses were
repeated for all identified levels of subsystem 1. Furthermore, to assess which
specific functions were driving differences in phosphorus metabolism, we used
ANCOMBC2 on raw count data (Lin & Peddada, 2024) to evaluate pairwise
differences in phosphorus metabolism functions at the function level in degraded,
regenerated, and revegetated conditions all compared to the remnant (i.e.,
degraded-remnant, regenerated-remnant, and revegetated-remnant). Furthermore,

for phosphorus metabolism functions we assessed the correlation between the
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effective number of phosphorus functions and available soil phosphorus using

Kendall’s rank correlation test and visualised these data in a scatterplot.

3. Results

Our analysis generated taxonomic libraries with a total of 64,345,215 reads (mean
3,064,058 reads per sample) containing 13,940 unique microbial species (mean
10,344 per sample) (Table S1). Our functional libraries consisted of 72,657,207
reads (mean 3,459,867 per sample) containing 35,276 unique functions (mean

24,021 per sample) (Table S1).

3.1 Taxonomy

While our revegetated soil samples displayed the lowest values of effective number
of species (mean effective no. species + SD: revegetated 2196.32 + 252.89, remnant
2419.69 + 102.89, regenerated 2450.89 + 95.28, degraded 2500.00 + 265.11), the
effective number of species did not differ across our four land conditions (Figure 2A,
Table S2; ANOVA, df =3, F=2.42, p = 0.102). Microbial community composition,
however, did vary across land condition and site (Table S3, Figure S1;
PERMANOVA, condition, df = 3, F = 2.24, p = 0.009; site, df=5, F=1.70, p =
0.029). After removing co-linear variables, we found associations between microbial
community composition and nitrate, pH, phosphorus, sulphur, aluminium, and iron
(Figure 2B). We identified a total of 73 microbial phyla, with the 30 most abundant
phyla representing 99.98% of phylum relative abundance. At phylum level, only the
relative abundance Pseudomonadota differed across land condition (Figure S2A;

Permuted ANOVA, W=12.89, p =0.001, BH adj p =0.03).
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Figure 2. Taxonomic diversity, composition and associations with soil abiotic
properties. (A) Effective number of species (alpha diversity) in soil samples collected
across four land conditions. Groups sharing the same letter are not significantly
different. (B) Constrained correspondence analysis (CCA) indicating microbial
community composition in soil samples across four land conditions and the model

selected soil abiotic properties that associate with those compositions.

3.2 Functions

Across our full functional dataset, we found no difference in the effective number of
functions between land conditions (Figure 3A; ANOVA, p = 0.178). However, we did
find compositional differences when comparing all functions represented in samples
across land condition and site (Table S3, Figure S1; PERMANOVA, condition df = 3,
F=2.01,p=0.015; site df = 5, F = 1.97, p = 0.006), with remnant and revegetated
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conditions displaying clear differences in communities. Our CCA also showed
associations between functional compositions across land conditions and nitrate, pH,

phosphorus and sulphur (Figure 3B).

We identified 35 functional groups (or themes) at the subsystem 1 level, the 20 most
abundant of which represented 99.00% of the sum total functional capacity attributed
across all samples (Figure S2). The relative abundance of amino acids and
derivatives (permuted ANOVA, W = 9.58, BH adj p = 0.03), carbohydrates (permuted
ANOVA, W =9.90, BH adj p = 0.03), clustering-based subsystems (permuted
ANOVA, W= 11.23, BH adj p = 0.02), DNA metabolism (permuted ANOVA, W =
13.21, BH adj p = 0.002), and regulation and cell signalling (permuted ANOVA, W =
11.68, BH adj p = 0.01) differed across land conditions (Figure S2) and therefore
were examined in more detail (below), along with phosphorus metabolism, iron
acquisition and metabolism, sulphur acquisition and metabolism, and nitrogen

metabolism functions (as previously noted).
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Figure 3. Microbial functional diversity, composition and associations with soil abiotic
properties for all functions at the functional process level. (A) Effective number of
functions (alpha diversity) in soil samples collected across four land conditions.
Groups sharing the same letter do not differ. (B) Constrained correspondence
analysis (CCA) indicating the composition of microbial functions in soil samples
across four land conditions and the model selected soil abiotic properties that

associate with those functional compositions.

3.3 Phosphorus metabolism functions

When looking at functions within phosphorus metabolism, we found remnant
samples had the highest effective number of phosphorus metabolism functions and
was significantly greater than the effective number of phosphorus metabolism

functions from degraded and revegetated land conditions (Table S2, Figure 4A;
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ANOVA, df=3, F=7.7 p = 0.001). While we only found weak evidence that the
composition of phosphorus metabolism differed across land condition (Table S3,
Figure S1C; PERMANOVA, condition df = 3, F = 1.68, p = 0.079, site df =5, F =
2.91, p = 0.001), functional compositions across land condition associated with
phosphorus, nitrate, copper, pH, and sulphur (Figure 4B). While available (Colwell)
phosphorus levels did not significantly differ across our land conditions (Figure 4C;
ANOVA, p = 0.352, phosphorus levels were generally lower in remnant soils and 2-3
times higher in revegetated soils (remnant 3.32 + 2.14, degraded 6.52 + 6.73,
regenerated 9.07 + 8.11, revegetated 10.3 = 7.63). Kendall's rank correlation test
showed a moderate negative correlation between phosphorus levels and
phosphorus metabolism functional diversity (Figure 4D; r=-0.38, z=-2.38, p =

0.018).
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Figure 4. Functional diversity, composition and associations with soil abiotic
properties for phosphorus metabolism functions at the functional process level. (A)
Effective number of functions (alpha diversity) in soil samples collected across four
land conditions. Groups sharing the same letter do not differ. (B) Constrained
correspondence analysis (CCA) indicating the composition of phosphorus
metabolism functions in soil samples across four land conditions and the model
selected soil abiotic properties that associate with those functional compositions. (C)
Phosphorus (Colwell) levels in soil samples collected across the four land conditions.
Groups sharing a letter do not differ. (D) Correlation (Kendall’s Tau) of effective
number of phosphorus metabolism functions and soil phosphorus levels.
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We found no difference in the relative abundance of any specific phosphorus
metabolism subsystem 3 functional group across land conditions (Figure S3;
permuted ANOVA, P > 0.05 for all). At the function level, two phosphorus
metabolism functions (Phosphonate utilization associated acetyltransferase and
Ribose 1,5 bisphosphate phosphokinase PhnN EC (2.7.4.23)) had different Log Fold
Changes in abundance across degraded, regenerated or revegetated land

conditions compared with the remnant condition (Figure 5, Table S4).

Log Fold Change
Ribose_1,5-bisphosphate_phosphokinase_PhnN_(EC_2.7.4.23)

Function

Phosphonate_utilization_associated_acetyltransferase

& & &
Condition

Figure 5. Heatmap of significant differential abundance (log fold change p < 0.05) in
phosphorus metabolism functions with pairwise comparisons of degraded (Deg),

regenerated (Reg) and revegetated (Rev) land conditions to the remnant condition.

3.4 Other functions

For all the other subsystem 1 functional groups we assessed (i.e., amino acids and
derivatives, carbohydrates, clustering-based subsystems, DNA metabolism,
regulation and cell signalling, iron acquisition and metabolism, and sulphur
acquisition and metabolism), only the DNA metabolism functional group had a
difference in effective number of functions with remnant differing to revegetation

(Figure S4; Tukey, diff = 3.41, 95% CI [0.23, 6.59] adj p = 0.03, remnant 118.31 £+
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2.00, regenerated 117.68 + 1.85, degraded 115.92 + 2.23, revegetated 114.90 +
1.16). The composition of functions for most subsystem groups differed across land
condition (Table S3, Figure S1). Although functional compositions in all other
subsystem groups associated with various soil abiotic properties, specific trends of
associations across land conditions were less clear than the associations with
compositions at one site in particular (i.e., Chereninup; see Figure S5). For the
relative abundance of subsystem 2 or 3 groups within each of the assessed
subsystem 1 groups, there were few groups that differed across land condition

(Figures S6-S13).

4. Discussion

Here we show that despite compositional differences in soil microbial communities
and their functions, overall alpha diversity of functions did not differ across actively
revegetated, passively regenerated, degraded, and remnant land conditions.
However, we report a negative correlation between available soil phosphorus levels
and the diversity of phosphorus metabolism functions. This relationship was
highlighted in remnant soils which contained the highest effective number of
phosphorus metabolism functions despite having the lowest levels of available
phosphorus. Furthermore, we show numerous associations between functional
compositions and soil abiotic properties, in the ordination based modelling and
visualisation of abiotic drivers of beta diversity — considering all functions combined,
specific functional groupings (subsystems), and phosphorus metabolism. In
particular, we see that abiotic properties strongly associated with the functional
disparities between land conditions (i.e., separation in ordination space), which is

especially evident between remnant and revegetated conditions. Together, these
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results indicate that despite differences in functional compositions, aside from
phosphorus metabolism functions, functional capacity as represented by the
effective number of functions (overall or within subsystems) largely does not differ
between remnant and the other land conditions. Although, we note that our moderate
sample size may contribute to statistical similarities in the functional alpha diversities
(within land condition n = 6). In any case, the fact that functional compositional
differences are being maintained, especially between revegetated and remnant
conditions, suggests that persistent agricultural land-use legacies remain and may

indicate potential alternative stable states that are impeding complete recovery.

The higher effective number of phosphorus metabolism functions in remnant soils
that have lower available phosphorus levels suggests a diversification of phosphorus
acquisition strategies as a long-term microbial adaptation to phosphorus limitation.
This result is further supported by the negative correlation between available
phosphorus and the effective number of phosphorus functions. This may reflect a
greater functional redundancy within phosphorus metabolism pathways in remnant
soil, allowing microbial communities to maintain diverse mechanisms for phosphorus
acquisition and cycling needed under nutrient-poor conditions (Yao et al., 2018;
Oliverio et al., 2020). In contrast, the lower phosphorus metabolism functional
diversity in revegetated and degraded soils likely indicates a reduced need for
diverse phosphorus cycling pathways as microbes in high-phosphorus soils
preferentially use inorganic phosphate rather than phosphonates as it requires less
energy investment (Condron, Turner & Cade-Menun, 2005). While we only found
weak evidence of compositional differences in phosphorus metabolism functions,

these differences were strongest between remnant and revegetated conditions and
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also associated with differences in soil abiotic properties, particularly with decreased
phosphorus levels in remnant soil. Moreover, the repeated associations of soil
phosphorus levels with the compositions (beta diversity) of multiple other functional
subsystems, as well as to taxonomic beta diversity, provides further evidence for the
strong role of post-agricultural phosphorus legacies impacting the recovery of
microbial communities and their functions (Peddle et al., 2024a; Wang et al., 2024).
Our findings here also support previous research that has shown phosphorus
availability is a key soil property that shapes microbial and functional compositions

(Delgado-Baquerizo et al., 2017; Liu et al., 2012; Oliverio et al., 2020).

Although we did not identify any differences in the relative abundances of subsystem
3 phosphorus metabolism levels (e.g., Alkylphosphonate utilisation, P uptake
cyanobacteria, high affinity phosphate transporter, control of PHO regulon etc.), two
specific phosphorus metabolism genes at the functional process level (Phosphonate
utilization associated acetyltransferase and Ribose 1,5 bisphosphate phosphokinase
PhnN EC) involved with microbial degradation of phosphonates were less abundant
in revegetated, degraded, and, to a lesser extent, regenerated soils compared to
remnant soils. Agricultural soils in Western Australia have a history of extensive
application of superphosphate fertiliser, which can lead to a legacy of elevated
phosphorus even decades after revegetation and restoration (Lambers et al., 2011;
Parkhurst et al., 2022b). The decreased abundance of these two genes in
revegetated post-agricultural soils likely reflects a shift away from phosphorus-limited
microbial strategies due to higher residual phosphorus. Together, these findings
indicate that while overall phosphorus functional diversity appears highest in remnant

soils, the specific metabolic pathways utilised by microbial communities differ in post-
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agricultural land conditions, potentially influencing phosphorus cycling dynamics and

long-term ecosystem recovery.

We show that several abiotic soil properties strongly influenced microbial community
and functional compositions, with nitrate, pH, phosphorus, sulphur, aluminium, and
iron each associating with either microbial community or functional compositions.
These findings reinforce the importance of soil abiotic properties in shaping
restoration outcomes (Robinson et al., 2024b) highlighting that outcomes are not
solely dictated by vegetation establishment but are also constrained by soil legacies
from past land use (Parkhurst et al., 2022a; Peddle et al., 2024a; Toledo et al.,
2018). While overall functional diversity does not differ across our land conditions,
subtle differences in functional composition suggests that functions in revegetated
areas do not fully mirror those in remnant ecosystems. However, these subtle
differences in functions do not necessarily reflect a ‘lack of recovery’ or dysfunction
per se, but likely reflect altered functional dynamics resulting from alternative stable
states in restoration sites with unaddressed land-use legacies (Suding et al., 2004).
If full functional recovery to match remnant conditions is the goal of a restoration
project, addressing these constraints through targeted soill
translocations/inoculations and/or biostimulation strategies (e.g., ecological phage
therapy, Davies et al. 2024; sonic restoration, Robinson et al. 2024a) may be
beneficial to accelerate microbial functional recovery in soil ecosystems. Moreover,
further research of functional recovery using RNA-based metatranscriptomic
sequencing is needed to confirm these functions are actually being expressed in the

environment (Breed et al., 2019). The metagenomic sequencing methods we use
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here are limited in that they can only be used infer functional potential from the

presence of genes, not their active expression (Cordier et al., 2019).

The strong association between the diversity of phosphorus metabolism functions
and available soil phosphorus levels indicates that post-agricultural abiotic legacies
continue to shape microbial functions, potentially constraining long-term nutrient
cycling and plant-microbe interactions. This suggests that restoration efforts should
not only focus on vegetation recovery but also on strategies to promote microbial
functional traits that support ecosystem processes. Targeted interventions, such as
soil inoculations with microbial communities sourced from remnant ecosystems,
including consideration of appropriate timing to partner with (e.g., facilitate or follow)
successional establishment of host plants, may help restore pre-disturbance
functional compositions. The effectiveness of such approaches will depend on
whether inoculated microbiota can overcome prior residence effects and biotic
resistance, persist and ideally integrate into existing communities. Together, these
clear knowledge gaps emphasise the importance of research into the drivers of
microbial community assembly and functional recovery in restored landscapes

(Gomes et al., 2025; Peddle et al., 2024Db).
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Abstract

Soil microbiota are fundamental ecosystem components capable of driving
ecosystem recovery. However, their effective integration into ecosystem restoration
efforts remains unrealised. Despite growing interest, there are limited experimental
assessments on how to implement soil translocations to effectively inoculate whole
microbial communities in restoration contexts. By embedding a soil translocation
experiment into a restoration project in a global biodiversity hotspot, we show that
retaining soil structural integrity through intact soil translocations is important in
achieving successful inoculation. By contrast, surface spreading — the predominant
method of soil translocation — saw microbial communities diverge away from the
microbial profile of donor sites. Our findings suggest that the restoration sector
should rethink its approach to microbial inoculations and consider the benefits of
retaining structural integrity in translocated soils. Upscaling of investments and
innovation are required to meet the increasing demand for soil translocations

capable of effectively driving ecosystem recovery.
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1. Introduction

Using soil microbiota directly has clear potential to improve ecosystem restoration
outcomes (Coban et al., 2022; Robinson et al., 2023) as they are critical to
ecological processes (e.g., nutrient cycling, soil formation). However, despite the
recovery of soil microbiota increasingly being assessed following restoration
interventions (van der Heyde et al., 2022; Mohr et al., 2022), soil microbiota are
poorly integrated into ecosystem restoration. While post-restoration monitoring has
identified patterns of soil microbiota recovery, large recovery debts can persist
decades after restoration plantings (Watson et al., 2022). These persistent recovery
debts highlight the need to improve restoration interventions that specifically target

soil microbiota to improve restoration outcomes.

Soil translocation — the movement of topsoil from a donor to a recipient site — is
increasingly used as a restoration intervention to inoculate entire microbial
communities or select microbial taxa into restoration sites (Dadzie et al., 2024; van
der Bij et al., 2018). These soil translocations can be effective in driving recovery of
above- (e.g., vegetation) and below-ground (e.g., microbiota) ecosystem
components in some contexts (Han et al., 2022; Wubs et al., 2016a). However, there
is a lack of research informing optimal soil translocation methods and further

refinements are needed (Gerrits et al., 2023; Gomes et al., 2025).

The predominant soil translocation method used in restoration is surface spreading
(Contos et al., 2021; Gerrits et al., 2023), where soil is collected from a donor site —
ideally a nearby remnant site — transported to the recipient site and spread over the

surface (Wubs et al., 2016a; Bullock, 1998). Recipient sites are often prepared by
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removing existing topsoil, but sometimes donor soil is spread directly on top of
existing surface soil. Inoculation effectiveness has been shown to improve with
increasing soil volume due to a higher inoculation ‘dose’ (Han et al., 2022), however,
this comes at the cost of increasing the volume of soil required from donor sites

risking greater ecological impacts (Peddle et al., 2024Db).

Surface spreading involves the mixing of distinct soil microhabitats, along with their
corresponding microbiota, resulting in a homogeneous soil environment. This
convergence of distinct microhabitats and microbial communities can drive
compositional changes (West & Whitman, 2022), affecting their likelihood of
establishment. Microbial taxa vary in their response to disturbance of soil structure
(van der Heyde et al., 2017). These varied responses can impact on predictions of
community-level changes during the collection, transport, homogenisation and
spreading of soil in translocations. For example, disrupting soil structural integrity by
mixing can reduce bacterial richness, steering communities towards more
homogenous compositions and favouring faster growing, generalist taxa (West &
Whitman, 2022). Therefore, preserving soil structural integrity during translocation
may help retain donor communities and improve establishment of translocated
microbiota, but there are no studies that assess the impact of varying soll

disturbances during translocation.

As an alternative to surface spreading, intact soil translocation involves collecting
intact sods, turfs or cores, and translocating these directly into the recipient
restoration site (Bullock, 1998; Gerrits et al., 2023). The structural arrangements of

soil comprise of physical (e.g., aggregates and pores) and biological (e.g., soll
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organic matter) legacies that have typically formed over decades and are key to soil
functioning (Or, Keller & Schlesinger, 2021; Rillig, Muller & Lehmann, 2017). Thus,
the objective of intact soil translocation is to preserve this soil structural matrix, which
should result in the maintenance of the physical and biological legacies and their
associated microhabitats and functions (Boyer et al., 2011; Butt et al., 2022).
Similarly to surface spreading, studies of intact soil translocations have examined
differing soil quantities and depths, usually in the 1-2 m? range and soil depths of 10-
30 cm. Most intact soil translocation studies have focussed on vegetation (Cordier et
al., 2019; Kardol, Bezemer & Van Der Putten, 2009; Aradottir, 2012) or soil fauna
(Butt et al., 2022; Moradi et al., 2018) community responses, with mixed results.
While intact soil translocations have led to the recovery of soil microbial biomass and
functional diversity (Waterhouse et al., 2014), their effectiveness compared directly

to surface spreading remains untested.

Given that soil microbiota are sensitive to soil structural disturbance (West &
Whitman, 2022), intact soil translocations could result in improved establishment of
soil microbiota compared with surface spreading. While scaling up intact
translocations presents logistical challenges, intact translocation sites could serve as
high-quality restoration nodes or soil biodiversity refuges. Over time, these nodes
may facilitate the dispersal of beneficial soil microbiota into surrounding soils,
creating a positive spillover effect. However, differences in abiotic factors such as
soil pH, moisture, and nutrient levels can limit microbial dispersal from translocated
soils to adjacent environments (Fierer, 2017). Despite these barriers, mechanisms
such as water flow and active microbial motility can enable short-range dispersal,

suggesting some level of microbial exchange is possible (Chen et al., 2020; King &
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Bell, 2022). While microbial dispersal from translocated soil holds promise for the
wider restoration of soil biodiversity, dispersal remains largely unpredictable

(Choudoir & DeAngelis, 2022).

Here, we conducted an experimental soil translocation field trial embedded in a
restoration project situated within a global biodiversity hotspot in south-west,
Western Australia. We compared three different soil translocation methods that
aimed to isolate the effects of soil disturbance during translocation from the effects of
establishment barriers at the recipient site (e.g., inoculation depth, abiotic legacies).
Our treatments were (a) intact soil cores, (b) mixed soil cores and (c) surface
spreading. Our first hypothesis was that reduced soil disturbance (i.e., the intact soil
core treatment) would positively associate with the establishment of translocated soil
microbiota due to soil microbiota being sensitive to structural disturbance and soil
homogenisation alone being capable of driving divergence in microbial composition
(West & Whitman, 2022). Our second hypothesis was that if we saw improved
establishment of microbiota in the intact cores stemming from the reduced soil
disturbance, this would result in greater dispersal of soil microbiota from the intact

cores into the surrounding recipient site soil.

2. Materials and Methods

2.1 Study Site

This study was conducted across two post-agricultural restoration sites, Monjebup
North Reserve and Red Moort Reserve in southwest Western Australia (Fig 1). The
sites reside within the southwest Australian floristic region — a global biodiversity

hotspot with exceptional levels of plant species richness, endemism, and habitat
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fragmentation from land clearing (Myers et al., 2000). Restoration plantings occurred
in Monjebup in 2014 and Red Moort in 2015 (see Jonson (2010) and Peddle et al.

(2024a) for further site and revegetation details). Previous soil biodiversity monitoring
at these sites indicated a lack of bacterial community recovery (Peddle et al., 2024a),

making them ideal for testing the effectiveness of soil translocations.
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w
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Figure 1. Map of the study locations in southwest Western Australia indicating (a)
the locations of the two sites at Monjebup North Reserve and Red Moort Reserve in
southwest Western Australia; the 20 m x 20 m donor plots in remnant bushland and
the 20 m x 20 m recipient plots in revegetated areas at both (b) Monjebup North
Reserve and (c) Red Moort Reserve. (d) graphical illustration of the experimental
design showing the soil cores collected from donor sites, the experimental

translocation treatments applied, and their translocation to the recipient sites.
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2.2 Experimental Design and TO Sampling

Soil translocations and initial sampling (TO) occurred between 16-19 June 2022. At
each site, two 20 m x 20 m plots were established; one in revegetated bushland that
would receive the soil translocations (Recipient) and one in immediately adjacent
uncleared remnant bushland where soil cores would be sourced for the
translocations (Donor; Figure 1). Four parallel 18 m linear transects were marked out
in each of the four plots. Along each transect, 18 independent experimental
replicates were marked out (50 cm x 50 cm, n = 72 per site) and assigned a
randomly selected translocation treatment. Along the transects in each donor plot, 54
soil cores were collected using 12.5 cm diameter x 20 cm deep stainless steel soil

corers.

Soil samples (300 g) were collected from alongside every donor soil core for
physicochemical and DNA analysis (detailed below). Each collected soil core then
had one of three experimental translocation treatments applied: (1) Intact Core; 12.5
cm diameter x 20 cm deep soil cores kept intact during translocation; (2) Mixed Core;
12.5 cm diameter x 20 cm soil cores with the individual soil core broken-up and
homogenised in a sterile plastic bag before translocation; and (3) Surface Spreading;
12.5 cm diameter x 20 cm cores that were individually homogenised identically to the
mixed cores but spread in a 3 cm deep layer over a 30 cm x 30 cm area. To ensure
soil translocation treatments were randomly applied to the cores collected from the
donor site, we used the same randomised order from the recipient sites. Samples

were also collected from three donor controls along each transect (n = 12 per site).
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In the recipient plots, individual translocation treatments or recipient controls were
applied to the randomly assigned independent 50 cm x 50 cm replicates along the
four transects. Recipient controls did not receive any soil translocation, and a 300 g
soil sample was collected from each recipient control for DNA and physicochemical
analyses. For the intact core and mixed core treatment replicates, the same soil
corers were used to extract a soil core which was disposed of, and donor soil from
the allocated translocation treatment was placed into the resulting hole. For surface
spreading replicates, surface leaf litter was removed and the homogenised soill
(identical soil volume as intact and mixed cores) from the donor site was spread
evenly in a 3 cm depth over the surface (30 cm x 30 cm). Plastic corflute tree guards
were placed over each replicate (including the controls) to reduce the risk of
interference from foraging animals. Each of the two recipient plots received a total of
14 intact cores, 14 mixed cores, 14 surface spreading, and contained 18 recipient
controls. The recipient plots were also paired with 12 donor controls per site. We
collected a total of 144 soil samples (300 g) across the two sites (28 intact, 28 mixed,
28 surface spreading, 36 recipient controls, and 24 donor controls). From each soil
sample, 30 mL was collected in a sterile falcon tube and frozen on site until DNA
extraction and sequencing. The remaining soil was sent to CSBP labs (Perth,

Western Australia) for soil physicochemical analysis.

2.3 T1 Sampling
Soil sampling was repeated between 28-30 May 2023 (T1) to assess both microbial
establishment directly in the translocated soil as well as microbial dispersal into the

surrounding soil matrix. We systematically chose half of all replicates at both sites to
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ensure an even resampling of the treatments and to leave enough replicates for
future resampling. We also repeated sampling for the 12 donor controls in each site
(i.e., n = 76 per site = 16 recipient controls, 16 intact, 16 mixed, 16 surface spreading
and 12 donor controls). We collected two soil samples from each replicate: one
directly from the soil translocated one year earlier to assess microbial establishment
(hereafter referred to as establishment samples); and one from soil immediately
surrounding the translocated soil to assess microbial dispersal (hereafter referred to

as dispersal samples; n = 76 establishment, 76 dispersal).

For the establishment samples, we used a 23 mm diameter soil corer to extract 10
cm deep soil cores to collect 300 g from the intact, mixed, and both control replicates
being careful to not sample surrounding soil. Due to the shallow 3 cm depth of the
surface spreading replicates, a steel trowel was used to collect 300 g of soil from the

top 2 cm, again avoiding any of the underlying non-translocated soil.

For the dispersal samples for intact, mixed and recipient controls, we used the 23
mm soil corers to collect 300 g of soil to a depth of 10 cm from 6 cm surrounding the
translocated core avoiding any of the translocated soil. For the dispersal samples
from the surface spreading replicates, we used the trowel to excavate the 3 cm layer
of translocated soil and the first 3 cm of the underlying soil (to minimise
contaminating the dispersal sample with translocated soil) before using the soil corer
to collect 300 g of soil from under the cleared surface spreading treatment. From
each 300 g sample from both establishment and dispersal samples, 30 mL was

collected in a sterile falcon tube for DNA analysis and frozen on site.
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2.4 DNA Extraction, Sequencing and Bioinformatics

For DNA extractions for both TO and T1 samples, we used the Qiagen DNeasy
PowerLyzer PowerSoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions and quantified concentrations fluorometrically. DNA extractions for TO
samples were conducted in October 2022 and DNA was sent to the Australian
Genome Research Facility (AGRF) in Melbourne, Australia for sequencing. Soil
bacterial 16S rRNA from the V3-V4 region was amplified using the 341F and 806R
primer set, and for fungi, the internal transcribed spacer (ITS) region in the rRNA
operon was amplified using the 1F and 2R primers before 300 base pair paired end

sequencing on the lllumina MiSeq platform.

DNA extractions for the T1 samples were conducted in June 2023 and DNA was
again sent to AGRF for sequencing, this time using the lllumina NexSeq 2000
platform. The same gene regions (16S V3-V4 and ITS 1F-2R) were amplified using
the same primer sets as the TO sequencing. TO and T1 sequencing generated four
FastQ format datasets (TO 16S, TO ITS, T1 16S, T1 ITS) for bioinformatic

processing.

Due to the different sequencing platforms used across the two sample events,
bioinformatics were conducted individually on each dataset using the DADAZ2
pipeline (Callahan et al., 2016) up to the chimera removal step. For the TO 16S and
ITS datasets, FASTQ files were quality checked, and primer sequences removed
using Cutadapt (Martin, 2011) and trimming lengths were determined for forward and

reverse reads using FIGARO (Weinstein et al., 2019). Forward and reverse reads
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were trimmed, error rates inferred, paired end reads merged, and sequence tables

constructed with DADA?2.

For the T1 16S rRNA and ITS datasets, as the lllumina NextSeq platform generates
binned quality scores where both FIGARO and DADA?Z2 expect non-binned quality
scores, methods differ as follows: Instead of using FIGARO to determine trimming
parameters, the forward and reverse read quality profiles were generated and
visualised with DADAZ2; and at the error estimation steps, monotonicity was
enforced, and loess smoothing was applied to improve error rate modelling before
sequence tables were constructed. At this point the TO and T1 sequence tables
were then merged (16S rRNA and ITS data handled separately) before chimera
removal and taxonomic assignment. Taxonomy was assigned to the sequence
tables using QIIME2 with the Silva database (v138.1) (Wang et al., 2007) for 16S
rRNA data and UNITE (v9.0) (Abarenkov et al., 2023) for ITS data using a naive
Bayesian classifier to produce separate 16S rRNA and ITS amplicon sequence
variant (ASV) abundance tables. All further statistical analyses were conducted using
R (Version 4.4.0; R Core Team 2024), using the Phyloseq (McMurdie & Holmes,
2013) package to combine sample metadata with ASV abundance and taxonomy

tables.

2.5 Statistics

Microbial establishment and inoculation success

We first assessed if translocated microbiota successfully established in recipient
sites one-year after soil translocation and whether there were any differences in

inoculation success across our three translocation treatments. Analysing only
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‘establishment’ samples (16S rRNA and ITS), these were rarefied using the
rarefy_even_depth function in Phyloseq, ensuring ASV richness was still well-
represented at the chosen rarefaction levels (20,717 reads for 16S rRNA and 10,073
reads for ITS; Figs. S1, S2). Then, to assess inoculation success we used vegdist in
vegan (Oksanen et al., 2013) to construct a Bray-Curtis distance matrix, converted
the values to a similarity (100%*(1-distance)), and plotted the similarity of each T1
treatment sample to: the mean similarity of the T1 recipient samples; and also, to the

mean similarity of the T1 donor samples.

Bacterial and fungal community compositions from our three translocation treatments
and two controls across both sites and sampling years were visualised with non-
metric multidimensional scaling (NMDS) ordinations of Bray-Curtis distances using
ordinate in phyloseq. Differences in both bacterial and fungal community
compositions across translocation treatment, site and sample year were assessed
with stratified permutation tests separately for bacteria and fungi (PERMANOVA)
with the sfrata argument in adonis2 to perform permutations within the levels of the

specified strata (to account for each combination of site and sample year).

To assess how microbiota compositions across the different translocation treatments
changed across sample years, we again used Bray-Curtis similarities comparing
each sample’s similarity to all donor sample similarities. The distributions of these
similarity to donor values were displayed as a series of boxplots for each site/year
combination for both bacteria and fungi. Kruskal-Wallis multiple comparison tests
were used for each site/year combination to determine if the similarity to donor

values differed across soil translocation treatments. Significant differences between
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translocation treatments were then identified using post-hoc Dunn tests with

Bonferroni correction to adjust p values for multiple comparisons.

We assessed alpha diversity by calculating the effective number of ASVs for each
sample and plotting these values across translocation treatment for each site/year
combination separately for bacteria and fungi. We tested the effects of soil
translocation treatment, site and sample year — and their interactions — on effective
number of ASVs using permuted ANOVAs with the aovp function in ImPerm

(Wheeler et al., 2016) separately for bacteria and fungi.

Microbial dispersal from translocated soils

Next, we assessed if translocated microbiota had dispersed into surrounding soils
one year after soil translocation and whether there was any differential dispersal
across our treatments. To assess if soil translocation effected microbial community
compositions in surrounding soils, we excluded all ‘establishment’ samples from the
T1 sampling event, and rarefied all remaining data based on the rarefaction curves
(20,717 for 16S rRNA and 10,073 for ITS) and, following methods identically to those
outlined above for microbiota establishment, assessed community-level similarities in

‘dispersal’ samples using NMDS ordinations and similarity to donor boxplots.

To examine potential dispersal of microbial taxa in more detail, we used differential
abundance analyses at the genus level using ancombc?2 (Lin & Peddada, 2024) on
unrarefied data from both establishment and dispersal samples. We ran pairwise
differential analyses, comparing each soil translocation treatment — subset by either

establishment samples or dispersal samples — to the recipient control samples (i.e.,
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seven pairwise comparisons for each site, for both 16S rRNA and ITS). All genera
with significant (p < 0.05) log fold changes in individual pairwise comparisons were

visualised in a heatmap for each site.

Soil physicochemical changes and associations

Associations between bacterial and fungal community compositions and scaled
(mean-centred and standardised) soil physicochemical variables were analysed
separately for each site at T1 sampling using constrained correspondence analysis
(CCA). Variables with high collinearity (>0.75) were removed and the remaining
variables underwent automated model selection. Model-selected variables and their
associations with bacterial and fungal composition were visualised in a CCA and
tested via permutated ANOVA with 999 permutations. To explore differences in soil
physicochemical variables across sampling years, each variable was compared
across years within each soil translocation treatment at both sites using paired t-

tests.

3. Results

3.1 Microbial establishment and inoculation success

Intact soil cores established the most donor-like communities for both bacteria
(Figure 2b, Figure 3) and fungi (Figure 2c, Figure 4) at T1. At the time of soll
translocation (T0), bacterial and fungal communities in donor controls and all soil
translocation treatments differed to recipient controls. However, soil samples
collected at T1 showed shifts in both bacterial and fungal communities, particularly

the surface spreading treatment (Figure 3a, Table S1, bacteria: PERMANOVA, p =
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0.001 for soil treatment, site and sample year; Figure 3c, Table S2, fungi: p < 0.001

for soil treatment, site and sample year).
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Figure 2. Success of microbial inoculations one year after soil translocation (T1). (a)
Conceptual illustration to visualise establishment of microbial inoculants after soil
translocations. We define inoculation success as the retention of a high similarity to
donor value relative to the donor to donor similarity, whereas inoculation failure is
indicated by a shift away from the donor and a high similarity to the recipient. (b)
Mean similarities of bacterial communities one-year after (T1) soil translocation to
both donor and recipient samples. (c) Mean similarities of fungal communities one-

year after soil translocation to both donor and recipient samples.

At T1, intact cores retained the highest similarity to donor value across both sites for
both bacteria and fungi. Bacterial communities in intact cores at both sites were as
similar to donors as donor control samples were to each other (Figure 3b, Table S3.
In contrast, fungal communities in intact cores at both sites had lower similarity to
donor values than donor controls had to each other (Figure 3d, Table S4). The mixed
core treatment had the second highest community similarity to donor for bacteria at

both sites and fungi at Monjebup (surface spreading had the lowest). Bacterial
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communities in mixed cores at Red Moort did not differ in their similarity to donor
value compared to the donor controls (Figure 3b, Table S3), although bacterial
compositions at Monjebup did differ as did fungal compositions at both sites (Figure
3d, Tables S3-S4). Bacterial and fungal similarity to donor in mixed cores from both

sites were still different compared to the recipient control samples.

Bacterial and fungal communities from the surface spreading treatment both
diverged away from donor controls in both sites (Figures 3b 3d; Tables S3-S4).
Bacterial communities in surface spreading samples at Red Moort diverged so far
that their similarity to donor values were equivalent to the recipient controls but
retained difference at Monjebup (Table S3). Although fungal communities in surface
spreading samples at both sites had the lowest similarity to donor value of all three
translocation treatments, they were still different from those in recipient controls

(Table S4).

At Monjebup at TO, bacterial alpha diversity in the surface spreading, intact core and
donor control samples was higher than in the recipient controls (Figure S3; Table
S5). Effective number of ASVs in mixed cores at TO did not differ to any other
treatment. At Monjebup at T1, effective number of ASVs did not differ between any
translocation treatment (Figure S3; Table S5). At Red Moort at TO, effective number
of bacterial ASVs did not differ across translocation treatment (Figure S3; Table S5).
At T1, effective number of ASVs were lower in the donor controls than the recipient
controls and mixed cores (Figure S3; Table S5) but were no different than intact
cores or surface spreading treatments. Surface spreading and mixed cores also

differed to each other (Figure S3; Table S5). Fungal alpha diversity (effective number
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of ASVs) at Monjebup at TO did not differ across translocation treatments (Figure S4;
Table S6) but was higher at T1 in intact cores than in surface spreading samples
(Figure S4; Table S6). Effective number of fungal ASVs in Red Moort at both TO and

T1 did not differ across all soil translocation treatments (Figure S4; Table S6).
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Figure 3. Community composition and similarities to Donor Controls at the time of
translocation (T0) and one year post-translocation (T1). Non-metric multidimensional
scaling (NMDS) ordinations for (a) bacteria and (c) fungi both faceted by site and
sample year visualising changes in microbial community composition across the
three translocation treatments and two controls. Statistics and stress values refer to
all panels within a series. Similarity to donor boxplots for (b) bacteria and (d) fungi at
both sites visualising the similarities (Bray-Curtis) of the three translocation
treatments and recipient controls to the donor controls. Groups not sharing a letter
are significantly different (p < 0.05, Kruskal-Wallis and Dunn post-hoc).

3.2 Microbial dispersal from translocated soils

At the whole community level, we found no evidence that translocated soil microbiota
dispersed into surrounding soil or altered soil microbial compositions at either site
(Figures S5-8). At T1, bacterial and fungal mean similarity to donor values in soil
surrounding the translocated cores and below the surface spreading did not differ
from recipient controls but differed from donor controls (Figures S5-6; Dunn, p < 0.05
for donor control only). We also found no evidence at the whole community level of
fungal dispersal into surrounding soils (Figures S7-8). For fungi however, mean
similarity to donor values did differ between surface spreading and intact treatments
at both sites (Figure S8; Monjebup surface spreading similarity to donor = 10.6 +
3.42%, Monjebup intact similarity to donor = 13.6 £ 2.75%, Dunn p < 0.05; Red
Moort surface spreading similarity to donor = 12.8 + 4.44%, Red Moort intact
similarity to donor = 15.3 £ 4.81%, Dunn p < 0.05), but all translocation treatments

were similar to recipient controls and different to donor controls.

We only found evidence of differential abundances between recipient control
samples and dispersal samples from each translocation treatment for a single fungal

genus, Cortinarius, at one site (Figure 4d). This genus was higher in abundance in
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the surface spreading treatment. No bacterial genus was differentially abundant

between the dispersal samples from any translocation treatment and the recipient

controls (Figure 4).
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Figure 4. Heatmaps of significant differential abundance (log fold change p < 0.05)
in bacterial (a, c) and fungal (b, d) genera at Monjebup Reserve (a, b) and Red
Moort Reserve (c, d) assessing microbial dispersal from translocated soil into the
surrounding soil. The three translocation treatment levels (Intact Cores, Mixed Cores
and Surface Spreading) are split by dispersal (samples collected 6 cm away from
translocated soil) and establishment (samples collected from translocated soil) levels
and log fold changes across all levels including the donor control are compared to
the recipient controls one year (T1) after translocation. Only a single fungal genus,
Cortinarius, showed evidence of dispersal from the translocated soil into the
surrounding soil and only at Red Moort.

3.3 Soil physiochemical changes and associations

Bacterial communities at Monjebup associated with soil phosphorus, conductivity,
sulphur and pH (Figure 5a). Increased phosphorus primarily associated with
bacterial communities in recipient controls, as well as some mixed and surface
spreading samples. Increased levels of pH associated with bacterial communities in
mixed and surface spreading samples. Bacterial community compositions at Red
Moort associated with organic carbon and pH, although patterns across specific soil
treatments were less clear (Figure 5b). Fungal communities at Monjebup also
associated with pH and phosphorus, as well as organic carbon (Figure 5c).
Increases in both pH and phosphorus associated with fungal compositions in
recipient controls as well as mixed and surface spreading samples. Fungal
compositions at Red Moort associated with Sulphur and pH (Figure 5d). Although
fungal communities in Donor controls largely associated with increased sulphur
levels, similarly to bacterial communities at Red Moort, patterns across specific

treatments were less clear than they were at Monjebup.
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We found more differences in soil abiotic properties across sample years (i.e., TO vs
T1) in both mixed and surface spreading treatments than we did in either control or

the intact treatment (Figures S9-10).
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Figure 5. Constrained correspondence analysis (CCA) plots indicating associations
between model-selected soil physicochemical properties and bacterial (a, b) and
fungal (c, d) community compositions at Monjebup (a, ¢) and Red Moort (b, d).

4. Discussion

We experimentally tested the effect of three soil translocation methods — intact
cores, mixed cores and surface spreading — on inoculating desirable soil microbial
communities in a restoration project within a global biodiversity hotspot. After one
year under field conditions, microbiota translocated via intact soil cores established

most effectively, with bacterial communities in particular retaining similarity to donor
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controls. In contrast, surface spreading — the most common soil translocation
method used in restoration — resulted in microbial communities that diverged away
from donor sites, becoming more like those in recipient sites. Our study highlights
the importance of preserving soil structure and microhabitats during translocation to
affect successful microbial inoculations. We recommend that the restoration sector
prioritises research and investment into scalable soil translocation techniques that

preserve soil structure to enhance ecosystem recovery outcomes.

4.1 Soil Structural Integrity Improves Inoculation

We show that retaining soil structural integrity during soil translocation led to the
establishment of whole microbial communities, supporting our first hypothesis. Our
intact soil core treatment maintained the most donor-like bacterial and fungal
compositions one year after translocation. While microbial communities in our mixed
treatment did not diverge as far as those in the surface spreading treatment, they
were generally less similar to donor controls than the intact treatment. This improved
establishment of microbiota in intact cores likely reflects reduced disturbance during
soil translocation. The difference between mixed and intact treatments in isolation
underscores the impact of soil homogenisation on microbial communities. Our
findings offer field-based evidence that homogenising heterogeneous soil
microhabitats alters microbial communities and impacts inoculation capacity.
Previous studies have shown that frequent soil mixing in microcosms increasingly
diverges bacterial communities from unmixed controls (West & Whitman, 2022),
underscoring how soil disturbance can affect the establishment of inoculated

microbiota.
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Fungal communities in our intact treatments diverged further from donor controls
than bacterial communities. Fungi in natural soil systems rarely rely on sporulation
and consist of extensive mycelia (Schnoor et al., 2011). These contrasting life history
strategies in fungi likely explain the divergence from the donor soil composition
observed in the intact translocation, as even intact core extractions will disrupt fungal

organisms that are reliant on extended networks of mycelia.

We show that surface spreading was not effective in establishing donor microbial
communities in the recipient plots after just one year. These results were likely driven
by soil homogenisation (i.e., mixing many microhabitats and their constituent
microbiota) and elevated exposure to environmental influences (e.g., due to surface
spreading having a high surface area). Surface spreading is the predominant soil
translocation method used in the restoration sector (Contos et al., 2021; Gerrits et
al., 2023) and although surface spreading has previously been shown to be effective
in inoculating some microbiota, our results support the finding that success is often
site and context dependant (Gerrits et al., 2023). While our soil inoculation ‘dose’ is
comparable to that used in other studies (Han et al., 2022; Wubs et al., 2016a),
surface spreading inoculations may be more effective on loamy soils (Gerrits et al.,

2023) compared to the sandy soils in our study.

The homogenised soils in both mixed and surface spreading treatments appeared to
be more susceptible to the soil abiotic legacies in the recipient site than the intact
treatment. While we anticipated associations between soil microbiota and abiotic
properties between our two controls, the associations between soil abiotic properties

and the surface spreading and mixed treatments after a single year were surprising.
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These associations may indicate elevated susceptibility of the translocated soils in
these treatments to the abiotic legacies present in the surrounding soil at recipient
sites. The features of pore space in soil (e.g., size, distribution, connectivity) are
important for the biochemical processes of soil. Porosity, and the extent to which
pores are saturated and connected, can affect abiotic and biotic conditions in soil
(Roger-Estrade et al., 2010; Six et al., 2004). Here we found that the loss of physical
structure in homogenised soils made them more susceptible to changes in abiotic
properties. While there is strong evidence that abiotic properties and microbiota
affect soil structure and aggregate formation (Or et al., 2021; Rillig et al., 2017; Rillig
& Mummey, 2006), further research is needed to improve our understanding of how
disturbance to soil structure affects abiotic and biotic properties in soil and what this

means for inoculation success across varied sites and contexts.

4.2 No Evidence of Microbial Dispersal from Translocations

We found no evidence to support our second hypothesis as none of our three
translocation methods led to the dispersal of inoculated microbiota into the
surrounding soil after one year. Successful dispersal of inoculated microbiota into
surrounding soils is central to the ‘restoration island’ concept (Hulvey et al., 2017),
where soil cores act as nodes of healthy soil biodiversity, cumulatively and positively
affecting surrounding soil. While the lack of observed dispersal could simply be due
to the short one-year period between re-sampling, both environmental filtering driven
by the persistent agricultural land-use legacies in our sites (Peddle et al., 2024a) and
limited dispersal capabilities of microbes in soil are likely barriers to dispersal (Liu &
Salles, 2024; Walters et al., 2022; Chen et al., 2020). Overcoming these land-use

legacies is a major challenge facing restoration in nutrient-limited ancient soils, like
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those in southwest Western Australia (Parkhurst et al., 2022b; Standish et al., 2006).
Restoration interventions like soil scraping and removal to address abiotic legacies
are costly (Gibson-Roy, Delpratt & Moore, 2024), but may be warranted to facilitate
successful inoculation. Furthermore, the relatively small soil volumes in our
experiment may need to be increased across treatments to increase the propagule
pressure needed for microbiota establishment and dispersal into surrounding soil.
Further research with increased soil volumes will be beneficial to assess if intact soil
translocations still outperform surface spreading. Longer term research might also
investigate repeated surface spreading inoculation episodes at intervals that allow
progressive development of a range of suitable microhabitats in recipient soils, to

favour diverse requirements of the donor microbiota.

While our results indicate that intact soil translocation was the most effective method
at inoculating soil microbiota, scaling up intact soil translocations to effect positive
restoration outcomes faces numerous challenges. Sourcing soil for translocation
impacts donor sites and projects need to carefully balance the benefits of soil
translocation with the impacts to remnant ecosystems. Projects with existing remnant
habitat already slated for clearing (e.g., surface strip mining) would be good
candidates to consider large scale intact soil translocation. Additionally, restoration
sites with abiotic soil legacies that differ strongly from restoration target conditions
should reassess expectations from using surface spreading translocations. Strong
physicochemical differences will present a barrier to establishment and dispersal of
donor microbiota. Achieving positive outcomes in such situations may require

extensive action to address the physicochemical limitation, and in extreme cases soil
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removal and replacement in a manner that maintains soil structure during

translocation.

Overall, our findings show that maintaining soil structural integrity via intact soil
translocation is important to successfully establish whole soil microbial communities.
In contrast, we show that surface spreading — a widely used method of inoculating
soil microbiota in the restoration sector — was unsuccessful in establishing microbial
communities in the recipient site after only one year. These results highlight the
impact of soil homogenisation during translocation on the establishment of
inoculated microbial communities. Furthermore, our findings suggest a need for the
restoration sector to reconsider soil translocation approaches and invest in scalable

applications that maintain the structural integrity of soil during translocation.
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General Discussion

1. Thesis synthesis

Refining how the soil microbiome is integrated into ecosystem restoration has great
potential to improve restoration outcomes. However, numerous knowledge gaps and
technical barriers impede this integration, and advancements are needed to progress
effective restoration at the scales required to reverse the global biodiversity and
climate crises (Peddle et al., 2024b; Robinson et al., 2023). In this thesis, | aimed to
identify and address knowledge gaps that are hindering the effective integration of
the soil microbiome into ecosystem restoration. Through synthesising current and
emerging practical applications of the soil microbiome in restoration planning,
interventions, and monitoring, in my first chapter | identify key knowledge gaps and
highlight how addressing these gaps can improve restoration practices (e.g.,
effective soil inoculation methods) and ecological outcomes (e.g., priming microbiota

to provide a fitness benefit for future plant generations).

In my second and third chapters, | use two different meta-omic techniques —
amplicon sequencing and shotgun metagenomics — to assess the recovery of
microbial communities and their functional capacity following post-agricultural
restoration plantings in a global biodiversity hotspot. In contrast to a majority of
similar studies (see Watson et al 2022), | find in chapter two that microbial
communities in these sites show no clear indications of recovery and that post-
agricultural abiotic soil legacies (e.g., elevated levels of available phosphorus in
revegetated post-agricultural sites) are likely barriers to recovery. In chapter three, |
show that despite the lack of recovery in community and functional composition, soil

bacterial functional diversity — a key indicator of functional capacity — does not differ
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between remnant and revegetated sites. Nonetheless, associations between post-
agricultural soil legacies (e.g., available phosphorus) and altered functional
compositions indicated the soil microbiome was in an alternative stable state that
likely requires additional interventions (e.g., soil translocations) that directly target its
recovery. Finally, in chapter four, | conducted a soil translocation experiment aimed
at addressing the lack of experimental evidence on the effectiveness of different soil
translocation methods for inoculating whole microbial communities in restoration
sites. In this chapter, | show that maintaining soil structural integrity (via translocating
intact soil cores) leads to the establishment of donor site microbial communities into
recipient sites, whereas surface spreading translocations — the most common soill
inoculation method — resulted in microbial communities diverging away from the

donor, becoming more like communities in the recipient site.

Together, these thesis chapters provide important context for the role of the soil
microbiome in ecosystem restoration. They highlight that, despite global trends
(Watson et al 2022), the recovery of soil microbial communities following restoration
plantings is not always the case. Further, they emphasise that the assumption that
restoration plantings alone result in broader ecosystem recovery (the fields of
dreams hypothesis) does not always hold true. Additionally, the strong emphasis on
restoration plantings in ecosystem restoration misses an important opportunity to
address whole-of-ecosystem recovery, including biodiversity in the soil. The findings
also highlight that post-agricultural soil legacies are important barriers to the
recovery of the soil microbiome. These legacies can lead to alternative stable states
in the soil microbiome that resist recovery despite revegetation efforts. Finally, the

findings highlight the potential of using intact soil translocations as a novel but
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effective method of inoculating whole microbial communities into degraded
ecosystems — this approach was effective at establishing a target soil microbial
community over a 1 year period, despite the post-agricultural soil legacies. However,
scaling up intact soil translocations to a level required to effect landscape-scale

restoration presents challenges as harvesting soil comes at an ecological cost.

2. Harnessing the Soil Microbiome to Improve Ecosystem

Restoration

In the following sections, | discuss the implications of my research findings for both
restoration science and practice and outline future research directions aimed at
continuing to advance restoration outcomes by better integrating the soil

microbiome.

2.1 Improving causal understanding

Improving our causal understanding of how specific restoration efforts (e.g.,
restoration plantings, soil translocations) may or may not lead to the recovery of
broader ecosystem components including the soil microbiome is essential to
progressing ecosystem restoration (Peddle et al., 2024b; Rillig et al., 2024). In
chapter one, | highlight numerous knowledge gaps that need to be addressed (see
chapter 1, section V) to improve how the soil microbiome can be integrated into
ecosystem restoration. | emphasise the need to improve our causal understanding of
microbial responses to common restoration interventions that do not directly target
the microbiome (e.g., restoration plantings), and the need to determine when the
inclusion of microbiome-targeted interventions (e.g., soil inoculation) is worthwhile

given the increase in resources required for such interventions. For example, with an
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increased understanding of specific barriers to microbial recovery (e.g., agricultural
land-use legacies), restoration projects will be better positioned to employ decision
support frameworks to determine if minimal interventions (e.g., restoration plantings)
alone will be sufficient to recover complete ecosystems, or if the investment in further

microbiome-specific interventions is warranted.

Chapters two and three progress our understanding of how the most commonly
deployed restoration intervention — restoration plantings of native plant communities
— affects the compositional and functional recovery of the soil microbiome. Despite
finding that restoration plantings in my sites were not associated with soil
microbiome recovery, my work highlights that post-agricultural soil abiotic legacies
can be a major barrier to recovery. This suggests that restoration practitioners
should invest effort during the planning phase of restoration projects to characterise
physical and chemical soil properties, as these may be effective indicators of the
potential of soil microbial community recovery (Osburn et al., 2021; Turley et al.,
2020). Furthermore, these abiotic legacies should be targeted during the early
stages of restoration efforts to establish conditions that are conducive to the
establishment of the target ecosystem. However, my findings here are only directly
relevant in the particular ecosystem context that my studies were done, and future
work needs to continue to build evidence across other ecosystem contexts.
Additionally, future research should move beyond the focus on observational
chronosequence based studies and embed soil microbiome recovery experiments
into restoration projects (Gellie et al., 2018; Broadhurst et al., 2023). For further
detail of future research needs specific to my study system in southwest Western

Australia, see Box 1.
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Box 1 Southwest Western Australia faces unique restoration challenges that may

not be faced in other ecosystems (e.g., high levels of endemism, soil-borne plant

pathogens, nutrient-poor soils) (Monks et al., 2019; Standish & Hobbs, 2010). As

such, | present here some unresolved research questions that could be used to

guide future research directions directly relevant to the sites and ecosystems studied

in this thesis:

e How can persistent agricultural land-use legacies be addressed to facilitate
improved restoration outcomes?

e Does further longer-term monitoring indicate any change in abiotic legacies or
compositional shifts in microbial communities or functions?

e Does the preferential establishment of microbiota translocated in intact cores
over mixed and surface spread treatments hold over longer timeframes?

e Can soil translocations also provide a benefit to the germination and
establishment of recalcitrant and/or threatened plant species (Figure 1)?

¢ Can soil microbiota production areas be developed as a donor source of soil
transplants with locally desirable microbial communities?

¢ Can intact soil core translocations be scaled up to act as ‘restoration islands’ and

provide a positive spillover effect to surrounding soil?

Researchers and practitioners in southwest Western Australia could establish
robustly-designed experimental plots embedding different restoration treatments
(e.g., common garden experiments, soil scrapping, soil translocation, seed pelleting

or biopriming, nutrient amendments) into existing and new restoration sites (Figure
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1). These experiments could provide further direct evidence to help improve our

causal understanding of ecosystem-level responses to restoration practices.

Figure 1 Photos from field sites in the Fitz-Stirling region of southwest Western
Australia illustrating A-B) emergence of unknown sedge species from intact soil
cores 5 months post translocation; C) replicates of a soil translocation experiment
embedded into a restoration site; D-F) examples of the highly diverse recalcitrant

ground cover vegetation layer found in remnant sites but not post-agricultural sites.

2.2 Overcoming land-use legacies
Bacterial community composition is often strongly associated with environmental
factors, particularly soil physicochemical properties including pH, organic carbon,

and soil nutrients such as phosphorus (Fierer, 2017; Oliverio et al., 2020). This
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aligns with a contentious hypothesis of microbial biogeography that “everything is
everywhere, but the environment selects"” (Baas-Becking, 1934), which posits that
regardless of the potential for widespread microbial dispersal, microbial
establishment and composition is largely governed by environmental filtering. Across
chapters two and three, microbial taxonomic and functional composition correlated
with soil abiotic properties, supporting the role that environmental conditions have on
shaping microbial communities (Delgado-Baquerizo & Eldridge, 2019; Fierer &
Jackson, 2006). While my results indicate environmental filters are structuring
microbial communities, my research did not explicitly separate the relative
contributions of different assembly processes such as dispersal limitation, priority
effects, or stochastic drift. Thus, while the observed patterns are consistent with
environmental selection, other ecological factors or microbial assembly processes
likely also contribute to microbial compositions across my studied ecosystems.
Further assessments including analyses that apply neutral community models to
determine whether observed community distributions fit predictions of stochastic or
deterministic processes, or reciprocal soil transplants between revegetated,
degraded, and remnant sites would both be useful to provide more concrete

conclusions on the relative contributions of different assembly processes.

The limited recovery of soil bacterial communities and their functions in post-
agricultural landscapes despite revegetation efforts underscores the need for
restoration strategies that target land-use legacies in order to improve long-term
ecological outcomes. In historically phosphorus-deficient landscapes such as
southwest Western Australia, both above- (e.g., vegetation) and below-ground (e.g.,

soil microbiota) biota have developed unique strategies to access phosphorus
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(Lambers et al., 2013). In restoration settings, these phosphorus legacies can
impede the establishment of native plants (Daws et al., 2015; Parkhurst et al.,
2022b) and my findings indicate this also applies to soil bacterial communities.
Current restoration strategies aimed at addressing soil nutrient legacies are often
insufficient (Parkhurst et al., 2022b). For example, phytoremediation via temporarily
continuing crop harvesting (without additional fertiliser application) to deplete nutrient
levels has been shown to only moderately reduce levels of soil phosphorus
(Schelfhout et al., 2015). Also, while topsoil scrapping and removal off-site can be
effective (Gibson-Roy et al., 2024; Guevara-Torres, Zakrzewski & Facelli, 2024), it
requires a suitable area to dispose of the soil and, depending on topsoil depth, may
require the replacement of removed soil with new topsoil (e.g., when topsoil
scrapping removes the entire layer of topsoil). Therefore, new approaches to
address soil abiotic legacies are needed. Engineering microbial communities through
biostimulation, microbial inoculation, or fungal-based approaches has potential to
reduce excess soil nutrients (Philippot et al., 2023). Potential strategies include
promoting microbial communities for nitrogen immobilisation or denitrification
(Gannett et al., 2024) or introducing phosphorus-solubilising or denitrifying bacteria
(Iftikhar et al., 2024). However, numerous challenges including long-term stability
and scalability remain, making this an emerging but underexplored area in

restoration science warranting further research investment.

2.3 Function in an alternative stable state
A deeper understanding of microbial functional responses and adaptations to post-
agricultural soil conditions is required to refine restoration approaches that aim to

recover resilient ecosystems. Despite the general lack of differences in overall
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functional capacity in my sites, the associations between functional compositions
and altered soil abiotic properties indicate that land-use legacies have resulted in an
alternative stable state (Suding et al., 2004 ), which has not been overcome by
revegetation alone. This finding aligns with other studies demonstrating that
microbial community and functional compositions in restored sites can remain
distinct to remnant sites despite vegetation recovery (Mason et al., 2023; Singh et
al., 2024), particularly when soil conditions retain legacy effects from prior land use
(Osburn et al., 2021). The persistence of these functional differences highlights the
need for further investigation into the ecological thresholds that govern microbiome
responses to restoration. Future research should assess whether targeted
interventions, such as soil inoculations or amendments (e.g., carbon additions) that
alter soil abiotic properties, can initiate a shift in these stable states and facilitate
microbial functional reassembly. Additionally, long-term monitoring of microbial
functions, rather than cross-sectional snapshots, is needed to determine whether
functional convergence with remnant ecosystems is possible over extended

restoration timescales.

Despite the compositional differences of functions across restored and remnant
sites, | found little evidence of a reduction in functional capacity. This may indicate
that functional redundancy across the microbiome can still maintain functional
capacity and allow for compositional recovery over time as environmental conditions
shift in response to land-use change and restoration actions (Amarasinghe et al.,
2024). However, further longitudinal research in these sites would be needed to
determine if natural succession alone is capable of triggering regime shifts away

from the current stable state (Ranheim Sveen, Hannula & Bahram, 2024).
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Experiments that manipulate the associated environmental condition (e.g., available
phosphorus) would also be useful to determine if functional compositions recover
with a recovery in environmental conditions and inform specific management actions.
Importantly though, shotgun metagenomics faces limitations in that it is only capable
of quantifying the presence of functional genes in a sample and not their actual
active expression in an environment (Sun & Ge, 2023). As such, further research
using RNA based sequencing approaches like metatranscriptomics to assess
differences in active gene expression would be beneficial to elucidate further
functional insights and confirm functional capacities. Regardless, the lack of recovery
in taxonomic and functional compositions as well as soil abiotic properties warrants
further research into the efficacy of microbiome-focussed restoration interventions
(e.g., soil translocation and microbial inoculation) for directly restoring the soill

microbiome.

2.4 Scaling-up microbial-focussed restoration strategies

Achieving large-scale ecosystem restoration will require an upscaling of innovation
and investment to ensure that soil microbiome-focused restoration strategies are
both ecologically effective and logistically feasible. Despite research showing
positive overall effects of soil translocations for restoration (Han et al., 2022; Wubs et
al., 2019a), there is still a deficiency of evidence regarding the most effective
methods of inoculating whole microbial communities (Gerrits et al., 2023; Gomes et
al., 2025). While my fourth chapter found that the novel use of intact soil
translocations resulted in improved establishment compared to the commonly-used
surface spread inoculation, scaling up intact soil translocations will be challenging.

One approach is based on the ‘restoration island’ concept where more intensive and
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costly restoration approaches are limited to nodes of the highest quality restoration
with the expectation that benefits will spillover to surrounding areas over time
(Hulvey et al., 2017). However, while my results indicated successful establishment,
| found no evidence to support microbial spillover from translocated soils into the
surrounding soil. As the relatively short one-year resampling period in my study may
be insufficient time to observe any spillover effects, further longitudinal research is
needed to determine if this result stands over longer timeframes. Additionally, future
studies should also assess increased soil volumes or core sizes. Because the effect
of inoculation can increase with greater soil volumes (Han et al., 2022), translocating
larger cores may result in an increased chance for dispersal and greater positive

spillover effects on the surrounding soil matrix.

Upscaling intact translocations to entirely cover large restoration sites faces
numerous challenges, primarily regarding access to suitable sources and volumes of
donor soil. Determining cost effective techniques to extract larger volumes of soil
while limiting disturbance to soil structural integrity will also be challenging. Research
aimed at addressing both of these challenges could leverage collaborations with
organisations with the requisite mechanical, logistical and financial resources.
Opencast mining operations — such as those in Western Australia’s Jarrah Forest —
already use heavy equipment to collect topsoil from soon-to-be mined areas and
transport it to previously mined areas as a part of their rehabilitation practices
(Tibbett, 2010). Given their pre-existing investment in large-scale soil translocations
and the links between improved restoration outcomes and social licence (Tibbett,
2024), mining companies would be in an ideal position to embed upscaled intact soil

translocation experiments to address these continued knowledge gaps. Outside of
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situations where restoration projects have access to sufficient and suitable remnant
soil reserves, the idea of soil microbiota production zones — similar to seed
production zones (Zinnen et al., 2021) — warrants further research. However, the
concept of soil microbiota production areas is still undeveloped and relies on our
ability to identify appropriate communities and curate them efficiently and at scale.
Furthermore, as large scale soil translocations have the potential to degrade the very
remnant ecosystems we are trying to recreate, robust risk analyses and decision-
support frameworks need to be developed to determine when and where these

restoration interventions will be justified.

3. Conclusion

Effective ecosystem restoration must extend beyond restoration plantings alone and
explicitly consider soil microbial communities and their functional roles in ecosystem
processes. This thesis advances both theoretical and applied aspects of restoration
ecology by demonstrating that post-agricultural legacies can create alternative stable
states in soil microbiomes, potentially constraining microbial recovery despite
successful revegetation. My findings highlight that common restoration interventions,
such as restoration plantings, should not be relied upon to cause microbial
community or functional convergence with remnant ecosystems. Instead, persistent
soil abiotic legacies, particularly altered nutrient profiles, shape microbial functional
compositions in ways that resist natural reassembly. Importantly, my research
provides experimental evidence that soil translocation methods — especially intact
soil cores — can facilitate microbial establishment in degraded landscapes. However,
upscaling such interventions remains a major challenge, requiring innovative

approaches to balance ecological benefits with logistical feasibility. Future research
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must focus on optimising microbiome-targeted restoration strategies, including soil
inoculations, microbial bioengineering, soil microbiota production areas, and
integrated restoration frameworks that account for microbial (re)assembly processes.
Additionally, long-term studies are needed to assess whether microbiome recovery
trajectories eventually align with broader ecosystem restoration goals. By bridging
microbial and restoration ecology, this work reinforces the necessity of explicitly
considering microbial communities in restoration planning, interventions and
monitoring, ensuring that future efforts move beyond aboveground-focused

paradigms toward holistic, functionally resilient ecosystem recovery.
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Degraded Regenerated Revegetated Remnant

Chereninup

Monjebup

Red Moort

Yarraweyah

Figure S1. Photographs from soil sampling sites showing the four land conditions
(Degraded, Regenerated, Revegetated, and Remnant) at four sites (Chereninup

Reserve, Monjebup Reserve, Red Moort Reserve, and Yarraweyah Falls).
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Figure S2. Zero-radius operational taxonomic unit (zOTU) accumulation curve
comparing observed zOTU richness and sample sequence read depth to assess if
sample zOTU richness was adequately represented by read depth and to determine
an appropriate read depth for rarefaction to ensure unbiased comparisons across
samples. All samples were rarefied to 22,427 reads to match the sample with the

lowest read depth.
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Figure S3. Boxplots indicating soil bacterial richness and alpha diversity values from
soil samples collected from four land conditions (Degraded, Regenerated,
Revegetated, and Remnant) at six restoration sites (Chereninup Reserve, Monjebup
Reserve, Red Moort Reserve, and Yarraweyah Falls) in southwest Western
Australia. A) shows Observed Richness, B) Chao1 Richness, C) Simpson’s diversity,
and D) Shannon diversity. No measured richness or alpha diversity metric differed by

land condition (ANOVA p > 0.05 in all cases).
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Figure S4. Boxplots of measured soil chemical variables across the four land

conditions. No soil chemical property significantly varied (p > 0.05 for all) by land

condition. Colour indicates site.
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Figure S5. Rarefied relative abundance of the ten most abundant bacterial phyla

across the four land conditions. These ten phyla represent 98.56% of total bacterial

abundance and the remaining 1.44% are grouped as other minor phyla. Of the ten

most abundant phyla, only Proteobacteria differed (permuted ANOVA, p=0.001)

across land condition.
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Figure S6. A scatterplot of the association between geographic distance between
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community composition indicating no significant spatial autocorrelation (Mantel; r =

0.723, p = 0.164).
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Appendix 2: Supplementary material from Chapter 3,
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Figure S1 Ordinations of all assessed groups. (A) taxonomy, (B) all functions, (C)
phosphorus metabolism, (D) iron acquisition and metabolism, (E) sulphur acquisition
and metabolism, (F) amino acids and derivatives, (G) carbohydrates, (H) clustering-

based subsystems, (I) DNA metabolism, (J) regulation and cell signalling, and (K)
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nitrogen metabolism. Ordinations indicate compositions of either microbial
communities (taxonomy) or functions (all other) across the four land conditions and

siX sites.
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Figure S2 Relative abundance stacked bar plots of (A) Phylum level (taxonomic)
relative abundance and (B) subsystem 1 (function) relative abundance. Bolded
labels indicate levels that significantly differ (permuted ANOVA, p < 0.05) across land

condition.

Phosphorous Metabolism (Subsystem 3)
. Alkylphosphonate utilization

High affinity phosphate transporter and control of PHO regulon
P uptake (cyanobacteria)

Phosphate metabolism

Relative Abundance

Phosphoenolpyruvate phosphomutase

Phosphonate metabolism

Figure S3 Relative abundance stacked bar plot of phosphorus metabolism functions
at subsystem 3. No subsystem 3 phosphorus metabolism functional groups differed

(permuted ANOVA, p > 0.05) across land condition.
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Figure S4 Effective number of functions (alpha diversity) boxplots for all other
assessed subsystem 1 levels: (A) Iron acquisition and metabolism, (B) sulphur
acquisition and metabolism, (C) amino acids and derivatives, (D) carbohydrates, (E)
clustering-based subsystems, (F) DNA metabolism, (G) regulation and cell
signalling, and (H) nitrogen metabolism. Groups not sharing a letter are significantly

different (ANOVA, p < 0.05).
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Figure S5 Constrained correspondence analysis (CCA) ordinations indicating

associations between functional compositions and model-selected soil

physicochemical properties for all other assessed subsystem 1 levels: (A) Iron

acquisition and metabolism, (B) sulphur acquisition and metabolism, (C) amino acids

and derivatives, (D) carbohydrates, (E) clustering-based subsystems, (F) DNA

metabolism, (G) regulation and cell signalling, and (H) nitrogen metabolism.
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Figure S6 Relative abundance staked bar plot of Iron acquisition and metabolism
functions at subsystem 3. Bolded functions significantly differ (permuted ANOVA, p <

0.05) across land condition.
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Figure S7 Relative abundance staked bar plot of sulphur metabolism functions at

subsystem 3. Bolded functions significantly differ (permuted ANOVA, p < 0.05)

across land condition.
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Figure S8 Relative abundance staked bar plot of amino acids and derivatives
functions at subsystem 3. Bolded functions significantly differ (permuted ANOVA, p <

0.05) across land condition.
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Figure S9 Relative abundance staked bar plot of carbohydrates functions at
subsystem 2. No functions significantly differed (permuted ANOVA, p > 0.05) across

land condition.
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Clustering-based Subsystems (Subsystem 2)
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Figure S10 Relative abundance staked bar plot of clustering-based subsystems
functions at subsystem 2. Bolded functions significantly differ (permuted ANOVA, p <

0.05) across land condition.
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DNA Metabolism (Subsystem 3)
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Figure S11 Relative abundance staked bar plot of DNA metabolism functions at
subsystem 3. Bolded functions significantly differ (permuted ANOVA, p < 0.05)

across land condition.
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Regulation and Cell Signaling (Subsystem 3)
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Figure S12 Relative abundance staked bar plot of regulation and cell signalling
functions at subsystem 3. Bolded functions significantly differ (permuted ANOVA, p <

0.05) across land condition.
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Figure S13 Relative abundance staked bar plot of nitrogen metabolism functions at
subsystem 3. Bolded functions significantly differ (permuted ANOVA, p < 0.05)

across land condition.
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Table S1 Summary table of read depth (mean + SD) and numbers of species and functions (mean + SD) for each land condition.

Taxonomy refers to the cleaned (Eukaryotes and taxa not assigned at the phylum level removed) taxonomic dataset and functions

refers to the full non-normalised functions dataset. Number of species is at the species level and functions is at the functional

process subsystem level.

Land Condition

Taxonomy Read Depth

(mean £ SD)

Functions Read Depth

(mean £ SD)

Number of Species

(mean £ SD)

Number of Functions

(mean = SD)

Degraded
Regenerated
Revegetated

Remnant

2,782,645.67 + 1,046,248.49
3,249,465.25 + 664,193.01
3,482,459.50 + 428,974.71

2,751,344.60 £ 1,229,966.92

3,218,295.33 £ 1,104,679.42
3,772,910.00 £ 606,873.18
3,151,039.40 £ 1,290,283.37

3,750,099.67 £ 511,453.73

10,294.50 + 336.68
10,433.50 + 253.24
10,388.83 £ 174.74

10,278.00 + 362.56

23,791.17 £ 1,123.18
24527.50 £ 774.98
24320.83 £479.92

23533.40 £ 1641.90
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Table S2 Table of mean (+ S.D.) effective number of species or functions (alpha

diversity) in each land condition for each analysed group (taxonomy, all functions, or

subsystem 1 functional level). Land condition levels that do not share a subscript

letter indicate significant (ANOVA, p < 0.05) differences between land conditions

within the group.

Group

Land Condition

Effective no. species/functions

(mean £ S.D.)

Taxonomy

All functions

Phosphorus metabolism

Iron acquisition and metabolism

Nitrogen metabolism

Degraded
Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated
Remnant

Degraded
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2500.00 £ 265.114

2450.89 £ 95.28,

2196.32 + 252.89,

2419.69 £ 102.89,

3622.64 + 63.014

3688.24 + 82.44,

3639.05 + 44.81,

3692.98 + 48.50a

37.78 £ 0.53,

39.01 £ 1.55a

37.99 £ 1.004

40.81 £ 1.47y

51.90 £1.77,

52.68 + 3.154

50.33 £ 2.85,

51.69 + 3.48,

35.77 £ 2.684



Sulphur acquisition and metabolism

Amino acids and derivatives

Carbohydrates

Clustering-based subsystems

DNA metabolism

Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated
Remnant
Degraded
Regenerated
Revegetated

Remnant
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35.93 £2.82,

32.77 £ 2.08,

34.50 £ 3.614

87.88 £2.87,

91.29 £3.734

87.66 £ 1.864

90.57 £3.814

431.86 £ 7.244

439.54 £ 10.46,

430.05 £ 5.73a

438.39 £ 11.214

616.92 £ 13.79,

631.50 + 18.62a

618.48 £ 10.744

633.10 £ 14.93,

238.25 £ 6.744

24577 £9.88,

241.08 £ 5.45,

243.80 £4.40,

2380.04 £ 256.24 4

2339.50 + 86.20ab

2094.29 + 246.05,

2312.63 £ 101.58p



Regulation and cell signalling

Degraded
Regenerated
Revegetated

Remnant

85.89 + 3.164

87.86 £ 5.46,

87.93£3.71a

87.74 £6.814
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Table S3 Permutational multivariate analysis of variance (PERMANOVA) p values
from tests assessing differences in either community (taxonomy) or functional (all
others) compositions (beta diversity) across our four land conditions and six sites.

Bolded values indicate significant differences (p < 0.05) across either land condition

or site.

Group Land Condition Site
Taxonomy 0.009 0.029
All functions 0.015 0.006
Phosphorus metabolism 0.079 0.001
Iron acquisition and metabolism 0.07 0.002
Nitrogen metabolism 0.041 0.011
Sulphur acquisition and metabolism 0.021 0.022
Amino acids and derivatives 0.023 0.008
Carbohydrates 0.076 0.003
Clustering-based subsystems 0.011 0.049
DNA metabolism 0.02 0.083
Regulation and cell signalling 0.006 0.158
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Table S4 Log fold change (LFC) values for differently abundant phosphorus

metabolism functions from pairwise comparisons of each land condition all to the

remnant condition.

Function Comparison LFC
Phosphonate utilization as. acetyltransferase Revegetated -0.930
Phosphonate utilization as. acetyltransferase Regenerated -0.212
Phosphonate utilization as. acetyltransferase Degraded -0.779
Ribose 1,5 biphosphate phosphokinase Revegetated -0.883
Ribose 1,5 biphosphate phosphokinase Regenerated -0.560
Ribose 1,5 biphosphate phosphokinase Revegetated -0.876

221



Appendix 3:
Supplementary material from Chapter 4 Stronger together:
intact soil translocation increases the resilience of

inoculated microbial communities

Shawn D. Peddle', Christian Cando-Dumancela’, Tarryn C. Davies',
Robert Edwards’, Riley J. Hodgson', Siegfried L. Krauss?2, Craig Liddicoat’,

Angela Sanders*, Martin F. Breed'

'College of Science and Engineering, Flinders University, Bedford Park, SA,
Australia.
2Kings Park Science, Department of Biodiversity, Conservation and Attractions,
Perth, WA, Australia.
3The University of Western Australia, Crawley, WA, Australia.

4Bush Heritage Australia, Albany, WA, Australia.

222



1. Supplementary methods

1.1 DNA Extraction, Sequencing and Bioinformatics

For DNA extractions for both TO and T1 samples, we used the Qiagen DNeasy
PowerLyzer PowerSoil Kit following the manufacturer’s instructions and quantified
concentrations fluorometrically. DNA extractions for TO samples were conducted in
October 2022 and DNA was sent to the Australian Genome Research Facility
(AGRF) in Melbourne, Australia for sequencing. Soil bacterial 16S rRNA from the
V3-V4 region was amplified using the 341F (CCTAYGGGRBGCASCAG) and 806R
(GGACTACNNGGGTATCTAAT) primer set (Yu et al. 2005), and for fungi, the
internal transcribed spacer (ITS) region in the rRNA operon was amplified using the
1F and 2R primers before 300 base pair paired end sequencing on the Illumina

MiSeq platform.

DNA extractions for the T1 samples were conducted in June 2023 and DNA was
again sent to AGRF for sequencing, this time using the lllumina NexSeq 2000
platform. The same gene regions (16S V3-V4 and ITS 1F-2R) were amplified using
the same primer sets as the TO sequencing. TO and T1 sequencing generated four
FastQ format datasets (TO 16S, TO ITS, T1 16S, T1 ITS) for bioinformatic

processing.

Due to the different sequencing platforms used across the two sample events,
bioinformatics were conducted individually on each dataset using the DADAZ2
pipeline (Callahan et al. 2016) up to the chimera removal step. For the TO 16S and
ITS datasets, FASTQ files were quality checked, and primer sequences removed

using Cutadapt (Martin 2011) and trimming lengths were determined for forward and
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reverse reads using FIGARO (Weinstein et al. 2019). Forward and reverse reads
were trimmed, error rates inferred, paired end reads merged, and sequence tables

constructed with DADA?2.

For the T1 16S rRNA and ITS datasets, as the lllumina NextSeq platform generates
binned quality scores where both FIGARO and DADA?Z2 expect non-binned quality
scores, methods differ as follows: Instead of using FIGARO to determine trimming
parameters, the forward and reverse read quality profiles were generated and
visualised with DADAZ2; and at the error estimation steps, monotonicity was
enforced, and loess smoothing was applied to improve error rate modelling before
sequence tables were constructed. At this point the TO and T1 sequence tables were
then merged (16S rRNA and ITS data handled separately) before chimera removal
and taxonomic assignment. Taxonomy was assigned to the sequence tables using
QIIMEZ2 with the Silva database (v138.1) (Wang et al. 2007) for 16S rRNA data and
UNITE (v9.0) (Abarenkov et al. 2023) for ITS data using a naive Bayesian classifier
to produce separate 16S rRNA and ITS amplicon sequence variant (ASV)
abundance tables. All further statistical analyses were conducted using R (Version
4.4.0; R core team 2024), using the Phyloseq (McMurdie & Holmes 2013) package

to combine sample metadata with ASV abundance and taxonomy tables.

1.2 R Packages used for analysis
We used the following R packages during our analysis: Phyloseq (McMurdie &
Holmes 2013), vegan (Oksanen et al. 2013), adonis2 (Oksanen et al. 2013), ImPerm

(Wheeler et al. 2016), ancombc?2 (Lin & Peddada 2024), caret (Kuhn, 2015).
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Supplementary figures

Sampling Year
— T0
—_T1

ASVs

1000

50,000 100,000
Read Depth

Figure S1 Rarefaction curve of 16s amplicon sequence read depth by number of
ASVs from both the TO and T1 sampling events used to determine appropriate level

of rarefaction and ensure ASV abundance was adequately represented at the

chosen level of rarefaction (20,717 reads).
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Figure S2 Rarefaction curve of ITS amplicon sequence read depth by number of

ASVs from both the TO and T1 sampling events used to determine appropriate level

of rarefaction and ensure ASV abundance was adequately represented at the

chosen level of rarefaction (10,073 reads).
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Figure S3 Boxplots of bacterial alpha diversity (effective number of ASVs) for each

soil translocation treatment across each sample year (T0, T1) and site (Monjebup,

Red Moort). Groups that do not share a letter significantly differ (p < 0.05, ANOVA).
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Figure S4 Boxplots of fungal alpha diversity (effective number of ASVs) for each soil

translocation treatment across each sample year (TO, T1) and site (Monjebup, Red

Moort). Groups that do not share a letter significantly differ (p < 0.05, ANOVA).
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Figure S5. Non-metric multidimensional scaling (NMDS) ordination of bacterial (16s)
community composition faceted by Site and Sample Year from original sampling at
TO and dispersal samples collected at T1 to assess dispersal of translocated

bacteria into the surrounding soil.
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Figure S6 Similarity to donor boxplots for 16s dispersal samples. (a) Similarity of
bacterial communities at Monjebup across the three soil treatments and two controls
to donor control communities at the time of soil translocation (T0). (b) Similarity of
bacterial communities at Monjebup from soil samples collected from surrounding un-
translocated soil one year pot-translocation (T1) to assess dispersal of soil bacteria.
(c) Similarity of bacterial communities at Red Moort across the three soil treatments
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and two controls to donor control communities at the time of soil translocation (TO).

(d) Similarity of bacterial communities at Red Moort from soil samples collected from

surrounding un-translocated soil one year post-translocation (T1) to look for

dispersal of soil bacteria.
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Figure S7 Non-metric multidimensional scaling (NMDS) ordination of fungal (ITS)

community composition faceted by Site and Sample Year from original sampling at

TO and dispersal samples collected at T1 to assess dispersal of translocated fungi

into the surrounding soil.
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Figure S8 Similarity to donor boxplots for ITS dispersal samples. (a) Similarity of
fungal communities at Monjebup across the three soil treatments and two controls to
donor control communities at the time of soil translocation (T0). (b) Similarity of
fungal communities at Monjebup from soil samples collected from surrounding un-
translocated soil to look for dispersal of soil bacteria. (c) Similarity of fungal
communities at Red Moort across the three soil treatments and two controls to donor
control communities at the time of soil translocation (TO). (d) Similarity of fungal
communities at Red Moort from soil samples collected from surrounding un-

translocated soil to look for dispersal of soil fungi.
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Figure S9 Boxplots of measured soil abiotic properties at Monjebup across soill
translocation treatments and the two sample years. Asterixis indicate significant

differences (p < 0.05, paired t-test) in abiotic properties between sample years.
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Figure S10 Boxplots of measured soil abiotic properties at Red Moort across soll
translocation treatments and the two sample years. Asterixis indicate significant

differences (p < 0.05, paired t-test) in abiotic properties between sample years.
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3 Supplementary tables
Table S1 Model coefficients from PERMANOVAs of bacterial community

compositions stratified within each combination of Site and Sample Year.

Factor Df SS R? F P
Soil Treatment 4 6.021 0.099 5.33 0.001
Site 1 2.278 0.037 8.067 0.001
Sample Year 1 2.555 0.0421 9.074 0.001
Residual 176 49.704 0.820

Total 182 60.558 1.000

Table S2 Model coefficients from PERMANOVAs of fungal community compositions

stratified within each combination of Site and Sample Year.

Factor Df SS R? F P
Soil Treatment 4 5.941 0.108 3.954 0.001
Site 1 1.665 0.030 4.433 0.001
Sample Year 1 1.156 0.0210 3.077 0.001
Residual 123 46.192 0.840

Total 129 54.954 1.000
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Table S3 Mean (+ SD) similarity to donor values for bacterial (16S rRNA)

communities at both Monjebup and Red Moort for both sampling years. Similarity to

donor values within each site/sample year combination that do not share a letter

significantly differ (Dunn, p < 0.05).

Site Sample Year Soil Treatment Similarity to Donor (%)
(mean £ SD)

Monjebup TO Recipient Control 9.89+2.71,
Surface Spreading 20.3+5.94,

Mixed Core 21.6 £5.69,

Intact Core 20.2 £ 6.25,

Donor Control 19.3 + 6.64,

T Recipient Control 17.2 + 3.544

Surface Spreading 29.6 + 8.34,

Mixed Core 33.1 £ 7.300c

Intact Core 371712,

Donor Control 39.9 £ 8.34,

Red Moort TO Recipient Control 12.7 £ 4.88p
Surface Spreading 19.1+£7.13,

Mixed Core 19.3 £ 6.55,

Intact Core 21.3 £ 5.26.

Donor Control 20.7 £5.72,

T Recipient Control 19.3+£7.51

Surface Spreading 19.9 + 8.54,

Mixed Core 25.6 + 8.48,

Intact Core 27.6 + 8.56,

Donor Control 27.5+9.81,
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Table S4 Mean (+ SD) similarity to donor values for fungal (ITS) communities at both

Monjebup and Red Moort for both sampling years. Similarity to donor values within

each site/sample year combination that do not share a letter significantly differ

(Dunn, p < 0.05).

Site Sample Year Soil Treatment Similarity to Donor (%)
(mean £ SD)

Monjebup TO Recipient Control 7.55 £ 3.36p
Surface Spreading 20.3+5.57,

Mixed Core 23.2+8.31,

Intact Core 21.2+13.04

Donor Control 247 +8.71,

T Recipient Control 12.2 + 3.904

Surface Spreading 27.0+5.31p

Mixed Core 30.3 £5.77bc

Intact Core 32.2 +8.15.

Donor Control 36.9 + 5.85,

Red Moort TO Recipient Control 11.3 £ 3.56p
Surface Spreading 25.1+5.62,

Mixed Core 23.6 £5.71,

Intact Core 27.6 £6.93,

Donor Control 27.4 +5.48,

T Recipient Control 15.7 + 7.364

Surface Spreading 19.3 £ 5.29,

Mixed Core 255 £6.37

Intact Core 241 +8.83;

Donor Control 28.3+7.78,
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Table S5 Mean (+ SD) effective number of bacterial (16S) amplicon sequence
variants (ASV) for each soil translocation treatment across both sample years (TO,
T1) and sites (Monjebup, Red Moort). Soil treatments not sharing a letter within each
site/sample year combination have significantly different effective numbers of ASVs
(Monjebup TO: Tukey, p < 0.05; Monjebup T1: Dunn, p < 0.05; Red Moort TO: Tukey,

p < 0.05; Red Moort T1: Tukey, p < 0.05).

Site Sample Year Soil Treatment Effective no. ASVs
Monjebup T0 Recipient Control 215.79 £ 84.16,
Surface Spread 434.85 + 133.61,

Mixed 381.1 £ 90q

Intact 419.76 + 113.02,

Donor Control 398.13 + 204.25,

T Recipient Control 476.53 + 225.82,

Inoculation 420.89 + 183.83,

Mixed 518.34 + 139.96,

Intact 549.04 + 224.57,

Donor Control 496.88 + 74.03.

Red Moort  TO Recipient Control 324.85 £ 72.75,
Inoculation 390.63 + 100.23,

Mixed 331.89 £ 132.61a

Intact 325.4 +131.24,

Donor Control 319.35 £ 117.29,

T1 Recipient Control 629.43 + 95.384¢

Inoculation 426.27 + 262.622p

Mixed 724.36 + 108.67.

Intact 537.57 + 206.424,c
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Donor Control 358.57 + 174.99,
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Table S6 Mean (+ SD) effective number of fungal (ITS) amplicon sequence variants
(ASV) for each soil translocation treatment across both sample years (TO, T1) and
sites (Monjebup, Red Moort). Soil treatments not sharing a letter within each
site/sample year combination have significantly different effective numbers of ASVs
(Monjebup TO: Tukey, p < 0.05; Monjebup T1: Dunn, p < 0.05; Red Moort TO: Tukey,

p < 0.05; Red Moort T1: Tukey, p < 0.05).

Site Samp Year Soil Treat Effective no. ASVs
Monjebup T0 Recipient Control 6.20 + 3.55,
Inoculation 15.89 + 15.16,
Mixed 13.55 £ 8.75,
Intact 4.07 £ 4.35,

Donor Control

11.76 £ 10.32,

T1 Recipient Control 10.87 £ 3.73a
Inoculation 5.58 £2.19,

Mixed 10.66 + 3.59ap

Intact 14 £+ 5.91,

Donor Control 17.92 £ 18.92,

Red Moort  TO Recipient Control 7.84 £ 3.75,
Inoculation 104 £7.71,

Mixed 19.4 £ 15.97,

Intact 18.09 £ 4.64.

Donor Control 14.8 £ 10.68,

T Recipient Control 10.26 + 7.156,
Inoculation 12.75 £ 5.33,

Mixed 12.64 + 6.162
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Intact 13.23 +6.76,

Donor Control 14.77 + 5.83,
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