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ABSTRACT 

Mining industries sustain the economic stability of entire countries around the world, and yet, 

landscape disruptions associated with such enterprises can be long lasting ecological problems 

for current and future generations. Balancing economic growth with environmental 

protection is a paramount aim for restoration ecologists. 

Decades of research in plant science, zoology and macro-ecology allow restoration ecologists 

to define relevant protocols to restore and rehabilitate affected landscapes.  However, such 

practices often fail to achieve targeted outcomes, mainly due to a lack of understanding 

and/or integration of the landscape’s belowground component.  Recent developments in DNA 

sequencing technologies and bioinformatic algorithms are now allowing researchers to 

include belowground ecosystem components into the next iteration of restoration and 

rehabilitation protocols. This thesis aims to provide novel and critical knowledge of the 

belowground ecological processes that shape the taxonomic, phylogenetic and functional 

characteristics of the belowground microbial communities during the restoration process. 

In order to ensure relevance to on-ground practices and the adoption of this knowledge into 

future ‘real world’ restoration protocols, the experimental aspects of this thesis are based 

upon current restoration approaches routinely used in the semi-arid landscape of Western 

Australia’s Midwest. 

Firstly, I review the current literature in belowground rehabilitation in order to identify 

barriers for achieving predictable outcomes, further discussing critical research areas that 

need to be advanced in order to upgrade current restoration protocols. Secondly, I 

demonstrate, for the first time in a restoration context, that despite a profound shift in the 

phylogenetic composition of soil microbiomes after cessation of mineral extraction, 

belowground communities in restoration protocols possess a significant functional 

redundancy in key N cycling pathways which may be exploited to initiate N cycling ecosystem 

services. This redundancy is further studied in an attempt to recover key parts of the N cycling 

ecosystem service (nitrification) in degraded soils, identified through archaeal and bacterial 

functionality within the soil microbiome and assessed using gene specific amoA quantitative 

PCR. 
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The realisation that a significant functional redundancy may exist, even when microbiome 

diversity is extremely low post mining, has significant repercussions for managing 

aboveground plant communities during restoration. Current hypotheses suggest that plants 

select a specific microbiome in their environment, so the question which became relevant was 

whether a species poor microbiome, but with functional redundancy, can support plant 

germination and growth, or, that a plant species specific microbiome is required for good plant 

establishment. Through a native microbiome disruption approach, I measured seed 

emergence and phenotypic changes in a widely used native plant as a first approach to identify 

any potential native microbiome-native plant germination and growth dependencies. The 

results from this work demonstrated decreased plant fitness in heavily disturbed (but 

functionally redundant) native microbiomes and highlighted the critical importance of 

reconditioning native microbial assemblages to match the plant’s needs to achieve targeted 

and stable plant outcomes. 

Lastly, I frame novel insights derived from this work into a broader restoration picture, 

suggesting protocol changes that need to be performed and tested in order to close the gap 

between current technical feasibility and the future move toward the engineering of 

predictable rehabilitation outcomes to satisfy real-world expectations of rehabilitation 

engineers. Ultimately, knowledge generated within this thesis will be essential for the 

development of upgraded, reliable rehabilitation protocols that target above and 

belowground criteria and help mitigate the increasing environmental disturbance we are 

currently imposing worldwide. 
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1.1.  SCOPE 

Restoration practitioners are under increasing pressure to upgrade current rehabilitation 

protocols to better cope with an always increasing level of environmental disruption. This is 

especially true in Western Australia, where mining is an essential part of the regional 

economy. This has led to the creation of a hotspot in restoration ecology research. However, 

a widening gap between social expectation and current technical restoration capacity is 

developing [1]. Such a  gap can be explained, in part, by the inability of current restoration 

protocols to routinely deliver predictable outcomes. While many reasons can contribute to 

this phenomenon (e.g. budget limitations, lack of environmental regulations), the overlooking 

of belowground components in restoration practices might be of major consequence. 

As a consequence of the democratization of next-generation sequencing (NGS) technologies 

[2], the ability to identifying and track microbial community changes in the environment has 

become a mainstream analysis for researchers outside the microbiological sphere. In 

consequence, an expanding body of literature now aims to close the gap between social 

expectation and technical capacity by including belowground components into the overall 

restoration picture. 

Despite the clear advantages of including above and belowground assessments into 

restoration protocols, the development of “microbial restoration ecology” as an emerging 

discipline has been limited, until recently, only to environmental genetic screening; usually 

comparing disturbed and reference sites, or, across a chronological restoration gradient. 

Experimental ‘bottom-up’ approaches (i.e. reductionist experimental approaches as opposed 

to environmental screening) that can pinpoint major ecological processes shaping the soil’s 

microbiome are urgently needed. Such methodologies, which focus primarily on the 

measurement of a single ecological process (such as ecosystem resilience, functional 

redundancy and inter-kingdom dependencies within post-mining substrates) are still largely 

needed. Unveiling these questions in diversity poor, but highly specialized microbiomes, can 

potentially deepen our understanding of basic ecological processes that might govern not only 

post-mining substrates, but other extreme environments also.  
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1.2. THESIS AIM AND RESEARCH OBJECTIVES 

Using state-of-the-art metagenomics, NGS amplicon sequencing and bioinformatic analysis, 

the overarching aim of this Ph.D. was to identify knowledge gaps and provide novel and critical 

insights into ecological processes that shape archaeal and bacterial microbial communities 

within post-mining waste substrates which are subsequently used for landforming and 

restoration within Western Australia. 

The research presented had 4 primary objectives: 

I.  Identify theoretical and technical limitations for achieving a predictable 

belowground rehabilitation protocol in semi-arid ecosystems. 

II. Identify potential taxonomic and functional changes within topsoil and waste 

tailings mixtures used in landforming, relative to pristine reference sites. 

III. Define the extent to which microbiome functional redundancy within semi-arid 

restoration systems affects key founder ecosystem services, principally the 

nitrogen cycle. 

IV. Characterize the importance of native microbiome-native plant interactions in 

restoration protocols implemented in semi-arid soils. 

 

1.3  THESIS STRUCTURE 

The thesis is organized into 6 chapters.  

Chapter 1 summarizes the scope, research objectives and thesis structure. 

In Chapter 2 a comprehensive literature review of current restoration practices is presented. 

This chapter identifies barriers for achieving predictable rehabilitation protocols and serves as 

the theoretical framework for the following chapters. Although intended to embrace other 

mining activities, the review has an implicit emphasis on iron extraction in arid and semi-arid 

ecosystems such as those find in Western Australia. 

Chapter 3 presents a study on the phylogenetic and functional changes within microbiomes 

inhabiting topsoil and magnetite Fe-ore tailings blends. Furthermore, the work identifies the 

critical changes in microbiome composition and function when topsoil is stockpiled.  These 
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insights parallel previous work in native seed bank composition and viability in stored soils 

prior to restoration commencement. 

Chapter 4 describes a study which evolved from chapter 3, aiming to identify possible 

redundancy in the ammonia oxidation process. This work, for the first time, examines directly 

the functional redundancy in post-mining substrates. It indicated archaeal ammonia oxidizers 

are likely key targets to initiate new N-cycle pathways as a prelude to aboveground 

interventions in waste magnetite Fe ore tailings substrates. 

Chapter 5 demonstrates that microbial taxonomic composition has a direct effect upon 

aboveground plant fitness levels within semi-arid restoration systems. In tandem, this chapter 

quantitatively demonstrates that reconditioning post-mining substrates with commercially 

available microbial inoculants is not a feasible methodology to increase soil functionality. 

Rather, it is predicted that assemblages of ‘native’ microbiomes is the best way forward if 

inoculants are to be used. 

Chapter 6 serves as a general discussion and presents the main conclusion generated 

throughout this Ph.D. 
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Chapter 2 
THE MAJOR BELOWGROUND 

BARRIERS TO ACHIEVING PREDICTABLE 

REHABILITATION 



 

 

 

2.1 CHAPTER PREFACE 

 The following literature review aims to set a theoretical framework for this Ph.D. thesis and 

to identify knowledge gaps that need to be filled in order to upgrade current restoration 

protocols. The work is presented in 4 sections; an introductory section explaining the 

importance of restoration ecology and defining the objectives of the review article (section 

2.1); a general introduction to mine site restoration and a description of post-mining 

substrates commonly used in Western Australia (section 2.3); a synthesis section identifying 

and suggesting possible ways to bypass barriers for more predictable restoration protocols 

(section 2.4); and a final section stating the overarching conclusions. 

 

2.2  INTRODUCTION 

It has been estimated that up to 7 Gt. of tailings and other by-products are produced annually 

by the mining industry worldwide [3]. Tailings are characterised by extreme abiotic conditions, 

such as pH (both acid or alkaline), limited availability of nutrients and high concentration of 

toxic heavy metals. Besides tailings production, mining operations also produce heavy metal 

and hydrocarbon pollution and involve large scale landscape vegetation clearance and soil 

compaction, especially when open pits are used for accessing resources. Ultimately, all these 

environmental effects need to be addressed before a site is closed, and usually within a 

relatively short time scale and often with restricted budgets. Therefore, industry and 

stakeholders are constantly needing to find better and more reliable procedures that cope 

with managing environmental disturbance, a fact which will only increase as the population 

grows and demand for resources increases. Currently, ecological restoration protocols are the 

front line in combating  environmental degradation, by managing and restoring environmental 

systems and/or increasing their resilience [4].  

Historically, restoration protocols have focussed solely on aboveground components of the 

restored landscape [5–7] with little attention to the belowground aspects of the ecosystem. 

The focus on aboveground components is a consequence of three main factors: (i) the relative 

simplicity of quantitative data collection of flora and fauna in comparison to time-consuming 

and complex methods for belowground biota (ii) lack of knowledge regarding the role of many 

members of the soil biome, especially the native soil microbiome and their role in overall 
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ecosystem functioning and (iii) the fact that aboveground components are more amenable to 

manipulation [8]. Recently, it has been recognised that focussing upon aboveground systems 

has proven to be insufficient for effective mine site restoration, where belowground 

assessments need to be equally placed into restoration practices to help close the gap 

between social expectation and the actual current capabilities of restoration protocols [1]. 

As far back as a decade ago, the recognition of the soil microbiome as a proxy to measure 

restoration success [9] and, later, as actual facilitators of the process itself [10] were welcome 

advances, but adoption of these research areas into restoration protocols has still been slow 

due to several barriers. Here we review major barriers for the advent of highly reliable, next 

generation restoration protocols that can assess the complex interactions between above and 

belowground communities. We further discuss which new knowledge needs to be generated 

within the field of microbial restoration ecology in order to circumvent current barriers to 

adoption. 

 

2.3  CURRENT RESTORATION PRACTICES AND THE PROBLEMS THEY FACE 

Restoration targets in the minerals industry differ between projects and regions and can range 

from rehabilitation through agroforestry [11], establishment of grasslands [12] or full 

ecosystem recovery in accordance with pre-mined configurations. Although arguable, only the 

last can truly be considered a full-scale restoration practice, but is much more difficult to 

achieve, principally due to the need to reuse highly toxic waste by-products during the 

restoration process, balanced by a need for full ecosystem re-establishment. 

Regardless of the targeted ore, the extraction process often deals with three main waste 

substrates with vast physical and chemical differences (Fig 1a): (i) topsoil, harbouring native 

microorganisms, the seed-bank and nutrients; (ii) waste-rocks or overburden, the deep 

substrate between the topsoil and the metal ore with no, or insignificant, economical value 

and (iii) tailings, the waste by-product fraction of the metal ore with little economic value. 

After topsoil and waste rock removal, the metal ore is extracted by a series of physical and 

chemical refinement processes, which explains tailings’ extreme physical and chemical 

characteristics. Tailings can be relatively diverse in type, depending on the parental metal ore 

[13], but are usually characterized by elevated concentrations of arsenic, cadmium, copper, 
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manganese, lead, and zinc [14,15] when compared to natural soils at the site [16]. Moreover, 

no organic carbon and/or macronutrients can usually be found [17]; which, coupled with 

unsuitable pH [18], represent an extreme environment to sustain soil biota, particularly 

microorganisms [19]. Climatic condition such as aridity can also increase the substrate’s 

salinity, further imposing constrains to biotic establishment. 

In order to extract metal ores, first the topsoil needs to be placed elsewhere, often stockpiled 

for long periods of time under conditions that do not resemble its previous planted state. This 

storage imposes changes within the topsoil’s microbial community [20] and within its native 

seed bank, the latter is usually considered an issue for restoration, but changes in the former 

are rarely considered. Hence, one issue is that poor topsoil management which leads to 

Figure 1. (a) General diagram showing the metal extraction process and the following landscape restoration 
problems and objectives, focusing primarily on post-mining substrates generation (i.e. stacked topsoil (i), 
waste rocks (ii) and tailings (iii)). (b) Bottom left panel depicts major  barriers for successful restoration 

protocols (red numbering): such as (1) estructural instability, (2)  groundwater contamination through metal 
leaching, (3) restricted vertical biotic colonization due to substrate extreme properties and (4) wind 

dispersion of post-mining substrates to adjacent areas. Bottom right panel shows the ideal scenario for a 
successful landscape restoration (green numbering): (1-2) water retention through plant root system and 
consequentially reducing metal leaching into groundwater bodies, (3) deep biotic colonization thanks to 

root penetration and associated rhizosphere, and (4) reduced  wind dispersion through plant cover. 
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microbial decline, as it does for the seed bank, can potentially steer the restoration succession 

towards directions that do not resemble the original reference sites.  This factor is often 

overlooked as a potential influence in the success of restoration protocols. 

Although the restoration process can vary between projects and locations [21], in general 

terms it starts by mixing the tailings and waste rock substrates, which are then covered by a 

thin layer of topsoil during ‘landforming’.  These ‘dry stacked’ structures physically ‘rebuild’ 

the environment and the surface tailings with topsoil cap layer act as a physical structure for 

planting and as a source of nutrients and microbial communities to support plant 

establishment. During the early stages of the landforming and restoration process four main 

problems need to be addressed (red font numbers within Fig. 1b). (1) Due to the tailings’ low 

permeability, water infiltration throughout the soil column is either limited to the topsoil cap 

layer or creates water channels that can compromise the embankment stability. (2) Heavy 

metal leaching to the groundwater table, which in turn can affect adjacent settlements or 

pollute water bodies. (3) Low or non-existent vertical microbial colonization from the soil cap 

into the deeper tailings layer, which can serve to decelerate the ecological succession towards 

a climaxed community and at depth and (4) A lack of plant cover or soil stability can allow 

topsoil and tailings erosion by wind processes. Climaxed ecological communities can 

ameliorate such problems to a large degree (green numbers in Fig. 1b): (1/3) good plant 

establishment, with penetrating roots, can improve and stabilise the tailings’ physical 

structure, allowing water to infiltrate more evenly.  Further, carbon translocation from the 

roots will create new ecological niches that favour deeper microbiome colonization from the 

upper topsoil layers. (2) Plant rhizosphere organisms, in conjunction with specific plant 

species, can chelate heavy metal ions, potentially reducing the risk of groundwater 

contamination. (4) Plant cover can further stabilize the system, reducing wind dispersion as 

well as aiding in the recolonization of the aboveground fauna. 
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2.4 FOUR BELOWGROUND BARRIERS FOR A RELIABLE RESTORATION 

2.4.1 Tailings are a ‘poly-extreme’ environment 

Extreme pH, high metal concentrations, salinity, water availability and a lack of nutrients are 

some of the ‘dry-stacked’ tailings’ chemical properties which impose huge ecological 

pressures for archaeal and bacterial colonization and thus, for plant community settlement. 

Tailings can be classified based on its commodity, mineralogy and based on its pH. pH is a well-

known major determinant of microbial community structure and activity [22,23]. Acidic, 

sulphide-bearing tailings have been well studied for the past decade [24], whereas alkaline 

tailings, generated from sources such as gold, bauxite, chromite and iron ore processing have 

been less well studied. Alkaline tailings present several challenges for microbes, such as 

maintaining a neutral cytoplasmic pH, the need to produce alkaline resistant proteins and the 

modification of ATP synthesis to cope with a reverse pH gradient [25]. Whilst the pH 

homeostasis in bacteria has been systematically studied and can be used as a basis to 

understand survival in a tailings environment, the mechanisms to cope with alkalinity in other 

important restoration taxa, such as archaeal and fungal taxa, remains unclear [26]. 

For metal content within the tailings, the heavy metal ions present can be toxic at high 

concentrations (e.g. Mn, Pb, Cu) or at any level (e.g. Hg, Ag, Au, Pd) [27], so an inherent genetic 

capacity for resistance to these metals is essential for the microbial populations to perform 

their specific ecosystem functions. Whilst the molecular mechanisms involved in heavy metal 

resistance have been intensely studied in some bacterial taxa —because of their bio-mining 

applications especially in iron, gold, uranium and copper [28–31]— less is known regarding 

the heavy metal resistant in fungi or in non-biomining, native bacterial and archaeal 

communities. 

Salinity, which can be present at high levels in tailings, is also an important regulator of 

archaeal and bacterial activity [32]; even more so in arid or semi-arid regions, where high 

evaporation rates tend to accumulate salt over time. Biochemical adaptations for survival in 

saline environments can well be energetically expensive [26,33], and it has been well 

established that high soil salinity correlates with reduced species richness [34], this reduction 

being be due to high ionic strength, variation in ionic composition or other factors contributing 

to overall salinity [33]. Nonetheless, Hollister et al. (2010) demonstrate that in a saline lake 
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environment, microbial community structure was better correlated to water content, organic 

carbon, phosphorus and pH concentration rather than the salt concentration itself [35], 

implying that other factors shaping the overall community structure under osmotic stress may 

be at play. Fungi may potentially have an important role in saline soils, and thus in restoration 

of post-mining substrates. The existence of xerophilic/halophilic fungi [36], which can survive 

in low water activity (aw) [37], are well known, and arbuscular mycorrhizal fungi (AMF) may 

play a vital role in plant settlement into saline substrates since they have been shown to 

promote plant health under osmotic stress [38]. 

Low nutrient availability in post-mining substrates can also limit the growth of heterotrophic 

communities while favouring the establishment of autotrophic/lithotrophic, K-strategist 

microorganisms [39]. Hence, these microorganisms with oligotrophic lifestyles are likely key 

founder species in early stages of mine-site restoration process. For instance, locally-adapted 

nitrogen fixers and nitrifiers microorganisms may well play a crucial role in early biological 

colonization of post-mining substrate , a possible analogue to what happens in de-glaciated 

soils [40,41] and lead/zinc mine tailings [42]. Irrespective of the clear differences between 

post-mining substrates and de-glaciated soils in terms of abiotic constrains, microbial 

colonization can diminish these thru the initiation of biogeochemical cycles. Following the last 

example, by transforming dinitrogen to more bioavailable form of nitrogen (such as 

ammonium and nitrate) [43], nitrifiers can facilitate the establishment of pioneer plants, and 

consequently, speeding up the whole restoration process [44]. 

Carbon is also a limiting factor constraining microbial colonization. In concordance, it has been 

shown that a lithotroph to organotroph succession of dominant taxa occurs in Pb-Zn-Cu mine 

waste after amendments, suggesting that this shift may help plant development due to the 

increase in carbon availability. The same study, however, affirm that although there was 

significant change in chemical parameters between normal tailings with and without 

amendments, those changes were not enough to meet targeted requirements for a fully 

functional soil [45]. 

These barriers to microbial colonisation in the harsh tailings environment serve to reduce or 

slow the development of the positive feedback between microbes, soil and plants; a factor 
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which is necessary for soil development (i.e. pedogenesis) and stable plant colonisation, 

which is the ultimate objective for a well-established biological restoration [46]. 

2.4.2 Rewiring plant-microbe interactions 

The functional gap between reference site and land undergoing restoration [47] can be 

blamed upon the decoupling of above and belowground components [48]. For example, 

landscape clearance and tailings addition can deeply alter long-standing interactions between 

native archeal and bacterial communities with locally adapted plants.  These interactions have 

been co-evolving over millennial time-scales, such as for a native microbial community and 

Acacia ancistrocarpa (see Chapter 5) or between native cyanobacterial isolates and Senna 

notabilis and Acacia hilliana [49], all co-habiting Australia’s midwest mining region. 

Specifically, changes within the microbial community diversity and evenness when 

landforming after mining operations not only affects the microbial ecosystem functioning  

[47–49; but see 50], but can also disrupt species-specific interactions between rhizosphere-

associated microorganisms and their native plants (Fig. 2). 

If we consider the restoration process as a continuum, from an early stage with no or few 

interactions between above and belowground components, to a late stage with many and 

complex interactions (as depicted in Fig. 1b, right panel), the “rewiring” of plant-microbe 

interactions needs to follow a similar continuum. First, broadcasted native seed encounter an 

establishing soil microbiome with which it needs to “wire” the first relationships (Fig. 2). This 

initial seed-microbe link might well be critical for seed germination, emergence and root 

microbiome colonisation (see Chapter 5) and yet, is still relatively unknown in terms of actual 

processes. For example, ‘phytoactive’ compounds (e.g. molecules such as salicylic acid, 

gibberellins and abscisic acid) can promote germination and enhance seedling emergence, 

survival and growth but have been largely overlooked as facilitators in restoration practices 

[54]. Such compounds can be produced by soil microorganisms [55–59], and therefore, adding 

them to seed-coating strategies, or, production via a soil microbial inoculum can potentially 

increase currently low seed establishment rates in harsh restoration environments. 

Certain chemicals and microorganisms can induce a unique physiological state within seeds 

(known as priming) where plants display faster and/or stronger cellular defences against 

pathogens, insects or abiotic stressors [60,61]. While this process has been well studied in 
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agriculture [58–60; reviewed in 61] –and specifically in regards to pathogenic or insect attack 

[61]– it has rarely been considered in a restoration context[66].  

Arbuscular mycorrhizas [67] and free living fungi [63] as well as bacterial species such as 

Pseudomonas [62] can potentially protect valuable native seed against post-mining substrates, 

increasing already low seed establishment rates [68]. However, microorganisms isolated from 

agriculture have low chances to persist such extreme conditions (see Chapter 5) , thus, bio-

priming —which refers to the exclusive usage of biological agent to trigger such physiological 

state— of semi-arid seeds needs to be restricted to locally adapted, co-occurring 

microorganisms. Under this logic, Muñoz-Rojas et al. (2018) showed that bio-priming of 

Australian native seeds with co-occurring cyanobacterial species can increase seed survival 

Figure 2. Diagram showing different kind of inter and intra-kingdom interactions needed for a 
successful above and belowground link. Numbers connected by green arrow represent the 

sequential steps to follow as discussed in the main text. Examples of desired interactions are 
given within orange boxes. 
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when grown in mine site by-products [49,69]. Although the underlying mechanism through 

which bacterial cells interact with the seed is still unknown, it opens interesting possibilities 

to increase native seed establishment using a native seed-native microbiome association. 

In tandem, microbial aggregates in the form of soil ‘biocrusts’ can also be potentially used as 

an efficient way to engineer a better environment for seed broadcasting. Soil bio-crust are 

complex communities comprised of cyanobacteria, lichens, bryophytes, fungi, and algae found 

on soil surfaces and are common and integral components of arid and semi-arid ecosystems, 

where plant cover is often sparse [70,71]. Biocrusts can cover up to 70% of the soil surface in 

desert areas [72] and are estimated to cover over 12% of global terrestrial land surfaces 

(almost 18 million km2 [70]). Due to their ecological and microbial characteristics, aligned with 

their ubiquitous occurrence in arid environments, biocrusts have emerged as an important 

and emerging research focus in recent decades [73,74], addressing many research themes, 

including stress survival, ecological assembly in harsh environments and biogeochemical 

influence on their surrounding soils. 

Biocrusts thrives in severe arid environments, performing a variety of significant ecosystem 

services [73], including carbon (C) and nitrogen (N) fixation [75,76], improving soil particle 

aggregation [77], reducing soil erosion [78], regulating soil hydrology [79] and the promotion 

of vascular plant development in some situations [80]. All the last makes soil biocrust 

attractive agents to be used in future restoration protocols. Under this context, it has been 

recently shown that cyanobacterial can increase carbon sequestration [70] and potentially 

providing nitrogen compounds into mine-degraded environments (see Appendix IV, 

Publication 5).  

Not all soil microbes are beneficial to plants. Indeed, the soil microbiome also harbours 

pathogenic microorganisms that can further reduce seed persistence [81],emergence or 

establishment [82,83]. Thus, the microbial communities living on a seed’s surface can be 

critical as they can act as gatekeepers, preventing pathogenic attack [83,84]. This is 

particularly important in mine site restoration where significant stresses already exist within 

the environment, which make pathogenic attack more likely.. For example, the soil 

collembolan Protaphorura fimata can protect seeds by predating upon Fusarum exyporum 

and preventing the latter infecting and decaying healthy seeds [85]. Identifying and isolating 

microorganisms that are capable of conferring seed resistance against pathogens in mine site 
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restoration ecosystems can represent an interesting way to increase native seed emergence 

and establishment.1350 

After seed emergence, the next step for below-aboveground rewiring involves a nascent root 

system and free-living microorganisms. The latter, living in the surrounding soil can colonize 

the high nutrient root surface, creating a phylogenetic and functional diverse zone, the 

‘rhizosphere’, which has been heavily studied across disciplines [82,86–88]. This huge body of 

literature often reports how rhizosphere communities affect plant traits (e.g. drought 

tolerance and disease resistance) [89] but mainly within agricultural or  managed systems [86]. 

Hence, deciphering rhizosphere-microbiome dynamics in native plants, and particularly the 

colonization mechanisms used by free living microorganisms, needs to be a priority for the 

microbial restoration ecologist. It has been recently shown that plants actively modulate 

microbial colonization of their roots [90], which the plant can then exploit for factors such as 

protecting itself against infections and creating disease-suppressive soils [91]. Thus, 

identifying analogous mechanisms for plant driven microbial colonization in semi-arid native 

plants could help us formulate new ways to engineer the rhizosphere community that is able 

to cope with the mining substrates’ extreme environment. 

The final step in the below-aboveground reconnection process involves a fully climaxed 

‘rhizobiome’ and its host plant. Plant/rhizobiome interactions and signalling have been well 

studied in managed systems, often involving rhizobia and mycorrhizal fungi [86,92]. 

Interestingly, a paradigm shift in our understanding of the rhizosphere has happened during 

the last decade: from a simple biological hotspot, where soil organisms converge due to root 

exudates [93]; to a complex market-place where plant/microbe mutualism is bi-directionally 

controlled [89,94]. Yet, restoration ecologists have put minor attention on the fact that the 

microbiome –and especially the rhizobiome– can influence plant traits, such as growth, 

disease resistance and abiotic stress tolerance [91,95–98]. The latter is incredibly appealing 

from a restoration perspective: if a microbiome can be selected to modify plant traits [97], it 

is plausible that we could select rhizobiomes that can aide coping with post-mining substrates 

in which they need to grow (Fig. 3). 

Such processes, defined previously as ‘host-mediated microbiome selection’ [99] are 

composed of three parts (Fig. 3): (a) For a given native plant, a rhizobiome associated with a 
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plant with a strong response against a targeted environmental factor (e.g. metal or drought 

tolerance) is identified, extracted and inoculated into the same, but sterile substrate. (b) 

identification/extraction and re-inoculation steps are performed for several cycles in order to 

speed-up the co-evolution process between the plant and the associated microbiome. 

Furthermore, microbiome ‘grafts’ from environments with desirable characteristics can be 

introduced as a way to introduce novelty into the system. (c) Finally, the plant associated 

microbiome will differ from its original composition, conferring increased plant fitness to the 

targeted environmental constraint. 

Due to the lack of legislation regarding microbiome translocation during restoration practices, 

in comparison to the highly strict guidelines for native plant transplantation [100], it is possible 

to aid plant establishment with the introduction of transplanted microbiomes from other 

environments as a way to generate new plant-microbe interactions that further contribute to 

the plant coping with environmental stressors. For example, in order to increase P 

solubilization by a desired native plant, a microbiome graft from ecosystems that are naturally 

Figure 3. Host-mediated microbiome selection can be user to actively filter microbial assemblages 
that maximize plant fitness against a targeted environmental stressor. (a) An original biological 
population (e.g. native plants, microorganisms, etc) often shows a normal distribution across an 

environmental gradient. (b) Yet, a process called forced-evolution can select individuals with broader 
tolerance (depicted as orange dots in panel a). (c) After several cycles, a new and enhance population 

towards that environmental factor will rise. This whole process can also be upscaled into whole 
communities, such as rhizosphere communities. 
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low in P can potentially be acquired and inherited by plants living in post-mining substrates. 

Although this approach is still untested, it could profoundly increase mine site restoration 

goals and their predictability.  

Therefore, using microorganisms to alleviate  adverse biotic and abiotic constraints for plant 

establishment (herein ‘microbial engineers’) to aid plant establishment through ameliorating 

the tailings’ extreme conditions is an unexplored, but promising path, to increase restoration 

success. Furthermore, with the NGS technologies we now have, surveying the outcomes of 

transplants in the rhizobiome at large scale, and with high sensitivity, is more than possible to 

test whether the reintroduction of key functional groups can increase the restoration process 

[48]. 

2.4.3 When a reference is a reference? 

Restoration methods often rely upon comparison with predefined reference site(s) [4]. 

Although this sounds a straightforward approach,  evaluating the  extent to which an 

environment has been restored is no simple task [4].  This is mainly because defining a 

comprehensive reference site is often prone to bias; including problems such as time and 

scale-dependency, unknown local driving factors and variability within ecosystem resilience 

[101]. 

These same issues affect, equally,  the belowground component and arguably, to a greater 

extent if considering the higher phylogenic and functional diversity of the belowground 

microbiome. Thus, identifying and characterizing a suitable pristine reference site for 

benchmarking belowground restoration has to be free from possible biases. Here, three main 

problems need to be considered when defining a reference site(s) for belowground 

restoration. The first relates to the long-standing debate in restoration ecology; should 

restoration success be a function of taxonomic resemblance against a reference site or by its 

functional resemblance? The other two problems relate to technical limitations of how well 

we can characterize a reference site, including resolution of accurate alpha and beta diversity 

metrics.   

(i) Taxonomic or functional resemblance? 
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Whether to measure restoration success based upon taxonomic or functional resemblances 

against reference site(s) has been a long standing debate amongst restoration ecologists 

[48,102]. Aboveground restoration ecologists often struggle to decide whether to work at a 

taxonomic, trait or functional level, and their decision is often a function of budget, human 

resources and/or legal requirements. Similarly, and thanks to the democratization of NGS 

technologies, belowground restoration can also be based upon taxonomic, phylogenetic or 

functional resemblance to reference site(s) (table 1). Taxonomic comparisons between 

disturbed and reference sites, derived from 16/18S rRNA gene sequences, is the most 

straightforward and easiest way to implement NGS methods. Community level microbial 

analysis (mainly based on bacterial, archaeal and fungal communities) relies on well-known 

and inexpensive PCR primer sets with stable, but coarse, taxonomic resolution. Bioinformatic 

analyses can be simple and well documented, helping inexperienced users to generate results 

without the need for outsourcing complex data analyses. However, the link between retrieved 

environmental sequences and taxonomy relies heavily on curated, publicly available 

databases, which can introduce a great deal of bias due to their incompleteness (see below). 

In order to bypass this bias, researchers can shift their focus from merely taxonomic views to 

more phylogenetically driven comparisons between disturbed and undisturbed areas. Here, 

the “phylogenetic identity” of the retrieved environmental sequences are more important 

than their taxonomic classification, which helps researchers in two ways. It becomes database- 

independent, as now comparisons are made based upon phylogenetic relationships within 

environments; and when involving phylogenetic history information within the restoration, it 

can be useful to predict ecosystem functioning [103] and services [104]. Although 

phylogenetic methods seem to be a better option over taxonomic comparisons, the required 

bioinformatic programs have only recently been developed and are usually less well 

documented. More importantly, amplicon sizes used in current standard NGS sequencing are 

constrained in length, which inevitably reduces the phylogenetic signal [105].  This coupled 

with computer intensive alignments of big datasets makes the use of phylogenetic methods 

less straightforward to implement.  
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Microbial functional redundancy, the ability for different microbial species to perform a 

specific ecological function [106] is often linked to ecosystem stability upon disturbances 

[50,107]. Irrespective of the abovementioned metric to be chosen (i.e. taxonomic or 

phylogenetic), conclusions emanating from these analyses fail to incorporate functional 

information, and thus, functional redundancy in the overall picture.  

Finally, microbial ecologists can work at the metagenomic level, by far the more informative 

metric to be used when assessing restoration success.  As sequences are directly recovered 

from environmental DNA (i.e. with no PCR amplification step), metagenomic datasets contain 

fragments of many genes present in the environment with their relative representation intact, 

thus allowing researchers to compare disturbed and undisturbed sites based upon different 

gene types and abundances. As metagenomic datasets also contains partial sequences from 

18S/16S rRNA genes, the abovementioned methods (i.e. taxonomic and phylogenetic) could 

also be applied. Measurements of functional redundancy can also be quantified through this 

method, adding a valuable dimension to disturbed and reference site comparisons. However, 

Table 1. DNA-based microbial community profiling can be quantified at various 
levels, each with different advantages and disadvantages. See text for a full 

explanation. 
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the method is still high cost and requires a high degree of expertise in bioinformatics in order 

to analyse such complex datasets.  

(ii) Underestimating the true diversity of the reference site: α-diversity 

The development of lower cost, high resolution NGS has allowed researchers to deeply 

characterize and track changes of microbial communities (diversity within sample; α-

diversity). As a result, publicly available rRNA amplicon and metagenome datasets are growing 

in both read numbers and length [108]. The last can be explained due to the minimal human 

input that is required throughout the process, which can be fully outsourced to private 

companies. However, this does not apply for reference databases, the central repository 

necessary for sequence identification, which requires a laborious and time-consuming human 

involvement in order to achieve robust databases. While public rRNA databases, such as 

greengenes [109], SILVA [110] or RDP [111] vary in the number of curated reads, ranging from 

~500 000 to ~1200 000 aligned reads [93], this is still a fraction of the predicted trillion 

microbial species [112]. 

 

Despite their fractional coverage, reference databases are widely used to infer taxonomic 

proportions within sequence datasets, and thus, have an essential role when microbial 

ecologist assess reference/restoration site status. This issue becomes even more important 

when dealing with highly diverse and/or relatively unexplored environments such as semi-arid 

landscapes and post-mining substrates. Therefore, how can we assess belowground 

restoration success, through a comparison with reference site(s), if we cannot fully resolve the 

belowground microbial composition? A parallel for aboveground ecologists would be a 200-

page field guide for identifying semi-arid native plants which has the first 180 pages describing 

tropical species. This dichotomy is evident in recent studies [20,44,113,114], where some, if 

not all, sequenced samples possessed a high proportion of unclassified OTUs. Whilst some 

researchers choose to remove unknown sequences [such in 94,95], some report uses those 

unclassified sequences as valid OTUs. Hence, as such “unclassified OTUs” are often composed 

of  different sequences –in contrast with real OTUs–, statistical analysis can be heavily skewed. 
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In such cases, taxonomic methodologies (understood here as homology-based) cannot give a 

meaningful insight into underpinning processes since a vast portion of the  dataset will be 

behind a “taxonomic wall” of unclassified reads; and thereafter, conclusions derived from such 

datasets need to be treated with caution. However, newer approaches can circumvent this 

Figure 4. To illustrate the problems of relying upon reference datasets when defining OTUs, figure 4 
shows the exact same phylogenetic subtree showing a portion of the alpha-proteobacteria clade. Left 

tree depicts (in red branches) all reads that were placed before the OTU-picking process. Right tree 
shows and identical tree but only depicting reads that did not fall under the defined OTUs. Read 

placements showed in the right tree are, therefore,are not considered in later analysis/conclussions. 
Furthermore, this problem is clade-sensitive, affecting heavier less known clades (see lees-knoen 

Bradyrhizobium clade against well-know Mesorhizobium or Rhizobium clades) 
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issue to some degree by relying on phylogenetic placement into curated reference trees (for 

a method description see [105]) and have been implemented recently within NGS datasets 

[117], through two different algorithms, RAxML [118] and pplacer [105]. To highlight the 

benefit of the phylogenetic approach, figure 4 shows the phylogenetic placement (red 

coloured branches) across a section of a reference tree used by Phylosift [119] using an 

amplicon dataset from semi-arid native soils from the Pilbara region in Western Australia (see 

ref 19). The left side tree shows the phylogenetic placements from all the sequences after 

quality control, whilst the right tree shows phylogenetic placements using solely sequences 

that could not be taxonomically classified with UCLUST [120] against the greengenes database 

[109]. It can be clearly seen that taxonomic approaches cannot fully classify the entire dataset, 

as phylogenetic placements are widely spread across the right-hand tree. Taxonomic 

classification through homology, as performed by UCLUST amongst others, relies upon 

alignment of query sequences to well established reference datasets. Hence, taxonomic 

accuracy is a function of reference dataset completeness, which tends to be low, especially 

for less well-known environments. This differential taxonomic resolution can also be seen in 

figure 4; whilst well characterized groups such as Rhizobium and Agrobacterium do not get 

read placement from the unclassified dataset, Bradyrizobium and Sinorhizobium on the other 

hand, show almost the same placement numbers. 

This pitfall of taxonomic databases may introduce major biases when resolving reference sites 

versus restored sites, for example, quantifying unknown diazotrophs communities in under 

studied semi-arid environments. Therefore, the advent of a hybrid pipeline which can use both 

homology searches and phylogenetic approaches may greatly improve the accuracy of 

conclusions generated from these kinds of data and help to fully characterise reference and 

restoration sites. Further studies on species’ delimitation methods for phylogenetic 

placement, such as the Poisson tree processes (PTP) [121] would also bypass issues of 

incomplete reference databases when defining OTUs. 

 

(iii) Underestimating reference site variability: β-diversity 
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Beta-diversity, a widely used method for discrimination among microbial communities, has 

proven to be useful for belowground restoration purposes [11,19,20,115,122,123]. Yet, this 

method is not immune to bias and misinterpretations. Beside the problems arising from the 

statistics itself (such as heterogeneity, double zeros and outliers overweight [124,125]), two 

major flaws might falsely represent true similarities between reference and restored sites 

when analysing amplicon sequencing: (a) a wrong estimation of closeness between reference 

and disturbed sites due to heterogeneity underestimation (Fig. 5) heterogeneity dissimilarity 

between both sites (Fig. 5b). If restoration success is assessed through how close the disturbed 

samples sits in relation to undisturbed ones in a multivariate plot, then, it becomes critical for 

restoration ecologists to assess the true heterogeneity that both systems possess, in order to 

clearly determine the true distance between both sites.  

Figure 5. Possible cases where subsampling efforts can lead to misleading estimates of restoration 
success. Being green and orange dots reference and disturbed soils samples, respectively, and 

grey dots as OTUs represented on a multivariate space, common misinterpretation of beta-
diversity analysis can happen by (a) a false sense of closeness between reference and disturbed if 
measuring a subset of the true heterogeneity of the system (doted ellipsis) or by (b) a dissimilar 

heterogeneity while maintaining its average sample distance (X). 
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For example, figure 5a shows an extreme –but plausible– scenario. Being green dots 

sequenced samples from a reference site and orange dots samples from disturbed site, the 

restoration success can be differentially judged upon using the true diversity (light-coloured 

ellipses; distance between centres = X) or using samples that account only for a subset of these 

diversity (darker ellipses, distance between centres = X’). Since soils are made by complex 

porous and heterogeneous structure [121] which creates a wide variety of ecological micro-

niches for microorganisms to establish and thrive [122], soil microbial diversity measurements 

are relatively high when compared with other ecosystems [111,123]. Environmental gene 

screening, hence, needs to be comprehensive enough to account for high in between 

variability (beta-diversity; see glossary). Luckily, as newer sequencing platform continues to 

outperform their predecessors in terms of sequencing yield and cost [126,127], this problem 

will no longer originate from the methodology but exclusively, from sampling bias that 

researchers might unknowingly impose. 

The other flaw affecting sample comparison based on sequencing data involves reference and 

disturbed sites with different microbial heterogeneity (Fig. 5b). Whether microbial diversity 

and richness depends upon environmental disturbance is  still under debate [e.g. 

53,106,127,128], differences in reference and disturbed samples scatter onto a multivariate 

space might, yet maintaining  their cluster distance (segmented line of distance X in fig. 6b) 

might influence restoration success. 

As restoration success often relies on direct comparison between reference site(s) with 

disturbed one, the usage of environmental genetic screening can add valuable information for 

a correct assessment of ecological restoration, yet, this methodology is far from being a 

panacea for restoration purposes. Belowground ecologist must then, account for biases when 

using widely available amplicon sequencing pipelines. Accounting for site alpha and beta 

diversity, alongside limitation of current bio-informatic pipelines are important steps for a 

correct implementation of next-generation sequencing technologies within ecological 

restoration. 

2.4.4 Speeding-up climaxed community 

The world’s climate is changing at an unprecedent rate [130], imposing sever stress to species 

world-wide [131,132]. For example, as global production of mine by-products has reached up 
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to 7 Gt. of tailings per year [3], 23,750 ha of storage space is needed each year to allocate such 

human-made substrate [24]. This, coupled with the lengthly timeframes needed to achieve 

desired ecosytem restoration goals –which is specially true for mine-deribed technosoils due 

to its extreme chemical conditions–, creates a growing gap between the rate of land 

degradation and our capacity to restore it. Hence, finding new approaches that can shorten 

the time needed to achieve climaxed communities is one of the key goals for relevant 

governmental agencies and mining contractors that pursue environmental restoration. 

Shortening the restoration timeframe can be pursued in different ways: (i) by increasing 

aboveground fitness to environmental stressors, hoping that the belowground diversity 

follows such a transition; (ii) by increasing belowground activity and assuming that the 

increase in available nutrients can benefit plant establishment and growth; and (iii) a tandem 

approach, were both above and belowground systems are simultaneously manipulated, 

hoping to keep and/or create relationships between both parts. Since many plant-soil links 

are likely absent in disturbed sites, the first two approaches seem unrealistic as vehicles to 

shorten restoration timeframes, as they explicitly rely upon an existing above and 

belowground relationship. Thus, we believe that holistic approaches that can enhance the 

creation and/or protection of above and belowground interactions are urgently needed. 

One way to shorten restoration timeframes is to correctly store and manage topsoil substrates 

prior to use. Current practices treat topsoil as an inorganic and stable substrate instead of 

what it is; a complex mix of inorganic substrates and biological entities (i.e. soil microbiome 

and seed bank), highly reactive to changes in environmental conditions. Mining contractors 

often store topsoil for future restoration practices in large stockpiling facilities, with no effort 

to replicate the soils’ previous conditions. Hence, changes in the topsoil microbiome and 

physico-chemical characteristics, alongside seed recruitment, have long been acknowledged 

to change as a function of stockpile time and depth [133–137]. Therefore, initiating conditions 

that prevent such biological losses have been shown to increase restoration success, such as 

stockpile waterproofing improving native seedling emergence [137]. 

Microbiome inoculation could also contribute to reduce the time required to achieve desired 

restoration goals [138]. It has been shown that  inoculating semi-arid soil with locally adapted 

Cyanobacteria species can increase carbon sequestration while decreasing its mineralisation 

[139]. On the other hand, agricultural derived soil microbial inoculum (SMI) have also been 
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applied to post-mining substrates as a way to increase soil functionality. Moreira-Grez et al. 

(2018) (see Chapter 5) concluded that agricultural SMIs can negatively affect native seed 

emergence in semi-arid soils, likely by outcompeting the native topsoil microbiome. These 

studies highlight the crucial importance of the native microbiome for the overall system 

recovery and thus, future research needs to focus on, and account for, the native microbiome.  

Applications using the native microbiome would include rhizosphere forced-evolution, seed 

bio-priming and seed bio-coating.  

Rhizobiome engineering through forced evolution can revolutionize our capacity to increase 

plant fitness against common environmental stressors in mine-site restoration, such as water 

limitation, high metal concentration, high salinity and unfavourable pH (Fig. 3; see above). 

Seed bio-priming has also been applied as a medium to increase restoration success using co-

occurring Cyanobacteria species, benefiting germination and seedling growth of some native 

plants [49]. The last highlights the fact that unknown relationships between plants and co-

occurring microbiome are key factors yet to be considered in restoration practices. The 

addition of native microbiome to methodologies proven to increase seed establishment, such 

as seed priming [65], solid matrix priming [140] and SMI formulations need to be aimed in the 

near future. For example, native seed bio-coating is a promising way to protect the seed during 

its germination and emergence within post-mining substrates whilst effectively inoculating 

the seed’s surroundings with a targeted microbiome (which could be derived from rhizobiome 

engineering). The extension of a well established methodology such as seed coating [54,141–

143] towards a full embracement of the potential benefits that native microbiomes can deliver 

to plant establishment needs to be rapidly considered. 

 

2.5 CONCLUDING REMARKS 

The advent of new DNA based technologies has not only allowed us to gain incredible insights 

into the taxonomic composition and functions of soils, but has also allowed us to better 

quantify the level of disruption we generate as a society. With an increasing demand for metal 

comodities and, therefore, of mining projects we now realise that current restoration 

practices cannot keep pace with the rate of future disruption. Hence, restoration procedures 
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will likely need to be updated to make them more specific and predicatable if we are to 

preserve ecosystems for future generations. 

Recent developments in the belowground restoration area are now allowing us to identify 

major barriers that prevent us achieving more predictable restoration protocols. Fully 

embracing belowground components into restoration protocols can help to define predictable 

outcomes, track their eprogress toward completion and possibly shorten the required 

timeframes for sustainable ecological restoration. Microbial restoration ecologists need to 

close the gap between above and belowground understanding as a matter of urgency,  

otherwise, restoration efforts may be outpaced by our capacity to disrupt landscapes.  
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3.1 CHAPTER PREFACE 

The lack of bottom up approaches regarding microbial restoration ecology has led to a major 

knowledge gap in understanding belowground ecological properties in the context of current 

restoration protocols. The work presented within this next chapter generates novel insights 

regarding the phylogenetic changes within post-mining substrate microbiome, as well as 

identifying changes within in community functionality and ultimately functional redundancy. 

The generation of such fundamental knowledge can significantly contribute to the 

development of new generation restoration protocols. 

 

3.2 ABSTRACT 

Mining of mineral resources produces substantial volumes of crushed rock-based wastes 

that are characterised by poor physical structure and hydrology, unstable geochemistry and 

potentially toxic chemical conditions. Recycling of these substrates is desirable and can be 

achieved by blending waste with native soil to form a ‘novel substrate’ which may be used in 

future landscape restoration. However, these post-mining substrates based ‘soils’ are likely 

to contain significant abiotic constraints for both plant and microbial growth. Effective use of 

these novel substrates for ecosystem restoration will depend on the efficacy of stored 

topsoil as a potential microbial inoculum as well as the subsequent generation of key 

microbial soil functions originally apparent in local pristine sites. Here, using both marker 

gene and shotgun metagenome sequencing, we show that topsoil storage and the blending 

of soil and waste substrates to form planting substrates gives rise to variable bacterial and 

archaeal phylogenetic composition but a high degree of metabolic conservation at the 

community metagenome level. Our data indicates that whilst low phylogenetic conservation 

is apparent across substrate blends, we observe high functional redundancy in relation to 

key soil microbial pathways, allowing the potential for functional recovery of key 

belowground pathways under targeted management.  
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3.3 INTRODUCTION 

Soil microbes are more than just indicators of ecological function, they are increasingly 

recognised as facilitators of the belowground metabolic recovery required for subsequent 

aboveground restoration [10]. Despite acknowledgement of the link between above and 

belowground communities [89], there is still a lack of mechanistic understanding on how 

microbial communities facilitate restoration of highly degraded environments such as post-

mining landscapes. For example, fungal communities are known to play a major role in 

stabilizing soil structure, and recent studies have demonstrated that restoration managers can 

exploit hyphal networks between plants and mycorrhiza [144,145]. However, other soil 

functions such as C, N and P cycling arise out of a complex network of interactions between 

different components of highly diverse soil microbial communities and are central to 

aboveground plant growth and survival [146]. Little is known regarding the complexity and 

functions of bacterial and archaeal communities (BAC) in soils present after significant 

environmental degradation, such as observed in mining operations, and more critically, how 

they may be used in novel ways to shape the above-ground outcome of post-mining 

ecosystem restoration [10]. Mine operations generate substantial volumes of waste 

substrates e.g. post extraction ‘tailings’, which are crushed and/or chemically treated waste 

rock from which ores have been extracted. Principally, they are often characterised by poor 

physical structure and hydrology, unstable geochemistry, and potentially toxic chemical 

represents an effective method of alleviating some of the abiotic constraints present in pure 

tailings and is likely to accelerate the return of microbial functions [13]. We hypothesized that 

the formation of blended ‘novel’ substrates allows a) the dilution of abiotic constraints within 

the tailings, b) provides a microbial inoculum from the topsoil and c) an evolving ‘soil like’ 

system which can be used as a planting substrate for plant ecosystem restoration. Recently 

Wubs and colleagues reported that application of soil inocula can promote ecosystem 

restoration and origins of soil inocula can play a major role in the establishment of plant 

communities [147]. In practice, the use of novel blended substrates for successful re-

establishment of native plant communities is likely to be dependent upon the chemical 

characteristics of tailings and the need for dilution of these constraints at precise levels to 

allow a microbial ‘seed’ community from the topsoil to flourish in the new substrate. This in 

turn will be dependent upon the availability and characteristics of local topsoil, such as the 
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volume available as well as the conditions of long term storage during mining, a factor which 

significantly affects its utility [135,137]. The main aim of this study was to test the efficacy of 

stored topsoil as a microbial inoculum to generate key soil functions relative to a local 

reference site harbouring established vegetation. Specifically, we assessed the phylogenetic 

divergence (bacterial and archaeal (BAC) communities) and functional capacity (by 

metagenomic approaches) within different quantitative soil blends. 

 

3.4 MATERIALS AND METHODS 

3.4.1 DESCRIPTION OF THE REFERENCE SITE 

A magnetite-derived, iron mine site and adjacent “reference site” are located 200 km east of 

Geraldton in the Midwest region of Western Australia (−29.164658°, 116.786696°). Reference 

sites were determined prior to the initiation of the extraction process, encompassing several 

floristic units alongside Mt. Karara ridge (2 transects per north-west and south-east slopes). 

Soil samples from the reference site were collected along four transects on Mt Karara Ridge, 

with an auger used to collect cores from the entire soil profile (0–40 cm depth). Transects 

were established perpendicular to the ridgeline, running southwest-northeast, with two 

located on each aspect of the ridge. Fifteen soil cores were sampled across transects to reflect 

the variation in microbial community composition in relation to aspect, elevation, and soil 

depth. Vegetation on the ridgeline comprised Acacia shrubland [148], with dominant species 

including Acacia ramulosa (W.Fitzg.), A. assimilis (S.Moore), A. burkittii (FvM. ex Benth.), 

Melaleuca nematophylla (F.Muell. ex Craven), Calycopeplus pauciflolius, and occasional 

Allocasuarina acutivalvis over mixed shrubs including Eremophila latrobei (F.Muell.), E. clarkei 

(F.Muell.), Philotheca sericea, Prostanthera magnifica, and Aluta aspera. All reference site soil 

samples for nucleic acid extraction were transported in dry ice and stored at −20 °C until 

further analysis. 

 

3.4.2 EXPERIMENTAL SET-UP 

Substrates employed in the study comprised stored topsoil from the mining site and processed 

magnetite tailings (refer to Table S1 for detailed chemical characteristics), with treatments 

including topsoil only, tailings only, and substrate blends (SB) of topsoil:tailings at ratios of 
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50:50, 25:75, and 10:90. Soil ratio mixes were homogenized prior to experimental use. 

Replicate 40 mm plastic tubestock pots were filled with each substrate, with five replicates 

sampled for each SB at each sampling time. Pots were incubated at constant 30 °C under a 12-

hour light/dark cycle for four weeks, with temperature regime selected to be reflective of 

average local climatic conditions during March–April (http://www.bom.gov.au/climate/-

averages/tables/cw_008093.shtml). Landforming and topsoil return are generally undertaken 

during this period each year, prior to seed broadcast and restoration works. All pots were 

watered daily with 20 ml of deionised water (pH 6.0 ± 0.1) to maintain soils at field capacity 

(ca. 23% gravimetric moisture content). Soil samples were taken prior to incubation (T0), and 

destructively sampled at one-week intervals for four weeks (samples from T0, T1 – one week 

and T4 – four weeks were subsequently used for downstream processing), with the top 2 cm 

of substrate from each replicate transferred to 15 ml tubes and all remaining substrate from 

each treatment pooled into a single sample for chemical analysis. All soil samples were stored 

at −20 °C until analysis. 

 

3.4.3 CHEMICAL ANALYSIS OF SUBSTRATE BLENDS 

To examine the chemical composition of RS and SB (Table S1), 400 g samples of all SB were 

sent to CSBP Plant and Soil Laboratories (Bibra Lake, Western Australia) for analytical 

determination of chemical factors including ammonium nitrogen (NH4-N), nitrate nitrogen 

(NO3-N), phosphorus Colwell (P), potassium Colwell (K), sulfur (S), organic carbon (Org C), 

salinity (EC), pH-CaCl2, copper (Cu), iron (Fe), manganese (Mn), zinc (Zn), aluminium (Al), 

calcium (Ca), magnesium (mg) potassium-exc (K-exc), sodium (Na) and boron (B). 

 

3.4.4 DNA EXTRACTION, PCR AMPLIFICATION AND BIOINFOMATIC ANALYSIS 

DNA was extracted from 0.25 g of soil samples from both RS and SB using a Powersoil-htp96 

Soil DNA isolation kit (MO BIO laboratories, CA) following the manufacturer’s instructions. 

Repeated attempts to extract DNA from pure tailings failed and were subsequently excluded 

from further analysis. DNA was quantified using a QUBIT 2.0 fluorometer (Life Technologies, 

USA) and subsequently used as the template for PCR amplification of the 16S rRNA gene (V4 

region) using the universal PCR primer set 515F and 806R targeting members within both 

http://www.bom.gov.au/climate/-averages/tables/cw_008093.shtml
http://www.bom.gov.au/climate/-averages/tables/cw_008093.shtml
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bacterial and archaeal domain. The forward primer included the addition of an Ion Torrent 

PGM sequencing adapter, a GT space and unique Golay barcode to facilitate multiplexed 

sequencing. The barcoded PCR reaction (20 μl) consisted of; template DNA (1 ng), universal 

primer mix (untagged 515 F and 806 R at a final concentration of 0.2 μM), tagged 515 F primer 

(0.2 μM), 600 ng BSA (Life Technologies) and 2.5 × 5Primer Hot Master Mix (5 Primer, 

Australia). The PCR reactions conditions were 94 °C for 2 min (denaturation), followed by 25 

cycles of denaturation at 94 °C for 45 seconds, annealing at 53 °C for 60 seconds, elongation 

at 72 °C for 90 seconds and a final extension step at 72 °C for 10 minutes. Following PCR 

amplification, PCR products were checked for size and specificity by electrophoresis on a 2.5% 

w/v agarose gel, purified using AMPure (Beckman Coulter, Australia), quantified and pooled 

for multiplex sequencing on an Ion Torrent PGM. 

Quality filtered sequences were subsequently analysed through the Quantitative Insights into 

Microbial Ecology (QIIME) pipeline [149]. Briefly, the quality parameters used for analysis 

were; minimum average quality score of 20, minimum sequence length of 130 bp, maximum 

sequence length of 350 bp, no primer mismatch or barcode error allowed, maximum length 

of homopolymers was 15 and maximum number of ambiguous bases was six. De novo OTU 

picking was performed using UCLUST at 97% sequence identity and subsequently taxonomy 

was assigned to each OTU based on the greengenes database (version 13.8). The resulting 

OTU tables at different levels were used as measures of taxa relative abundance in 

multivariate statistical analysis (MVS). A total of 563976 reads were obtained after QC and 

removal of chimeric sequences using USEARCH v6.1, which were grouped into 22245 OTUs 

after removal of singletons and doubletons. Phylosift [119] was used to infer phylogeny of 

sequences that were assigned only at the domain level in the QIIME pipeline. Both bacterial 

and archaeal trees are available in phyloXML format through 

https://figshare.com/s/883f61faff611052e3ab that can be visualised interactively through the 

software Archaeopteryx. Shotgun metagenome sequencing was performed using the Ion 

Proton platform26 using pooled DNA samples from replicates, representing four substrate 

blends from three time points 0, 1 and 4 (i.e. 12 samples) alongside four soil samples from the 

reference site. The metagenome sequences from the sixteen samples were uploaded to the 

Metagenome Rapid Annotation using subsystem Technology (MG-RAST; 

https://figshare.com/s/883f61faff611052e3ab
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http://metagenomics.anl.gov) server and annotated using the SEED database for functional 

classification [150,151]. 

3.4.5 STATISTICAL ANALYSIS 

The effect of different substrate blends and time on BAC composition was visualised through 

principal coordinates analysis (PCO) using the Bray-Curtis measure of similarity and for 

environmental parameters using the principal component analysis (PCA). The PERMANOVA 

model (using default settings) used a two-way factorial design using factors “blend” and 

“time” and their interaction to test for significance. Similarity percentage (SIMPER) routine 

was used to identify taxa (at the level of Order) that explained significant differences in BAC 

composition between different substrate blends and reference site samples (Table S3). All 

tests were conducted at α = 0.05. Heat map plots of BAC composition (Fig. S2) were generated 

using the Pheatmap package v1.0.8 in R (R Development Core Team, 2011). The OTU output 

table from QIIME was exported and filtered in R, according to the abundance of each taxon, 

i.e. where taxa with less than 25% of the whole matrix mean were rejected (<1.08% and 

<0.22% for phylum and order level, respectively; SF 2A and 2B). Multivariate statistical 

analyses were performed using Primer-E 7 software with PERMANOVA + packages [152,153]. 

Comparison of statistical differences between metabolic and taxonomic profiles from 

metagenome sequences was performed using STAMP – statistical analysis of metabolic 

profiles [154] with profiles imported from MG-RAST (maximum e-value cutoff was 1e-5, 

minimum identity cutoff was 60% and minimum alignment length was 15; subsystems 

database for metabolic profiles and RefSeq database for taxonomic profiles). Welch’s t-test 

was used to compare the proportions of metabolic genes between two groups using the 

method of Welch’s inverted with the correction of Benjamini-Hochberg for false discovery rate 

[155,156]. The soil chemical data were subjected to one-way ANOVA using the Statistical 

Analysis System (SAS) version 9.2 (SAS Institute, Inc., Cary NC, USA) software package and 

means were separated using LSD at 5% significance level. 

3.5 RESULTS AND DISCUSSION 

In order to assess the efficacy of blending native topsoils with waste tailings to form functional 

planting substrates, we first established the microbial composition of the key components of 

the site and experimental system. This consisted of a survey of a local reference site (RS; 

http://metagenomics.anl.gov/
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Supplementary Fig. 1), considered the ‘pristine’ undisturbed soil state locally and the stored 

topsoils generated during site mining operations. The reference site samples harboured a 

diverse range of bacterial and archaeal taxa and were dominated by sequences affiliated to 

the phyla Actinobacteria, Chloroflexi, Proteobacteria and Crenarchaeota. Interestingly, a large 

proportion of the 16S rRNA gene amplicon sequences from the RS samples could only be 

assigned at the domain level (i.e. Bacteria:Other) suggesting whether the presence of novel or 

unknown lineages/taxa (Supplementary Fig. 2) and/or a significant limitation of the taxonomic 

databased here used (see section 2.4.3). Similarly, the BAC composition from the stored 

topsoil (up to several years storage) revealed similar broad microbial compositions to the RS 

samples, as expected, but stored samples did reveal lower relative abundances of sequences 

affiliated to the phyla Chloroflexi, Crenarchaeota and ‘Bacteria:Other’ in comparison to RS 

samples. 

Finally, fresh waste tailings generated from mining operations, and the material to be used for 

blending with stored topsoils, represented a biologically inert substrate where we failed to 

extract any community DNA. This either suggest that the tailings substrate was likely sterile 

and would act as a minimal source of biological input into novel ‘soil’ blended substrates 

and/or that the applied DNA extraction methodology was not suitable for tailings.   

Figure 6. (a) PCA based on chemical parameters. (b) PCO based on bacterial and archaeal community 
composition (based at the level of Order). The vectors shown indicate taxa that revealed Pearson correlation 

values of >0.75. RS – Reference sites; SB (100, 50, 25 and 10) refers to different substrate blends. T0, T1 and T4 
correspond to time zero, one week and four weeks after incubation. 

conditions6–8. 

a b 
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The addition of alkaline tailings at a range of blends (pH > 9) resulted in significant divergence 

(Fig. 6a; Supplementary Tables 1) in chemistry of the substrate blends (SB) when compared to 

the ‘native’ reference site (RS) soil samples (pH 4). Further, when compared to stored topsoil 

used as the inoculum, substrate blends exhibited reduced levels of organic carbon, 

ammonium nitrogen and aluminium (Supplementary Table 2). For indigenous topsoil 

microbes, these novel substrates represented a significantly different chemical and physical 

environment when compared to their original habitat. 

3.5.1 PHYLOGENETIC DIVERGENCE IN NOVEL SUBSTRATES 

The proportion of topsoil used in post-mining substrate blends (i.e. the size of the initial 

immigrant microbial community) significantly influenced BAC composition outcomes (Fig. 7b). 

Significant differences were observed at the order level between different SB and RS samples 

(PERMANOVA (P = 0.001), ANOSIM (R = 0.697, P < 0.001). Visualisation by PCO (Fig. 7b) 

revealed a well-defined grouping within RS and SB samples, with stored topsoil (SB100) 

exhibiting a higher degree of similarity to RS samples. Although we tested different 

proportions of topsoil in post-mining substrates (from 10 to 50%), current leading global 

restoration practices (topsoil: mine waste ratios and deep ripping procedures) generally result 

in a rhizosphere topsoil content of at least 10% (e.g. Alcoa World Alumina Australia; 

www.alcoa.com/australia/en/info_page/mining_topsoil.asp). Similarity Percentage (SIMPER; 

Supplementary Fig. 3 and Supplementary Table  3) analysis revealed that major taxa 

contributing to pairwise differences between SB100 and SB10 belonged to the orders 

Xanthomonadales, Rhodocyclales, Sphingobacteriales, Actinomycetales and Rhodobacterales. 

In addition to these taxa, sequences that can be assigned only at the domain level (i.e. 

‘Bacteria:Other’) contributed significantly to the difference between RS samples and substrate 

blends SB100 (7.46%) and SB10 (8.35%). Amplicon sequences that were assigned only at the 

domain level (i.e. ‘Bacteria:Other’ and ‘Archaea:Other’) were retrieved and phylogenetically 

placed into a 16S rRNA gene reference tree (available through Phylosift; tree files with 

phylogenetic placements are available through the link https://figshare.com-

/s/883f61faff611052e3ab and can be visualised through the software Archaepteryx). This 

allowed a better resolution of the phylogenetic affiliation of unassigned sequences and clearly 

suggested the presence of novel taxa/lineages. For example, phylogenetic placement revealed 

that a major proportion of the sequences assigned only at the archaeal domain (i.e. 

https://studentuwaeduau-my.sharepoint.com/personal/21367791_student_uwa_edu_au/Documents/PhD/Manuscripts/Thesis/www.alcoa.com/australia/en/info_page/mining_topsoil.asp
https://figshare.com-/s/883f61faff611052e3ab
https://figshare.com-/s/883f61faff611052e3ab
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‘Archaea:Other’) were related to the phylum Crenarchaetoa. Comparison of taxonomic 

profiles from metagenome sequences (taxonomy assigned based on RefSeq database via MG-

RAST platform; Supplementary Figs SI.4 and SI.5) revealed congruent results when compared 

to 16S rRNA gene amplicon sequencing, in particular with the difference in proportion of taxa 

between different substrate blends. 

Figure 7. Heatmap comparing the relative abundance of metabolic genes within SEED 
subsystem category level 1. The columns represent the MG-RAST accession number of the 

metagenome and different substrate blends are colour coded. 
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3.5.2 FUNCTIONAL CAPACITY IN NOVEL SUBSTRATES  

Despite differences in the BAC composition between different blending regimes, the temporal 

evolution of functional capacity within the blends was less stochastic. Comparison of 

metabolic profiles obtained from metagenomes of different SB and RS samples (Fig. 7) 

revealed a high degree of similarity for the relative abundance of metabolic genes (encoding 

for functional pathways) present across the blends, implying variable phylogenetic 

composition but high functional redundancy at broader levels of annotation. At SEED 

subsystem level 1, only marginal differences were observed in the relative abundance of 

metabolic genes, particularly sequences assigned to categories of carbohydrate metabolism 

and respiration (Fig. 8 and Supplementary Figs SI.6 and SI.7). Substrate blends SB100 and SB10 

were also compared with reference site samples at a finer metabolic resolution (at SEED 

subsystem level 3; Fig. 9). Pairwise difference in mean pro- portions (>0.5% at P-value < 0.05) 

between SB100 versus RS and SB10 were limited in comparison to difference between RS 

versus SB10. For example, pairwise comparison of SB10 versus RS samples revealed that 

metabolic genes involved in processes such as ‘sugar utilization in Thermotogales’, ‘pentose 

phosphate pathway’ and ‘carbon monooxide dehydrogenase’ were over represented in RS 

samples among other metabolic genes (Fig. 9). Similarly, metabolic genes involved in ‘sugar 

utilization in Themotogales’, ‘L-rhamnose utilization’ and ‘maltose and maltodextrin 

Figure 8. Extended bar charts representing SEED subsystem categories (at level 1) that are 
significantly different (P-value > 0.05) between the groups (reference site and substrate blend 
samples). RS represents the soil samples from the reference site and SB (10 and 100) refers to 

different substrate blends. 
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utilization’ (all within Level 1 ‘Carbohydrate metabolism’) were overrepresented in SB10 in 

comparison to SB100 metagenome sequences (Fig. 8). From a restoration perspective, a 

limited difference between SB10 versus SB100 even at a finer metabolic gene resolution (at 

Level 3) highlighted that the functional redundancy was high even for relatively high dilutions 

of soil into the novel substrate and that key metabolic pathways emerge relatively quickly 

after blending. 

3.5.3 PHYLOGENY VERSUS FUNCTION 

Soil microbial communities are known to exhibit high functional redundancy during diversity 

loss, both for broad functions such as decomposition or respiration [157,158], and for highly 

specialised functional guilds such as nitrifiers and denitrifiers [107]. Community level 

metabolic plasticity in   any ecosystem relies on both phylogenetic and physiological plasticity 

within populations, specifically the proportion of generalists versus specialists [159]. 

Metabolic profiles from this study suggest a high level of functional redundancy between 

different SB, despite different phylogenetic compositions, possibly suggesting the prevalence 

Continue in next page… 
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of stochastic generalist populations with broad physiological capabilities. This suggests that 

there is an ability for the native microbial populations to adapt to extreme conditions in the 

post-mining substrate and potentially deliver a majority of belowground functions, given 

adequate time and management, which are present in the parent ‘pristine’ soil.  

Figure 9. Extended bar chart representing SEED subsystem categories (at level 3) that are significantly 
different (P-value > 0.05 between the groups (reference site and substrate blend sample). RS 

represents the soil samples from the reference site and SB10 refers to different substrate blend with 
10% topsoil. 
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3.5.3 FUNCTIONAL PRESENCE DOES NOT ALWAYS MEAN SUCCESS 

It should be noted that metagenome analyses of novel substrates provide only the community 

metabolic potential and do not necessarily correspond to a fully functional ecosystem per se 

when compared back to the ‘pristine’ or reference site soils. However, of importance here is 

the observed presence of the functions under a range of novel substrate blends. If absent (or 

not detected) by these analyses, then clearly the function will never be expressed under any 

condition: the presence of a given function informs us that recovery is highly possible under 

the right conditions. A key factor in this recovery, and subsequent aboveground success, will 

be the management of this initial functional diversity to minimise future functional constraints 

as the soil ‘evolves’. For example, the minimisation of historical factors that reduce responses 

to new conditions through diversity loss, such as factors which caused loss of key 

ecotypes/guilds which are required again as the habitat moves back to its original state. 

Figure 10. Extended bar charts representing SEED subsystem categories (at level 3) that are 
significantly different (P-value > 0.05 between the groups (reference site and substrate blend 
samples). RS represents the soil samples from the reference site and SB10 and SB100 refers to 

different substrate blend with 10% and 100% topsoil, respectively. 

 



CHAPTER 3. FUNCTIONAL REDUNDANCY WITHIN POST-MINING SUBSTRATES 

44 

 

In the context of the study area this may include microbial ecotypes that are adapted to the 

physic-chemical factors characteristic of Western Australian soils with low pH and high Fe and 

Al concentration, or key ecotypes/guilds which interact with native plants providing above and 

belowground feedback mechanisms for aboveground establishment. The use of novel 

substrates for successful restoration of post-mining landscapes starts with a rigorous 

assessment of topsoil health, the assessment of blending efficacy as well as the assessment of 

the evolution of key microbial ecology parameters. Here, we show that topsoil storage and 

the production of novel substrates influences BAC phylogenetic composition, but we also 

demonstrate a high level of metabolic plasticity at the community level. Specifically, we 

observe the presence of genes that encode for the majority of the pathways present that can 

be detected in the reference site soils. This clearly gives rise to the potential for functional 

recovery of key pathways under targeted management. This study also highlights that 

phylogeny-based approach should be preferred rather than only depending on taxonomic 

assignment of marker gene sequences if we move towards establishing ‘microbial indicators’ 

to assess restoration success. This strategy, together with local vegetation and soil mapping 

to identify key ecotypes or guilds which associate with local plant diversity will provide a sound 

monitoring and management basis to optimise land forming in post mining landscapes.



 

 

 



 

 

 

 

 
 

Chapter 4 

SOIL MICROBIOME AND 
NITROGEN CYCLING CAPACITY 
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SUBSTRATES GENERATED BY 

LANDFORMING TOP SOIL AND 
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4.1 CHAPTER PREFACE 

Chapter 4 presents a closer examination of the functional redundancy observed in the 

previous chapter. Here, we focus on ammonia oxidation as a proxy for N-cycle recovery to 

investigate whether introduced microbial communities retain functional characteristics 

despite significant changes within microbial composition. Shedding light on functional 

redundancy within ecological guilds can help researchers pinpoint microorganisms suitable to 

act as ecosystem engineers for future restoration procedures. 

4.2 ABSTRACT 

Mining activities generate significant volumes of by-products, including crushed waste rock 

and chemically extreme tailings. These by-products are normally recycled as planting 

substrates to support vegetation establishment, with two forms of reuse commonly existing 

in landfoming:  a blend of tailings and topsoil spread as the planting substrate, or, a depth of 

tailings capped with a thin layer of pure natural topsoil.  Here, we report on the emergent 

microbiome diversity within ecological simulations of common landforming types and 

examine the functional potential for a key founder process; ammonia oxidation.   When 

compared to the starting materials, our results demonstrated that microbial community 

diversity and evenness, together with archaeal and bacterial cell number significantly 

increased in all methods tested as a planting substrate (Pure Topsoil, Pure Tailing and Topsoil 

capped over Tailings). Ammonia oxidation gene analyses, as a proxy for initiation of key 

microbial processes, indicated that ammonia oxidising archaea grew and persisted within the 

substrates, well above their bacterial counterparts, indicating the emergence of keystone 

functions.  These data also indicate that archaeal amoA is likely a good marker to monitor 

during landforming as a proxy for re-initiation of key soil microbiome ecosystem functions.  

 

4.3 INTRODUCTION 

Mine sites, as part of their closure, are required to establish a sustainable vegetation cover 

that is similar to conditions before extraction.  However, establishment of a suitable planting 

substrate is often a significant challenge due to the abiotic conditions of the post-mining 

substrate blends (consisting of topsoil, tailings and waste rocks).  Whilst conditions within the 
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post-mining substrates are critical for the establishment of plants,  our understanding of the 

belowground microbiome characteristics, or, their community evolution during landforming 

is limited [48,160–162].  In order to establish a successful aboveground vegetation cover, it is 

critical that we address the knowledge gap regarding the belowground microbial community 

composition and activity within the post-mining substrates.  

It has been suggested that approximately seven gigatons (Gt) of tailings and other mine site 

by-products are produced worldwide per year [3], including 1.7 Gt of alkaline tailings [24]. 

Tailings are characterised by extreme abiotic conditions [163–166], such as extreme pH (both 

acid and alkaline), limited availability of nutrients and high concentrations of toxic heavy 

metals. Although the chemical characteristics of tailings differ, depending upon parent 

material [13], they are generally characterised by elevated concentrations of arsenic, 

cadmium, copper, manganese, lead, and zinc [15,167] in comparison to topsoil [16]. It has also 

been reported that organic carbon and/or bioavailable nutrients are usually not present at 

adequate levels [168] which, coupled with extreme pH [18], represent a challenging 

environment to sustain plant and microbial communities  [19]. In order to alleviate these 

constraints, establishment of post-mining planting substrates involves the use of topsoil as an 

inoculum for both nutrients and the microbial community that could aid in the generation of 

conditions that facilitate seed emergence and plant establishment.   

Topsoil stripped from the surface and stored at the mine site is a highly valuable resource for 

rehabilitation [137]. Establishment of post-mining substrates use tailings waste as either a 

direct blend with top soil, or, more commonly by layering a thin cap of topsoil over a significant 

depth of tailings  [138]. However, such hybrid topsoil and tailings systems (also referred as 

‘capped tailings’) are frequently constrained in terms of plant and microbial colonisation, 

particularly at deeper layers where almost pure tailings will exist.  Recent work has shown that 

despite a highly constrained system,  lithotroph-organotroph ecological succession could be 

observed [45] and microbes are likely to survive in these extreme conditions [6,19,42,169–

173]. 

Recent work has highlighted the importance of the “seed microbial inoculum” for the initiation 

of critical soil functions [174], to steer plant community development [147] and overall 

ecosystem functioning [51]. Plant establishment generates a positive above-below ground 
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feedback i.e.  greater plant diversity increases soil microbial activity [175] and thus an 

increasing ability to alleviate constraints within the post-mining substrates.   

In our previous study we observed that the difference in functional capacity (i.e. presence of 

genes) between post-mining substrates with different topsoil/tailings ratios were marginal, 

despite profound changes within the phylogenetic composition [20]. This suggests that 

functional redundancy within microbial communities in native topsoils is high and this aspect 

may give rise to re-generation of key nutrient cycling processes during the colonisation of 

post-mining substrates. Amongst these cycles, microbially mediated nitrogen cycling is critical 

during the early stages of landforming to establish the plant-microbe feedback mechanisms, 

ammonia oxidation being a well described bottleneck step within the cycle [176]. Ammonia 

 
Figure 11. Diagram representing: (A) the expected changes between AOA/AOB in capped topsoil 

and tailings substrates. Due to WA unique soils, AOB outnumber AOA due to unique soil 
composition, however, as AOA can outcompete their bacterial counterparts in extreme 

environments, a switch in their ratio can be expected within deeper, pure-tailing section of the 
substrate column. Panel (B) shows a conceptual diagram of the method used here to test such 
microbial differences across treatments (b).  Segmented lines represent topsoil-like substrates 

(in green) and tailings-like substrates (in grey) (see discussion). 
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oxidation is performed by both Archaea and Bacteria, where ammonia oxidizing archaea 

(AOA) can outnumber their bacterial counterparts in many ecosystems [177,178], especially 

in habitats inaccessible for AOB, such as the extreme pH found in tailings [179]. 

Building upon the previous chapter regarding functional redundancy, here we assess –at a 

finer detail– whether the ammonia oxidation process is resilient to deep alterations of the soil 

physical and chemical properties. We hypothesise that ammonia oxidation can be mediated 

by phylogenetic-distinct groups within topsoil cap and tailings section of the landform profile 

(Fig. 11A). We expect AOA organisms –due to their broader tolerance to extreme 

environments– to dominate the ammonia oxidation process over their bacterial counterparts. 

In order to characterise the dynamics of AOA/AOB throughout the post-mining landform, we 

used 16SrRNA gene-based assessment of microbial community composition (Bacteria and 

Archaea) at two different depths alongside quantitative PCR analysis of amoA genes (ammonia 

monooxygenase) to compare the abundance of archaeal and bacterial ammonia oxidizers 

within mine landform and between a previous established reference site (Fig. 11B).  

 

4.4 MATERIALS AND METHODS 

4.4.1 GROWTH SUBSTRATE AND REFERENCE COMMUNITY 

Substrates used in this study were sourced from a magnetite mining operation in the Midwest 

region of Western Australia (−29.164658°, 116.786696°).  Topsoil (red loamy sand) was taken 

from a stockpile (stored onsite for two years) derived from ancient granitic plains broken by 

ridges of metamorphic rocks such as the Banded Ironstone Formations (BIF) [180]. Tailings on 

the other hand, was a fine-textured silty loam derived from the non-magnetic fraction of the 

magnetite ore processed by high pressure grinding to <4 mm. In order to contrast OTUs 

relative abundance alongside q-PCR gene abundance with “natural levels”, we included a 

reference site. 16S V4 rRNA amplicon genes were retrieved from published data , while q-PCR 

data were generated from original DNA extractions samples stored at -20°C. 
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4.4.2 EXPERIMENTAL SET-UP 

Three plastic pots (6 L volume) were filled with substrate for different treatments (fig. 11b); 

topsoil only (referred to as “Topsoil”), magnetite tailings only (referred to as “Tailings”) and a 

10 cm layer of topsoil overlaying 30 cm of magnetite tailings (hereby referred to as “Capped 

Tailings (CT)”). All pots were seeded with 25 seeds of Austrostipa elegantissima (Labill.), a 

perennial grass native to the study area, and watered daily with deionised water (pH 6.0 ± 0.1) 

to maintain soils at field capacity. Pots were maintained in a glasshouse at Kings Park and 

Botanic Garden, Perth, incubated at 30 ± 2.5 ºC for eight weeks. After incubation, 0.25 g of 

soil was sub-sampled from the top 10 cm and the bottom 10 cm from different treatments 

(Fig. 11b) for DNA extraction and downstream analysis. In tandem, 200 g per pot were 

subsampled for soil physiochemical analysis. All samples were stored at -20 °C until analysis. 

In order to assess differences between incubated samples and baseline-natural levels, 

historical reference samples were also analysed from a reference plot adjacent to the open 

pit. Further information regarding the reference soils can be found in [20]. 

4.4.3 SOIL PHYSIOCHEMICAL ANALYSIS 

To examine differences in soil chemical composition among treatments and over eight weeks 

of incubation, 200 g of each sample were sent to CSBP Plant and Soil Laboratories (Bibra Lake, 

Western Australia) for analytical determination of chemical factors including phosphorus 

Colwell (P), sulphur (S), organic carbon (Org C), Conductivity, pH-H20, copper (Cu), iron (Fe), 

manganese (Mn), zinc (Zn), aluminium (Al) and magnesium (Mg).  

4.4.4  DNA EXTRACTION, AMPLIFICATION AND SEQUENCING POOL PREPARATION 

DNA was extracted from ~0.25g of soil per pot (n=18) using a Powersoil-htp96 Soil DNA 

isolation kit (MO BIO laboratories, CA) following the manufacturer’s instructions with minor 

changes (i.e. incubation of samples at 60 °C with solution C1 followed by a freeze-thaw cycle). 

DNA extraction from tailings prior incubation failed repetitively, most likely due to relatively 

low abundance of microbes. Extracted, DNA was quantified using a QUBIT 2.0 fluorometer 

(Life Technologies, USA) and subsequently used as the template for PCR amplification of the 

16S rRNA gene (targeting the V4 region) using the multiplex Golay coded [181] universal 

primer set 515F and 806R, targeting members within both bacterial and archaeal domains. 
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Barcoded PCR reactions (20 µl) consisted of; template DNA (1 ng), universal primer mix 

(untagged 515 F and 806 R at a final concentration of 0.2 µM), Golay barcoded 515 F primer 

(0.2 µM), 600 ng BSA (Sigma-Aldrich) and 2.5 × 5Primer Hot Master Mix (5 Primer, Australia). 

The PCR reactions conditions were 94 °C for 2 min (denaturation), followed by 25 cycles of 

denaturation at 94 °C for 45 seconds, annealing at 53 °C for 60 seconds, elongation at 72 °C 

for 90 seconds and a final extension step at 72 °C for 10 minutes. Following PCR amplification, 

PCR products were checked for size and specificity by electrophoresis on a 2.5% w/v agarose 

gel, purified using AMPure (Beckman Coulter, Australia), re-quantified and pooled for 

multiplex sequencing on an Ion Torrent PGM sequencing platform (316 chip chemistry) as 

described elsewhere [181]. Sequences were deposited within ENA under the project 

PRJE30054. 

4.4.5 AOA/AOB q-PCR 

The abundance of archaeal and bacterial 16S rRNA genes and archaeal and bacterial amoA 

genes were determined by quantitative polymerase chain reaction (qPCR) using a ViiA7 qPCR 

machine (Applied Biosystems, California, USA). 

The 20 µL qPCR reaction consisted of: 10 µL of GoTaq® qPCR master mix (Promega, Wisconsin, 

USA), 0.1 µL of the forward and reverse primers each (10 µM), 2 µL of bovine serum albumin 

(Ambion Ultrapure BSA, 5 mg mL-1), 2 µL DNA template, and 5.8 µL of nuclease-free water. 

Nuclease-free water with no template was used as a negative control for all reactions. The 

primers used and their thermocycling conditions are outlined in table 2. Gene copy numbers 

for each primer set were determined using a standard curve generated from a triplicate 

tenfold dilution series of cloned plasmid DNA (pGEM®-T Easy, Promega, Wisconsin, USA). Each 

standard curve was linear over four orders of magnitude and had R2 values over 0.97. The 

specificity of the qPCR products after amplification was verified using melting curve data. 

Gene abundance was expressed as gene copies per ng of extracted DNA. 

4.4.6 BIOINFORMATIC ANALYSIS  

Raw sequences were filtered and analysed within QIIME environment [149] using the 

following thresholds: minimum average quality score of 20, minimum sequence length of 130 

bp, maximum sequence length of 350 bp, no primer mismatch or barcode error allowed, 
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maximum length of homopolymers was 15 and maximum number of ambiguous bases was 6. 

Chimeric sequences were filtered using USEARCH (ver 6.1) [120] implemented in 

identify_chimeric_seqs.py script. De novo OTU picking was performed using UCLUST at 97% 

sequence similarity and taxonomy assignment were done on each OTU representative 

sequence based on the Greengenes database (ver 13.8) [109] using RDP (ver 2.2) [182] 

implemented in parallel_assign_taxonomy_rdp.py.   

Statistical analysis of 16S rRNA gene sequencing data was performed on a relative frequency 

table (at family level) from a rarefied (5400 reads per sample) biom table. 

In order to resolve unclassified Gammaproteobacterial sequences which were highly 

abundant in tailings-like substrates, OTU ids were retrieved from the RDP assignment and 

used to filter a Fasta file containing each OTU representative sequence. This file was then used 

as input for the Phylosift tool [99]. A perl script (as per in [157]) was then used to prepare the 

visualization of the generated jplace file in iTOL [158]. 

4.4.7 STATISTICAL ANALYSIS AND FIGURE GENERATION 

Raw soil chemical data were subjected to Shapiro-Wilk tests to check for normality in 

conjunction with Draftsman plot using the GGally R package [183]. Parameters were then 

transformed accordingly. Principal coordinate analysis (PCO) was computed based on a 

normalized Euclidean dissimilarity matrix using the vegan package [184] and plotted using 

ggplot2 [185] and ggvegan [186] libraries in R software [187]. Explanatory percentages for 

each axes were calculated extrapolating the corresponding eigenvalues using the eigenvals() 

function within the vegan package. PERMANOVA [188,189] were calculated using the 

software Primer-E 7 (ver 7.0.12) with PERMANOVA+ add-on [153], based on Euclidean 

distance dissimilarity matrix. PERMDISP was also calculated for the abiotic resemblance matrix 

as a wider dispersion was expected due to the experimental set-up which can affect 

PERMANOVA accuracy (data not shown). When possible, 10000 max permutations were used, 

except stated otherwise. Pairwise ANOVA calculations with Tukey’s HSD post-hoc test was 

used in order to determine significance differences within microbial diversity, evenness and 

genes copy number data. 
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Primer Primer Sequence (5’ – 3’) Gene 
Fragment 

Length 
Primer Reference Thermocycling Conditions 

Arch519F CAGCMGCCGCGGTAA 

Archaeal 16S rRNA 396 bp [190,191] 

94°C for 10 min then 40 cycles of 95°C for 60 s, 
53°C for 60 s and 72°C for 60 s. Melt curve 
fluorescence data was collected at the 72°C 
stage. Arch915R GTGCTCCCCCGCCAATTCCT 

Eub338 ACTCCTACGGGAGGCAGCAG 

Bacterial 16S rRNA 180 bp [192,193] 

94°C for 15 min then 40 cycles of 95°C for 60 s, 
55°C for 30 s and 72°C for 60 s. Melt curve 
fluorescence data was collected at the 72°C 
stage. Eub518 ATTACCGCGGCTGCTGG 

Arch/amoAF STAATGGTCTGGCTTAGACG  

Archaeal amoA 635 bp [194] 

94°C for 10 min then 40 cycles of 94°C for 60 s, 
52°C for 60 s, 72°C for 60 s and 78°C for 60 s. 
Melt curve fluorescence data was collected at 
the 78°C stage. Arch/amoAR GCGGCCATCCATCTGTATGT 

amoA-1F GGGGTTTCTACTGGTGGT  

Bacterial amoA 491 bp [195] 

94 °C for 10 min then 45 cycles of: 94°C for 60 
s, 56°C for 60 s, 72°C for 60 s and 78°C for 60 s.  
Melt curve fluorescence data was collected at 
the 78°C stage. amoA-2R CCCCTCKGSAAAGCCTTCTTC 

Table 1. Primer sequences used within this study and relevant references and thermocycling conditions. 
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Diversity and evenness calculations and non-metric multi-dimensional scaling (nMDS) 

ordination plots were computed based upon a Bray-Curtis dissimilarity matrix within vegan.  

Heatmaps were based on the top 10 taxa across all datasets and were computed using the 

pheatmap R package [196]. Shannon diversity was calculated using the formula: 

𝑁1 = exp(𝐻 ′) 

being H’ Shannon entropy: 

𝐻′ = −∑𝑝𝑖

𝑅

𝑖=1

ln 𝑝𝑖  

Where pi is the proportion of individuals belonging to the ith species in the dataset. Shannon 

evenness (Hill’s ratio) was computed as: 

𝐸10 = 𝑁1/𝑁0 

Where N0 represent the absolute species richness [197]. In order to identify the subset of soil 

parameters that best explain changes within the microbial community assemblage, the BEST 

routine was performed [198]. BEST identifies a subset of abiotic variables that maximises the 

rank correlation (ρ) between biotic and abiotic dissimilarity matrices and where the matching 

step takes place in the full high-dimensional space [152]. The BEST routine was run with 1000 

permutations and with the maximum number of variables set to 5. All figures were edited 

using Inkscape (ver 0.92), a freely available graphic editor available from http://inkscape.org/. 

 

4.5 RESULTS 

4.5.1 PHYSIOCHEMICAL PROPERTIES 

We observed significant differences in soil chemistry parameters between topsoil from 

reference sites and experimental treatments (Fig. 12). Organic carbon (OrgC) contents in 

reference samples were significantly higher than all other samples, whilst metal content, pH 

and Colwell P levels were better correlated with the clustering of the incubated samples 

(Supplementary table 4). Soil chemistry also differed between different layers (PERMANOVA 

Pseudo-F = 10.4, P = 0.0001) and by treatment (Pseudo-F = 18.7, P = 0.0001). Although 

http://inkscape.org/
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differences in dispersion might be affecting PERMANOVA results [153], it was clear from the 

PCO plot (Fig. 12) that soil chemistry parameters (red arrows) differed across treatments.  

The capped tailings (CT) bottom layers and full tailings landforms (herein ‘tailings-like’; see Fig. 

11b) revealed a high pH environment (9.4 ± 0.02) in comparison with topsoil only substrates 

(i.e. top and bottom layer of treatment topsoil and CT top soil cap, 5.6 ± 0.31) and with 

reference sites (5.1 ± 0.06). Colwell P also increased dramatically in tailings-like landforms 

(11.6 ± 0.18) in contrast with topsoil and reference levels (2.9 ± 0.2 and 2.6 ± 0.1 respectively). 

Mg, Zn, Mn and Fe were also present in higher quantities within tailings-like landforms, 

increasing between 2 to 25 times when compared with reference samples. Aluminium content 

increased 10-fold in incubated topsoil in comparison to reference samples (540 and 58.3 

mg/kg respectively). OrgC negatively correlated with Fe, pH and P (Pearson correlation = -

0.544, -0.616 and -0.571 respectively) whilst pH positively correlated with P, Fe, Zn and Mn 

(Pearson Corr. = 0.876, 0.91, 0.911 and 0.913 respectively) (Supplementary Fig. 9). Topsoil-like 

layers (i.e. topsoil top/bottom and CT top) clustered between reference samples and tailings-

like substrates (i.e. tailings top/bottom and CT bottom), as shown by pairwise PERMANOVA 

test (P < 0.016) (see Supplementary data 1 for detailed statistical information).  In general, 

      

         

            

 
 
 
  
  
  
 
 
 

Figure 12. Principal Component Analysis (PCO) based on soil chemistry 
data. Shapiro-Wilk test was used to test for normality and transformation 

was performed accordingly. 
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these data indicated that tailings substrates carry a high concentration of metals which, in 

turn, creates a hostile environment for microbial colonization. 

4.5.2 MICROBIAL COMMUNITY STRUCTURE 

After quality control and chimeric removal 193,032 sequences were clustered into 24,088 

OTUs, of which 1,973 and 4,994 representative sequences were classified at levels no further 

than order or family, respectively. Archaeal and bacterial community composition significantly 

Figure 13. non-Metric Multidimensional Scaling (nMDS) plot based on 16S rRNA amplicon sequencing. 
Upper plot shows ordination of all the samples while the bottom plot shows only incubated samples. 
Plots were generated using Bray-Curtis as dissimilatory matrix. A) shows all incubated sample (brown 

dots) in contrast with all reference site samples (green dots). B) nMDS showing only incubated 
samples. Grey dots in both panels represent the projection of all OTUs found within the dataset. 
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differed across treatments (PERMANOVA Pseudo-F=14.4, p=0.0001) and by layer (Pseudo-

F=7.5, p=0.0001), following the same pattern shown by the soil chemical parameters. A clear 

distinction in community diversity between incubated and reference soil samples (upper plot) 

and between topsoil and tailings samples can be observed in the nMDS plot (Fig. 13a). Whilst 

there was a clear cluster of microbial families between reference and incubated soil samples, 

microbial families within incubated soil samples were well scattered (or a “smear”) across the 

multi-dimensional space.  

The relative distribution of the top 10 taxa (families > average of 1.8% of total reads) are 

shown as a heatmap in Fig. 14. The Archaeal family Nitrososphaeraceae and Bacterial families 

Thermogemmatisporaceae, Conexibacteraceae, Solibacteriaceae as well as unclassified OTUs 

within the order Solirubrobacterales and an unknown phylum dominated the reference 

samples. Sequences affiliated to the family Rhodocyclaceae were particularly abundant in 3 

out of 19 reference samples. Sequences derived from the experimental treatments were 

dominated by three taxa; Sphingomonadaceae and Chitinophagaceae dominated in ‘topsoil-

like layers’ whilst an unknown family within Gammaproteobacteria was relatively abundant 

within the ‘tailings-like’ layers. Unclassified sequences within the unknown 

Gammaproteobacteria family were more abundant in tailings-like substrates (Fig. 14) and as 

such, these unclassified sequences were phylogenetically placed into a reference tree using 

the pplacer tool within Phylosift to gain phylogenetic insight (Fig. 17, see section 4.6.3). 

Sequence placements were almost exclusively within the Gammaproteobacteria lineage, 

except for a single placement closely related to Thalassospira spp.  (Order: Rhodospirillales, 

Class: Alphaproteo-bacteria). Within the Gammaproteo-bacteria, the unknown sequences 

were closely related to Xanthomonas sp., Methylohalomonas lacus, Nitrosococcus halophilus, 

N.oceani, and Algiphilus aromaticivorans.  

Both Shannon alpha diversity and evenness significantly increased after an 8-week incubation 

period when compared to soils derived from the reference site (P < 0.001) (Fig. 15a), but no 

differences were observed between experimental treatments. BEST results indicated a strong 

effect between soil parameters and microbial assemblages (real ρ = 0.81, p < 0.01%, Sfile II.1), 

with Fe being the parameter that best explained taxonomic composition (Spearman ρ = 0.75). 
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4.5.2 qPCR GENE COPY NUMBER  

The abundance of archaeal (AOA) and bacterial (AOB) ammonia oxidizer genes (amoA) across 

different layers and within reference sites are shown in Figure 15b. An overall increase in both 

AOA and AOB gene abundance within the experimental treatments, in comparison to 

reference site samples, was observed (both P < 0.001). Interestingly, microbial abundance, 

measured by bacterial or archaeal specific 16S rRNA qPCR, was consistently higher in tailings-

like substrate incubations and, in the case of Archaeal 16S rRNA, significantly higher than that 

observed within topsoil-like layer within the treatments themselves, the abundance of 

ammonia oxidizers differed significantly across treatments (P = 0.0004 and 0.0001 for AOA 

and AOB respectively), indicating a differential response when coping with the extreme 

conditions within the tailings. Archaeal ammonia oxidisers (AOA) increased above the 

abundance observed in reference sites when present in tailing-like layers (3 to 3.75 gene 

copies/ng soil DNA respectively), whereas bacterial ammonia oxidisers (AOB) decreased 

sharply from 9.5 gene copies/ng soil DNA in reference sites and treatment topsoil to 8.5 gene 

copies/ng soil DNA within tailings-like layers. These data indicated that AOA could persist 

within the tailing’s environment, and even thrive, whilst AOBs did not survive well in the harsh 

tailing’s ecosystem. 

 

4.6 DISCUSSION 

4.6.1 LANDFORMING WITH TAILINGS AS A PEDOGENIC MODEL  

This study indicated that bacterial and archaeal community composition within post-mining 

substrates used for landforming significantly changed after 8-weeks of incubations when 

compared to reference site soil samples. Changes in the microbiome community structure 

across this experiment closely resembled soil chemistry, highlighting that the addition of 

tailings had a significant impact on the physicochemical parameters and, thus, the habitat for 

the microbes. We also demonstrated that the use of tailings in a capped tailings system 

impacts the community succession, even after 8 weeks (e.g. the loss of AOB communities). If 

we visualise the topsoil inoculum as a nutrient-rich, microbially stable community, and the 

tailings as a young, nutrient limited system, microbiome colonization from topsoil into deeper 

tailings layers can be framed as a pedogenetic process forced over a short time-scale, 
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analogous to the pedogenesis of calcareous soils as a model for alkaline tailings restoration 

[163]. In this context, these data inform on the likely chance of colonisation and those 

microbial groups which can survive and flourish within the tailings environment to initiate –in 

conjunction with mineral weathering and transformation– the pedogenic process. 

4.6.2 MICROBIAL COLONISATION AND SURVIVAL IN TAILINGS SYSTEMS 

When examining the colonisation of the tailings substrate, in either a capped or full tailing 

landform, our findings provide robust evidence that the extreme abiotic nature of the tailings 

impacts the ability of certain components of the microbiome to colonise and thrive within the 

landform,  similar to previous studies  [19,20,44,173,199,200]. According to our data, we 

observed that S, Fe and Mn are the major chemical parameters that likely influence changes 

in microbial community composition. For example, pyrite (FeS2) weathering can impose 

substantial stress upon the microbes within the  post-mining substrate [45]. Its worth 

mentioning than other abiotic factors not considered herein can also shape microbiome 

composition. Important limitation like reducing conditions, mechanical compaction and lack 

of soil structure are likely factors limiting the vertical microbial colonization. 

However, in opposition to previous research, which reported a reduction in alpha diversity 

influenced by  tailings [199,200], our work indicated an increase relative to the native 

reference sites. Whilst  spatial and temporal variabilities within naturally  occurring 

microbiomes may influence our reference site comparisons, such as above-below ground 

feedbacks  [101,201], and microbial dormancy in natural sites [202,203] our data showed a 

significant increase across several microbiome parameters (diversity, evenness, cell 

,abundance and certain taxa). We hypothesise that this is due to disturbance and a change of 

edaphic factors during the landforming process. It has been well established that after a 

disturbance, or change, in environmental parameters (such as relief from water constraints), 

copiotrophs outnumber oligotrophs until environmental conditions return to previous levels 

[39],  and is reflected in organic matter [204] and nitrogen levels [205]. Our results after 8-

weeks of incubation indicated a significant increase in community evenness in comparison to 

reference sites, where high evenness values have been correlated with community stability 
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[52] and ecosystem functioning [206]. Increases in archaeal and bacterial abundance,  

alongside microbial diversity and evenness measures of incubated soils lead us to believe that 

microbiome members from the topsoil inoculum are thriving within topsoil like and tailings 

like layers. In particular, members from the archaeal domain, where we observed an increase 

of 50 and 25% in topsoil-like and tailing-like layers, respectively.  We conclude that disturbance 

Figure 15. Boxplots representing changes in Shannon diversity and evenness (a) as well 
as gene copy number per ng of DNA (b). Normal levels of diversity, evenness and gene 
copy numbers in reference sites are represented with a dotted line. Side lines and italic 

letters represent significance levels test by ANOVA/Tukey post-hoc test.  
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during landforming has opened up niches within the system and those taxa which can survive 

subsequently flourish, some even more so in the harsh tailings environment, due to a lack of 

competition as a pre-existing microbiome within the tailings waste is not present. 

4.6.3 IDENTITY AND FUNCTIONS OF ORGANISMS WHICH FLOURISH DURING 

LANDFORMING 

We observed seven families dominating the microbial community composition in natural 

topsoil: Rhodocyclaceae, Thermogemmatisporaceae, Conexibacteraceae, Solibacteraceae, 

Nitrososphaeraceae and two unclassified groups within the order Solirubrobacterales and 

those belonging to an unknown bacterial phylum. Of those, an important family is the 

Nitrososphaeraceae, a recently described soil archaeal ammonia oxidizer [207].  

Nitrososphaeraceae are ubiquitously distributed, especially in acidic soils [178], and are likely 

responsible for ammonia oxidation at low pH within nutrient-limited habitats, exactly as those 

conditions within minesite tailings. Within the topsoil-like substrates, Sphingomonadaceae 

and Chitinophagaceae were abundant taxa and it has been shown previously that members 

within the family Chitinophagaceae have strong negative correlations with aluminium [208].  

However, in our study, Chitinophagaceae inhabit topsoil-like substrates that possess a ten-

fold increase in aluminium concentrations when compared to reference sites or tailings-like 

substrates. As stated in [208], it is unclear whether the Chitinophagaceae-aluminium 

relationship is also a function of other metal co-contaminants, as aluminium is often 

correlated with several other metals. Regardless, members within the family 

Chitinophagaceae seem to be a good indicator for environmental perturbation [208] that can 

be used for restoration purposes.  

Out of top ten most abundant taxa, only one (Gammaproteobacteria;Other) was present 

almost exclusively within the tailings-like substrates. Since taxonomic classification did not 

fully resolve the sequence identity, we used phylogenetic placement of representative 

sequences to better resolve the sequence affiliation (Fig. 17). Noticeably, sequences were 

placed near well-known AOBs (Fam: Chromatiales), and some were identified as uncultured 

Xanthomonas s. Xanthomonadaceae have been linked to hydrocarbon degradations in soils 

[209] plus several genes for metal resistance have been identified within the family [210]. 

Further, members of the Xanthomonadaceae have been identified as key agents within the 
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plant immune system [211] and hence could be beneficial components of the developing 

landform.  

4.6.4 ARCHAEAL AND BACTERIAL AMMONIA OXIDIZERS RESPOND DIFFERENTIALLY TO 

TAILINGS’ CONSTRAINTS 

Niche differentiation and relative abundance between AOA and AOB in natural environments 

is well documented in the literature [176,178,212–215].  This differentiation is mainly based 

upon access to their nitrogen source, specifically the  NH3/NH4
+ pH-dependent equilibrium 

and the ammonia monooxygenase enzyme specificity [176,216]. The role of AOA in acidic soils 

have been recently described, however little is known about nitrification in alkaline 

substrates, as here [176]. Here we demonstrated that native AOA can survive and flourish 

within the tailings’ extreme conditions, whilst AOBs do not perform as well. Whilst no 

Figure 16. Correlation plots between pH level and archaeal 16S, bacterial 16S, 
AOA and AOB gene copy number per ng of DNA. Grey line represents a generalized 

linear model fit for the data using function geom_smooth() within ggplot2 
package 
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significant differences in AOB abundance was found between reference samples and 

incubated topsoil, AOAs doubled in abundance when compared to reference sites.  

AOA displayed a much higher resilience to the presence of the tailings substrates when 

compared to AOB. AOA gene copy numbers in tailings-like substrates were elevated above 

that observed in the reference sites, whilst AOB gene copy numbers halved from that 

observed in the reference site when introduced into tailings-like substrates. Analyses 

indicated that total archaeal and bacterial abundance was positively correlated with substrate 

pH, as was AOA abundance, whereas AOB displayed a negative relationship with pH, 

suggesting the AOB prefer lower pH environments which are not present within the alkaline 

tailings (Fig. 17). Such dynamics in AOA/AOB populations within acidic and alkaline substrates 

have already been shown in purple soils [217], alkaline cave sediments [218] and in alkaline 

sandy loam soils [219] where AOA tends to outnumber AOB under higher pH conditions. 

Positive relationships between AOA abundance and ammonia oxidation rates in alkaline soils 

have also been shown [186], all of which suggest the AOA will play a crucial role within the 

nitrification process in high pH soils. This is a significant observation within these tailings 

systems from a restoration standpoint, as we now confirm AOA as the target to manipulate 

and/or cultivate in situ to initiate the key ecosystem service of nitrification. Interestingly, 

Goloran and co-workers identify AOB as the sole drivers of ammonia oxidation in extremely 

alkaline bauxite-residue sand amended with fertilizers (i.e. ammonium sulphate, potassium 

nitrate and glycine) [220,221]. While their results are in opposition to our results, the reported 

AOB dominance could have been as a result of their fertilization regime, i.e.  an enrichment of 

native ammonia oxidizer communities. However, the latter does not explain the absence of 

AOA in pre-incubated soils, suggesting that underlying ecological processes of ammonium 

oxidation are still not fully understood.  

Regardless of their phylogenetic identity, enriching for these microorganisms in order to 

initiate key nutrient cycles such as nitrogen will lead to increased colonisation, growing carbon 

stocks and further recruitment of key rehabilitation taxa within the tailings’ microbiome, 

ultimately leading to amelioration of chemical constraints to pave the way for aboveground 

plant colonization. 
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4.7 CONCLUSIONS 

Microbial communities drive biogeochemical cycles and are key players in soil development 

and thus, understanding tailings’ microbial diversity is an essential step towards the 

establishment of belowground processes into restoration protocols. Therefore, bottom-up 

approaches which reveal keystone microbial processes are critical to improve restoration 

outcomes from a belowground perspective. Here we show that tailings’ extreme chemical 

conditions can impact microbial taxonomic composition, most likely due to pyrite weathering. 

Contrary to the body of work describing decreases in community alpha-diversity and evenness  

indices when native states are disrupted, here we report significant increases of such indices 

(P = < 0.001) within all incubated treatments when compared to reference sites. Further work 

is required to resolve the reasons behind the apparent contradiction of our results against 

other work, but we hypothesize that factors such as length of time for soil stockpiling causing 

shifts in microbial physiological state have the potential to somewhat explain the phenomena 

observed here. Critically, we further highlight, for the first time, the key role AOAs can play in 

alkaline tailings and their ability to survive and flourish within the extreme environment and 

bring about keystone processes. Further effort, understanding the physiology and ecology of 

these AOAs from a genetic and culture isolation standpoint will open new avenues to use 

these critical ecosystem engineers to speed-up the nitrogen cycle establishment and 

therefore, the overall restoration process.  
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5.1 CHAPTER PREFACE 

Previous chapters have highlighted the presence of functional redundancy within the 

landforming system and how it could be exploited during restoration.  However, we previously 

also observed significant shifts within the microbiome species composition, which may have 

unknown consequences on plant fitness through potential disturbance in plant-microbe 

interactions. Within chapter 5, we report on a native microbiome disturbance experiment and 

to what extent the replacement of native microorganisms affects a co-habiting native plant. 

 

5.2 ABSTRACT 

Mining of mineral resources substantially alters both the above and below-ground soil 

ecosystem, which then requires rehabilitation back to a pre-mining state.  For belowground 

rehabilitation, recovery of the soil microbiome to a state which is capable of supporting key 

biogeochemical cycles and effective plant colonisation is usually required.  One solution 

proposed has been to translate microbial inocula from agricultural systems to mine 

rehabilitation scenarios, as a means of reconditioning the soil microbiome for planting.  Here, 

we experimentally determine both the aboveground plant fitness outcomes and belowground 

soil microbiome effects of a commercially available soil microbial inocula (SMI).  We analysed 

treatment effects at four levels of complexity; no SMI addition control, Nitrogen addition 

alone, SMI addition and SMI plus Nitrogen addition over a 12-week period. Our culture 

independent analyses indicated that SMIs had a differential response over the 12-week 

incubation period, where only a small number of the consortium members persisted in the 

semi-arid ecosystem and generated variable plant fitness responses. We suggest that new 

developments in custom-made SMIs to increase rehabilitation success in mine site restoration 

are required, primarily based upon the need for SMIs to be ecologically adapted to both the 

prevailing edaphic conditions and a wide range of plant species likely to be encountered.  

 

5.3  INTRODUCTION 

The mining of ores and minerals results in deleterious  environmental outcomes [222] such as 

clearance of  landscape biota and the production of large amount of by-products. Central to 



CHAPTER 5. NATIVE MICROBIOME-NATIVE PLANT INTERACTIONS 

71 

 

the amelioration of mining impacts is the  rehabilitation of mined landscapes, with the final 

goal of the establishment of aboveground flora and fauna of adequate composition and 

diversity [223–225]. In parallel, the belowground microbiome also needs to be rehabilitated, 

but is often overlooked, a key goal being the generation of high microbial diversity which can 

produce stable ecosystem services.  These services are critical since they have central roles in 

the supply to the plant of key nutrients, pathogen protection and water access.  Therefore, in 

order to maximise the outcomes from aboveground restoration approaches we need to 

develop equivalent belowground microbiome ‘reconditioning’ strategies which provide an 

optimum soil microbiome, one that will sustain aboveground biomass and provision long term 

seed emergence and survival. 

 

During mining operations, initial vegetation clearance is followed by removal and storage of 

the topsoil to expose the deeper mineral containing substrates.  This topsoil is usually stored 

in a non-planted state for extended periods of time, often years. Over time, there are 

significant declines in key traits such as carbon content, seed banks of locally-adapted native 

plants and the composition of the  microbiome [137,226], including community diversity and 

function [20]. This decline in the soil microbiome is a critical factor within this stored topsoil, 

not only due to potential loss of key nutrient cycling pathways [161] but growing evidence 

also suggests that plant diversity and fitness can be determined by the surrounding 

microbiome composition [96,97,147,227].  To this end, the addition of exogenous 

microbiomes in the form of Soil Microbial Inocula (SMIs), such as those traditionally used in 

agricultural practices, is becoming increasingly mainstream in mine site restoration practices. 

Due to the economic importance of agriculture [228,229] SMIs have been developed over 

decades for addition to the soil to maximise plant establishment, growth and productivity. 

These include plant growth promoting rhizobacteria (PGPR) developed and deployed across a 

range of agricultural soil types [230–233]. Broadly, PGPRs encompass nitrogen fixation and P 

solubilizing microorganisms such as Rhizobium, Pseudomonas, Azotobacter and Azospirillum 

which directly, or indirectly, promote plant growth [230]. Additionally, inoculation with 

microorganisms such as Trichoderma, Pseudomonas, Glomus, Bacillus and Agrobacterium can 

alter the plant’s physiological state and enhance  plant growth [60,64] and response to 

environmental stress [67]. The addition of microorganisms to trigger such processes is termed  
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“bio-priming” and has been successfully applied to increase production in wheat [63], rice 

[64], maize [234] and soybean [62]. Finally, the supplementation of SMIs to mineral fertilizers 

to allow slow and controlled release of nutrients has gained increased attention as a means 

of efficient nutrient use and has shown significant promise in improving crop growth [235–

238]. 

Whilst important and clearly beneficial in agricultural systems, the ecological outcomes of 

deploying SMIs to mine site systems has been little studied.  One recent example has shown 

the successful increase in germination and seedling growth of two plant species native to 

Western Australia, using local cyanobacteria isolates [49].  However, there is significant 

interest in using existing commercially produced SMIs to directly apply the technology within 

a mine site restoration setting.  Theoretically, several barriers may exist to their effective 

deployment. These include much lower nascent nutrient levels in mine site soils, which will 

dictate whether copiotroph or oligotrophic adapted microorganisms survive and drive the 

ecosystem functionality [39,239] and the ratio of bacteria to fungi, an important ecosystem 

property [240]. Further, natural ecosystems tend to harbour microbiome diversity which has 

co-evolved with  the native plants,  including taxa that promote germination [49] or those that 

can solubilize recalcitrant macronutrients  [87].  

Here, in order to resolve the efficacy of agricultural derived SMIs within mine site 

rehabilitation strategies, we assess the influence of an agricultural derived SMI upon the 

fitness of an Australian native plant Acacia ancistrocarpa, commonly used for restoring semi-

arid mine sites. We determined seedling emergence and shoot to root ratio in tandem with 

emergent properties of the soil microbiomes in the first effort to assess the potential 

rehabilitation implication of an SMI consortium that is used in agriculture. We conclude that 

agricultural derived SMIs can be compromised in habitats such as semi-arid ecosystems and 

SMIs derived from cognate environments are likely have a higher chance of efficacy and plant 

growth promotion. 
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5.4 Materials and methods 

5.4.1 Experimental design and set up 

This study was conducted between December 2015 and January 2016 in the glasshouse 

facilities located at King's Park and Botanic Garden in Perth, Western Australia. Acacia 

ancistrocarpa, a nitrogen-fixing legume native to the Pilbara and other regions of Western 

Australia, and commonly used in arid zone restoration [241] was selected for this experiment. 

Topsoil retrieved from previously stockpiled material (approximately the top 10 – 20 cm of 

the soil profile) was collected from an active mine site in the southern part of the Pilbara 

region (23°21′14″S 119°43′55″E.), transported to the King’s Park glasshouse facilities in 200L 

drums  and used as growth media [242,243]. The experimental design consisted of four 

treatments, all derived from a parent –non incubated– soil (Basal), an incubated control with 

no amendments (Control); nutrient addition alone in the form of ammonium sulphate 

[(NH4)2SO4] added at 150mg N (Nitrogen), Troforte® Microble Blend –a commercially available 

SMI– added at 50 mg -1 soil (Microbes) and both nitrogen and microbial consortia 

(Microbes+Nitrogen). The selected SMI is composed by a selection of soil microorganisms on 

a freeze-dried powdered inoculum with no added nutrients (https://troforte.com.au/co-

ntent/pdf/Troforte-Microbe-Blend-Cropping-Plus-TDS.pdf)  

This allowed the experimental determination of responses above control for a standard 

nutrient amendment, an SMI amendment and potential additive effect of both. Pots of 25 cm2 

surface by 12 cm height were assorted in a randomised block design and replicated 10 times. 

Five seeds, previously treated during 1–2 min in hot water at 90 °C to break physical dormancy 

[244] were sown into each pot. Pots were maintained at field capacity) throughout the 

experiment. After 12 weeks, plants were harvested, and bulk soil was taken for analyses. 

5.4.2 Analysis of soil chemical and biological characteristics and plant parameters 

At the end of the experiment, three soil samples of 150 g were collected from three randomly 

selected replicates from each treatment. Three soil samples (of 150 g) were taken from the 

topsoil drum used for the experiment in order to assess the baseline microbial configuration 

(Basal treatments). Three extra replicates were amended with SMI at the same concentration 

used for the soil incubations (inoculum soil) in order to identify possible changes in the soil 

https://troforte.com.au/co-ntent/pdf/Troforte-Microbe-Blend-Cropping-Plus-TDS.pdf
https://troforte.com.au/co-ntent/pdf/Troforte-Microbe-Blend-Cropping-Plus-TDS.pdf
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chemistry composition by carrier compounds that might be present in the soil microbial 

inoculum. Soil samples were sub-divided into two; one subsample was air-dried and sieved (2 

mm) for chemical analysis, and the other was immediately taken to the lab and analysed for 

microbial activity and DNA extraction. Soil microbial activity (ppm-CO2) was measured using 

the 1-day CO2 Solvita test which determines soil microbial respiration rate based on the 

measurement of the CO2 burst produced after moistening dry soil and incubation at 25 °C for 

24 h [226,245]. All other soil chemical parameter including organic Carbon (Org.C), nitrogen 

(as in NH4-N and NOx-N), Sulfur (S), electrical conductivity (EC), pH-CaCl2, Copper (Cu), Iron 

(Fe), Manganese (Mn), Zinc (Zn), Aluminium-exc (ex.Al), Calcium-exc (ex.Ca), Magnesium-exc 

(ex.Mg), Potassium-exc (ex.K) and Sodium-exc (ex.Na) were characterised through CSBP Plant 

and Soil Laboratory (Bibra Lake, Western Australia). 

Seedling emergence (%) was determined as the average seedlings that emerged per pot after 

16 days divided by the number of seeds sown per pot [226,242]. To determine plant growth 

parameters (seedling shoot and root length and biomass), plant materials (one plant per pot, 

n = 4) were harvested after 12 weeks and assessed as in [241]. Root and shoot lengths were 

measured using a flatbed scanner (WinRHIZO, Regent Instruments, Sainte Foy, Canada). 

Subsequently plants were dried at 75 °C for 72 h and weighed using a five-point balance 

PB403-S/FACT to determine total biomass. 

5.4.3 DNA extraction, PCR amplification and bioinformatic analysis 

DNA was extracted in triplicate from 0.25g of soil samples using a Powersoil-htp96 Soil DNA 

isolation kit (MO BIO laboratories, CA, USA) following manufacturer’s guidelines with minor 

modifications (freeze-thaw cycle (x3) after the addition of solution C1). Extracted DNA was 

quantified using a QUBIT2.0 fluorometer (Life Technologies, USA) and 2 ng of DNA was used 

as template for subsequent PCR amplification using 515F/806R primer set (targeting V4 of 16S 

rRNA gene for both bacteria and archaeal domains) [246]. See Kumaresan et al. [2017] for 

detailed PCR reagent and thermal conditions. PCR amplicons were checked for both length 

and specificity, purified using AMPure (Beckman Coulter, Australia), blended into an 

equimolar pool and sequenced using an Ion Torrent PGM platform (Thermofisher).  

All bioinformatic analysis were performed within the QIIME platform [149]. Briefly, 1150283 

raw reads were filtered (minimum average quality = 20, maximum/minimum sequence 
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length=350/130 respectively, no primer mismatch or barcode error allowed, maximum length 

of homopolymers=15 and maximum number of ambiguous bases=6). 193347 filtered 

sequences were further checked for chimeric sequences using the USEARCH algorithm (ver 

6.1) rejecting ~11.9%. The remaining 177074 high quality reads were then subjected to de 

novo OTU picking at 97% sequence identity using UCLUST (ver1.2.22q) and taxonomy was 

assigned using the RDP classifier [182] using the Greengenes database (ver 13.8) [109]. The 

sequences for each sample were rarefied at a depth of 2700 reads for statistical analyses and 

all amplicon sequences associated with this article were deposited in ENA under the project 

accession number PRJEB25855.  

5.4.4 Statistical analysis 

One-way analysis of similarity (ANOSIM) was performed to test any differences between soil 

chemistry across treatments. The pairwise R values output matrix was then used to compute 

non-metric multi-dimensional scaling (n-MDS). n-MDS plots and R distribution histograms 

were plotted in R using the ggplot2 package [185]. Soil microbial activity and plant growth 

parameters were tested for normality and variance homogeneity using the Shapiro–Wilk and 

Levene tests, and these data were log transformed as necessary. Differences in variables 

among treatments were tested using one-way analysis of variance (ANOVA) and comparisons 

between means were performed with Tukey’s HSD (P ≤ 0.05). Diversity measures (Shannon 

diversity and evenness) were calculated using the function “diversity” available through the 

Vegan package [184] within R [247]. Boxplot and heatmaps were computed using ggplot2 and 

pheatmap [196] libraries, based upon OTU tables at order level. Prior to heatmap generation, 

the OTU table was fourth transformed and filtered to include only the top-40 most abundant 

taxonomic bins presented within Treatment Inoculum, as a way to identify and track changes 

within the microbial consortia used through the soil incubations. Correspondence analysis was 

performed using the function cca within Vegan and plotted using ggvegan [186] and ggrepel 

[248] libraries. shared_phylotypes.py was used in order to track down OTUs present in 

treatment Inoculum across the entire dataset. Cluster structure comparison was based on 

hierarchical clustering algorithm (mode group average) and SIMPROF was performed in 

parallel using 1000 permutations and a significance level of 5%. Rand index was computed in 

R based on SIMPROF results. Pairwise OTUs similarities were computed using the script 
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shared_phylotypes.py available within QIIME 1.9. All figures were edited in Inkscape, a freely 

available vector suite (https://inkscape.org/) 

 

5.5 Results 

5.5.1 Soil chemical properties 

In order to identify possible changes is the soil chemistry solely due to adding exogenous 

compounds (such as the microbial biomass and any carrier molecules within the SMI 

preparation), soil chemistry analyses were performed upon native topsoil amended with the 

SMI (Inoculum) at the concentrations used to initiate the incubations. Furthermore, analyses 

were also performed upon native soil samples taken prior to the microcosm incubation setup 

(Basal), in order to assess possible treatment induced changes in soil chemistry when 

compared to the unamended parental substrate. After a 12-week incubation period, the soil 

chemical properties differed significantly between amended treatments (ANOSIM R = 0.881, 

P = 0.01, supplementary data III.1), when referenced to the pre-incubation (Basal, dashed red 

line) and post-incubated (Control, dashed green line) chemical averages. Although all 

treatments were significantly different, no amendment Control and Nitrogen addition tended 

to be the most similar (ANOSIM R = 0.481, P = 0.01). One key environmental parameter, soil 

pH, remained constant across the experimental treatments (Fig. 18), except for topsoil initially 

amended with the SMI (Inoculum), where pH significantly decreased from Basal levels of 7.74 

to 7.13 when the SMI was added (P ≤ 0.05) (Fig. 18 and Supplementary data 2). 

Organic carbon (Org-C), Iron (Fe), Copper (Cu) and Manganese (Mn) concentrations were 

significantly higher (P ≤ 0.05) in topsoil initially amended with the SMI (Inoculum) when 

compared to Basal, Control and Nitrogen treatments, likely as a result of growth media carry 

over within treatments amended with SMIs. Iron concentrations within the 

Microbes+Nitrogen (and to a lesser extent within the Microbes treatment) were also similar 

to the ones observed within the topsoil amended with SMIs. Ammonium Nitrogen (NH4-

Nitrogen) was significantly higher (P ≤ 0.05) within the Nitrogen, Microbes and 

Microbes+Nitrogen treatments when compared to Control, whilst NOx-N was only significantly 

higher (P ≤ 0.05) within the Microbes+Nitrogen treatment.  

https://inkscape.org/
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5.5.2 Plant growth parameters 

After 12 weeks of topsoil incubation under the different treatments, no significant difference 

in calculated shoot:root ratio was observed (Fig. 19a, P ≤ 0.05). In terms of seed emergence, 

the Control and Nitrogen only amendments were found to not be significantly different (P 

>0.05), with an average of 6.3 and 5.9 seeds emerging for the Control and Nitrogen 

treatments, respectively (Fig. 19b).  In contrast, seedling emergence significantly decreased (P 

≤ 0.05) when the SMIs were added. The addition of the SMI alone (Microbes) significantly 

reduced the emergence from an average of ca. 6 seeds per pot to around 3.5 seeds per pot 

(Fig. 19b).  The addition of nitrogen with the SMI (Microbes+Nitrogen) reduced the emergence 

success even further, to an average of around 2 seeds per pot to yield the lowest plant 

emergence over the whole experiment. 

5.5.3 Soil microbial activity 

Soil microbiome activity, assessed by CO2 evolution, significantly increased under the 

Microbes and Microbes+Nitrogen treatments (P ≤ 0.05 for both, Fig. 20a) but not under the 

Nitrogen treatment (P > 0.05). Specifically, unamended controls and those with nitrogen only 

amendments evolved, on average, between 1.5 ppm-CO2, and 2.5 ppm-CO2, and were not 

significantly different from each other, indicating little stimulation of nascent microbial 

activity when nitrogen was added alone.  However, when SMIs were added, both alone 

(Microbes) or with nitrogen (Microbes+Nitrogen) respiration significantly increased, with 5.13 

and 5.0 ppm-CO2 being produced by the Microbes+Nitrogen and Microbes treatments 

respectively (P ≤ 0.05, Fig. 20a), representing at least a doubling of CO2 evolution over Control 

and Nitrogen treatments.  Specifically, SMI addition under both Microbes and Microbes + 

Nitrogen treatments yielded CO2 evolutions which were much higher than under no SMI 

amendments, but which were not significantly different from each other (P > 0.05), suggesting 

the inclusion of nitrogen with the SMI had little extra stimulatory effect upon respiration 

within the microbiome. 

5.5.4 Microbiome Community Diversity and Evenness and their Drivers 

After 12 weeks of incubation, the emergent microbial communities differed between 

treatments (Fig. 20b), where topsoil with no amendments (Control) exhibited a reduced  
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Figure 18. Significantly different soil chemical parameter levels across all parent materials (i.e. Inoculum 
and Basal) and incubated soil samples (i.e. Control, Nitrogen, Microbes and Microbes+Nitrogen). Basal 
levels (or levels prior to soil incubation) are represented with a red segmented line while control levels 

(without any treatment effect more that the incubation) are represented with a green line. 

 

Figure 19. Boxplot representing shoot:root ratio and seed 
emergence across all 4 treatments. Boxplots sharing the 

same letter coding are significantly similar (P ≤ 0.05) 
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Shannon index (by 23%) when compared to the parent soil used to initiate the experiment 

(Basal), indicating a one fifth diversity reduction due purely to experimental incubation. 

Within the treatments alone, the Nitrogen or Microbes treatments were not significantly 

different, in terms of microbiome diversity, from each other or when compared to the Control 

treatment (P >0.05, Fig. 20b). However, the addition of the SMI and nitrogen together 

(Microbes+Nitrogen) resulted in a significant decline (P <0.05) in total microbiome community 

diversity when compared to all other treatments (Fig. 20b). These (and all other microbiome 

Shannon diversity index observations) were mirrored within data generated for community 

evenness across all the imposed treatments (data not shown), suggesting a significant 

reduction in community diversity and evenness of the microbiome but only when the SMI was 

present with nitrogen as a co-amendment.  

Increases in soil microbiome respiration were seemingly at odds with significant decreases in 

overall microbiome diversity and evenness for the Microbes+Nitrogen treatment, which 

displayed strong CO2 evolution (Fig. 20a) but the lowest Shannon Diversity (Fig. 20b).  This 

reduction in diversity and evenness suggested one of two possible mechanisms; either strong 

selection within the nascent microbiome to form a reduced community diversity and 

evenness, or, emergent dominance of a part of the added SMI.  

In order to resolve which outcome was driving the observed community diversity, we 

compared the SMI microbiome diversity with those found within the treatments (Fig. 20c). 

Microbiome sequence analysis of the SMI and in comparison, to the imposed treatments 

revealed that for the top 20 identified SMI taxa, only half of the taxa detected within the SMI 

could be reliably detected within the majority of the treatments tested (Fig. 20c). For example, 

OTUs identified as Marinomonas, Pediococcus, Streptococcus and one unknown genera within 

Lactobacillaceae were present within the SMI at appreciable abundances but were absent 

from all treatments tested after 12 weeks. SMI members that could be detected at varying 

levels within the treatments included a Bacillales, Bradyrhizobium and Arthrobacter (Fig. 20c). 

Interestingly, an unclassified member of the Alcaligenaceae was present in only the SMI and 

Microbes+Nitrogen, suggesting a likely stimulatory effect of nitrogen upon this SMI member.  

When examining the specific differences across the treatments in relation to SMI addition with 

or without nitrogen, Pseudomonas, Bacillus and one unclassified Enterobacteriaceae were the  
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Figure 22. Composite diagram showing (a) soil respiration of the incubated soil 
samples, (b) Shannon diversity based on OTU table collapsed at an order level and 

(c) top-20 most abundant OTUs found across the entire NGS dataset. Boxplots 
sharing the same letter coding are significantly similar (P ≤ 0.05). 
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Figure 22. Percentage of phylotype 
sharedness across all treatments. 
Red colour denotes similarity 
between pairwise comparisons. 

Figure 21. Hierarchical clustering based on soil chemistry and 16S rRNA structure (left 
and right cladogram respectively). Colorized boxes represent clades identified with 

SIMPROF analysis which were later used for the calculation of the Rand index. 
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three SMI constituents which became abundant within the Microbes and Microbes +Nitrogen 

treatments (Fig. 20c).  Both the Bacillus and Enterobacteriaceae SMI members were relatively 

abundant within the SMI at the experimental initiation, whereas the Pseudomonas increased 

substantially in abundance in the Microbes treatment and even higher within the 

Microbes+Nitrogen treatment when compared to its relative abundance in the original SMI. 

In fact, the Pseudomonas component became the most abundant OTU across the entire 

dataset within the Microbes+Nitrogen treatment (Fig. 20c), suggesting this taxon grew 

strongly and is likely the reason for the drop in diversity and evenness index within the 

Microbes+Nitrogen treatment (Fig. 20b). In general terms, the OTU structure followed the 

same trend as that the chemistry (Fig. 21), in terms of similarity between treatments (Rand 

Index = 0.87), suggesting that soil chemistry played a central role in structuring the topsoil’s 

Figure 23. Correspondence analysis tri-plot showing soil samples (orange), taxonomic bins 
(at an order level, light blue) and soil chemistry parameters (brown arrow). 
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developing microbial community. SIMPROF identified 4 clusters within the soil chemistry and 

5 clusters and 3 outgroups in the taxonomic table (at an order level). To examine the microbial 

diversity outcome of the added SMI, we searched for the OTUs found within treatment Inocula 

across the entire dataset as a way to quantify treatment resemblance against it (Fig. 22). The 

OTUs representing the SMI only composed a fraction of the total OTU pool obtained over all 

treatments, overlapping by 34 and 28% with the Microbes and Microbes+Nitrogen treatments 

respectively. Interestingly, OTU resemblance between the parent material (Basal) and 

Nitrogen treatment was as high as 71% shared OTUs, demonstrating the recovery of post-

incubated topsoil’s alpha diversity to the basal (reference) level when supplementing it with 

ammonium sulfate (Fig. 20b).  

In order to link soil chemistry and taxonomic relative abundance canonical correspondence 

analysis (CCA) was computed (Fig. 23). Taxonomic bins (Order level, light blue triangles) were 

well scattered across treatments, albeit several orders were situated around the plot centre, 

denoting a shared microbiome across all 4 treatments and with the parent material (Basal).  

However, SMI addition caused these treatments to cluster apart with the taxonomic diversity 

within Microbes and Microbes+Nitrogen being explained by the soil concentration of NH4-N 

and NOx-N whilst taxonomic variability within the Nitrogen treatment was explained by pH 

and Ca (Fig. 23).  

 

5.6 Discussion 

We studied the effect of a commercially available soil microbial inoculum (SMI) within a mine 

site restoration context within a semi-arid ecosystem. We assessed soil microbiome and plant 

parameters as a first approach to evaluate whether currently available SMIs can be applied to 

mine-site restoration practices to enhance aboveground outcomes and overcome the reduced 

microbiome capacity within soils which have been subjected to mineral extraction [20]. We 

further tracked the most abundant OTUs from the SMI to understand if such microorganisms 

can survive the relatively harsh conditions within waste substrates for subsequent planting of 

native flora. 

Treatment selection in this experiment (Control, Nitrogen, Microbes and Microbes+Nitrogen) 

can be viewed as an increasing intervention scale within the topsoil’s native microbiome and 
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the soil’s chemical properties. The nitrogen addition treatment did not contain any 

allochthonous microorganisms, and the differences in microbial diversity, evenness or soil 

respiration shown in this study were similar to the experimental controls.  However, the 

addition of the SMI, principally under the Microbes+Nitrogen treatment, substantially altered 

the plant response, reducing seedling emergence, microbial activity and overall taxonomic 

diversity. Since the SMI was derived from agricultural soils and used in a more depauperate 

ecosystems we conclude that reduction in seed emergence is likely due to a mismatch 

between plant and microbiome and key drivers of seed emergence must be present in the 

native microbiome associated with a given species of plant.  

These observations are in line with previous suggestions that microbial communities drive 

aboveground diversity [147,161,249], improve plant overall fitness [96], dictate seed-bank 

persistence (reviewed in [85]) and even affect flowering time [97]. Similar to our results, 

Batten et al. (2008) demonstrated that changes in the soil indigenous microbiome (in this case, 

mediated by invasive plants) negatively affected the performance of the American native 

plant Lasthenia californica. The net effects of soil microbial symbionts on plant fitness can 

fluctuate along the mutualism-parasitism continuum depending on their origin, genetics, and 

environmental conditions [251,252]. Negative plant-soil feedback has been shown to predict 

aboveground coexistence, species invasion, phylogenetic diversification [253] and overall 

relative abundance in tropical forest [254]. Furthermore, it has been shown that these plant-

soil feedback can be influenced, in terms of strength and direction, by abiotic factors such as 

drought [255] and decreasing light [256]; highlighting the importance of understanding plant-

soil feedbacks dynamics in heavily-changing environment. 

Hence, the reduced seed emergence in the presence of the SMI is likely associated with the a) 

reduced abundance and diversity of the indigenous microbes that presumably promote seed 

germination/emergence, and/or b) negative/incompatible interactions between certain types 

of microorganisms introduced via addition of the microbial consortium and the native plant 

A. ancistrocarpa. Either way, further work investigating native plant and microbes signalling 

will be crucial to unveil such key constraints to seed emergence within these semi-arid 

ecosystems. 



CHAPTER 5. NATIVE MICROBIOME-NATIVE PLANT INTERACTIONS 

85 

 

5.6.1 SMI with or without nitrogen addition does not improve plant fitness  

The relationship between native microbial diversity and native plant fitness can be alluded to 

when assessing that seed emergence declined 33.3% when comparing the native microbiome 

(Control) and introduced SMI (Microbes+Nitrogen) treatments. Further, once germinated, the 

presence of an SMI did not increase plant fitness parameters.  Rather, a mismatched 

microbiome (as in the SMI) actually impaired the plant during the critical stage of germination. 

This implies that a severe loss/change within the topsoil’s native community could significantly 

impact seed recruitment, which cannot be fully explained as our knowledge is limited on  both 

biological entities (i.e. A. ancistrocarpa seed and native microbiome).However, it is widely 

accepted that the soil microbiome is integral for seed germination, as they can mediate the 

seed coat break-down process [257,258], degrade germinating inhibitors [259] or protect the 

seed from pathogenic attack [83]. As discussed above, a factor in the reduced plant 

germination could be linked with incompatible/pathogenic interactions between introduced 

non-native microbes and the native plant. Furthermore, it has been shown that seed exudates 

can drive microbiome composition in the immediate surroundings either by encouraging 

microorganisms through supplying carbon compounds [81] or discouraging them by the 

production of defence proteins [260] such as peroxidases [261]. Notwithstanding the 

mechanisms, a dense microbial assemblage is often formed around seeds [262] and therefore, 

altering such assemblages, as happened here,  does seem to have significant repercussions on 

seed physiology.  

Depletion of the native microbial community was seen within the incubation experiment and 

also when comparing the parental topsoil (Basal) and the Control treatment. The loss of both 

diversity and evenness is in line with previous studies documenting decreases in archaeal and 

bacterial communities [20], earthworm communities [134] and seed recruitment [135,137] 

when fresh topsoil is stored for later use. In terms of diversity loss during storage and its 

impacts upon ecosystem services, care must be taken as sometimes higher diversity does not 

always correlate with healthier ecosystems [263,264]. Shade [2017] argue that comparing 

microbial communities by diversity indices, and furthermore, assuming that higher diversity is 

better, oversimplifies the underlying mechanisms that set such diversity values [265]. 

Nevertheless, more diverse microbial communities more than likely signify higher chances of 

metabolic redundancy, community resilience and plasticity and thus restoration engineers 
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should work to avoid losses in microbiome diversity during soil storage as a matter of 

precaution. Specifically, stockpiling is a common practice in open-cut mines [243] and should 

be managed carefully to mitigate risk of diversity losses within the native microbial 

communities [265].  

5.6.2 SMI OTUs have differential response to the semi-arid conditions 

Many component taxa within the SMI clearly found the semi-arid conditions challenging for 

establishment. Despite the ease of access to commercial SMIs, they tend to be derived from 

high nutrient agricultural systems, systems which are vastly different from the edaphic 

conditions within semi-arid soils. Several criteria include substantial differences in water and 

nutrient availability, metal concentrations and physical structure. 

Here, from the 40 most abundant OTUs within the SMI, 16 could not be detected reliably 

within the treatments and 12 OTUs were present across all the treatments. Amongst these, 

four fell within the order Rhizobiales (Microvirga, Bradyrhizobium, an unknown family and an 

unknown genus within Hypomicrobiaceae). Such microorganisms may play a fundamental role 

in the early stages of succession, as they can be the only source of nitrogen in nutrient poor 

systems, as has been seen in early ecological succession of glacier forefronts [41], where a 

strong correlation between these types of OTUs and vegetation has been observed [266]. 

Addition of symbiotic or free-living nitrogen fixing  microorganisms to semi-arid environments 

could be a significant step to initiate nitrogen cycling in mining impacted soils, especially the 

addition of free-living diazotrophs, which have been shown to be active N2 fixers [267]  in 

many terrestrial systems [268]. Hypomicrobiaceae members are of great interest as they are 

ubiquitous soil microorganisms [269] known to be abundant in both mining impacted 

environments [170] and in agricultural soils [270], and their survival here opens the possibility 

for future approaches using them to prime N cycle dynamics.  An abundant OTU falling within 

the Arthrobacter genus was also found across all treatments. Arthrobacter spp. are among the 

most ubiquitous indigenous soil bacteria, who harbour a broad metabolic and ecological 

diversity to cope with harsh conditions [271], being detected as plant endophytes [272], in 

soda lakes [273,274] and mine tailings [169]. Microorganisms with such ubiquity and 

functional plasticity can be suitable components for early colonization of nutrient-limited, 

semi-arid environments and post-mining vegetation rehabilitation. 
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5.7 Conclusions 

In this study we analysed changes in the topsoil’s microbial communities and chemical 

parameters after a 12-week incubation experiment using agriculture-based soil microbial 

inocula and/or ammonium sulphate, as a first attempt to assess translation of agriculture 

practices into a semi-arid context. Our results revealed that an important depletion of semi-

arid microbial community diversity and evenness occurred when the SMIs were added and 

further exacerbated when ammonium sulphate was also added in conjunction. Such a loss in 

native microbial diversity, along with incompatible interactions from exogenous microbes,  

likely explains the loss in A. ancistrocarpa fitness (seed emergence). Therefore, future mine 

site restoration protocols must carefully consider preservation of native microbiome diversity 

through appropriate topsoil handling and storage as well as careful selection of any exogenous 

taxa that may be added to maximize a protocol’s potential success. For the latter, key taxa 

which deliver primary ecosystem functions (such as N fixation) and can survive the semi-arid 

conditions are a priority.  Here, we demonstrate that α-proteobacterial nitrogen fixing 

organisms are likely to be of particular interest and suitability to speed-up nitrogen cycle 

restoration in mining affected areas.
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Due to intense mining activities coupled with its rich biological diversity, Western Australia 

has become a research hotspot for mine site restoration. Work aiming to understand factors 

that shape aboveground diversity and native seed recruitment [143,244,245,275,276], 

increasing native seed establishment [54,68,141,277], understanding physiological 

constraints for plant development [21,163,164] and building conceptual framework for 

restoration ecology [278–280], have allowed ecologists to define and/or refine best practices 

for semi-arid restoration projects. Yet, Lamb et al. (2015) still identified a widening gap 

between what we can feasibly restore and what the broader community expects [1]. 

Developing and including microbial restoration protocols into current and upcoming practices 

can potentially reduce Lamb’s gap. 

Microbial ecologists are increasingly relying upon next-generation technologies in order to 

measure, quantify and –hopefully– understand the processes governing soil microbial 

communities. In this Ph.D. project, state-of-the-art NGS technology coupled with recent 

advancement in bioinformatic analysis aimed to shed light into the unknown ecological 

processes occurring during restoration within semi-arid soils. The objectives of the research 

were: 

(i) to identify theoretical and technical limitations for achieving a predictable 

rehabilitation protocol in semi-arid ecosystems, 

(ii) to identify potential taxonomic and functional changes within topsoil and waste 

tailings mixtures used in landforming relative to pristine reference sites, 

(iii) to define the extent to which microbiome functional redundancy within semi-arid 

restoration systems affects key founder ecosystem services, principally the nitrogen 

cycle and finally to 

(iv) characterize the importance of native microbiome-native plant interactions in 

restoration protocols implemented in semi-arid soils. 

The key findings are discussed below. 
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6.1 KEY FINDINGS 

6.1.1 IDENTIFING THEORETICAL AND TECHNICAL LIMITATIONS FOR ACHIEVING A 

PREDICTABLE REHABILITATION PROTOCOL IN SEMI-ARID ECOSYSTEMS 

While mine site restoration ecology is a well-established field, what we define here as 

“microbial restoration ecology” is still in its infancy. Hence, pioneer work in this area are either 

confined to environmental genetic screening of disturbed sites [138,200] or restoration 

chrono-sequences [47], whilst approaches aiming to identify ecological processes within 

microbial communities in semi-arid systems are largely missing. Chapter 2 defined four major 

belowground limitations that still restrain us from advancing the development of better 

restoration protocols; 

(i) Tailings as a ‘Poly-Extreme’ environment, which heavily constrains the 

establishment and trajectory of native plant communities [21] (see Appendix 

IV publication 6). Failure to adequately ameliorate post- mining substrates may 

represent a major liability for industry in meeting mine-closure requirements; 

(ii) Disconnection between above and belowground components, which likely 

explains reduced ecosystem health in disturbed sites [48], its reconnection 

needing to follow a successional pattern analogous to the overall ecological 

successional pattern (section 2.4.2); 

(iii) Problems in identifying relevant microbial taxa that can help us explain 

ecological processes, either due to technical constraints or by methodological 

pitfalls (section 2.2.3)  

(iv) Long timeframes needed in order to reach effective stable communities, which 

are not considered in current environmental legislations relevant to Western 

Australia. 

Tackling these limitations with bottom-up approaches will undoubtedly help aboveground 

researchers to meet the desire of restoration outcomes. 
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6.1.2  IDENTIFING POTENTIAL TAXONOMIC AND FUNCTIONAL CHANGES WITHIN TOPSOIL 

AND WASTE TAILINGS  

Chapter 3 demonstrated that despite profound changes in microbial composition, potential 

functional changes remain relatively stable throughout different topsoil/tailings engineered 

blends. Community level metabolic plasticity in any ecosystem relies on both phylogenetic 

and physiological plasticity within populations, specifically the proportion of generalists versus 

specialists [159]. Metabolic profiles from this study suggested a high level of functional 

redundancy between different tailings blends, despite different phylogenetic compositions, 

possibly suggesting the prevalence of stochastic generalist populations with broad 

physiological capabilities. This suggests that there is an ability for the native microbial 

populations to adapt to extreme conditions in the post-mining substrate and potentially 

deliver a majority of belowground functions required. 

6.1.3 DEFINING THE EXTENT TO WHICH MICROBIOME FUNCTIONAL REDUNDANCY 

WITHIN SEMI-ARID RESTORATION SYSTEMS AFFECTS KEY FOUNDER ECOSYSTEM SERVICES 

As a continuation of what was reported on Chapter 3, Chapter 4 aimed to quantify how the 

previously reported functional redundancy can affect ecosystem services. With a reductionist 

approach, and using both marker gene and shotgun metagenome sequencing, this section 

showed that topsoil storage and the blending of soil and waste substrates to form planting 

substrates gives rise to variable bacterial and archaeal phylogenetic compositions. More 

importantly, we highlight for the first time the key role that AOA might have as drivers of the 

N-cycle within tailings substrates, and thus, reconditioning post-mining substrates for 

aboveground establishment. The identification of novel microorganisms with functions 

relevant for the initial steps of the pedogenetic process can, undoubtedly, open novel ways to 

speed-up the landscape restoration. 

6.1.4 CHARACTERIZING THE IMPORTANCE OF NATIVE MICROBIOME-NATIVE PLANT 

INTERACTIONS IN RESTORATION PROTOCOLS  

Despite possible functional resilience within semi-arid environments, native microbial 

assemblages can also dictate restoration outcomes, likely through native microbiome-native 

plant interactions that remain to be identified. Within this thesis, we identified ammonia 
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oxidizing archaea as interesting native microorganisms that can cope with post-mining 

substrate’s extreme conditions while –at least potentially– contributing to the first and rate-

limiting step of the nitrogen cycle (Chapter 4). Targeting native AOAs as SMI for tailored semi-

arid restoration also potentially solves an issue reported in Chapter 5: that altering the native 

microbial communities with allochthonous microbes disrupts  the native plant-soil feedback, 

reducing as plant biomass and seed emergence and native strains should be developed as 

SMIs. 

Furthermore, culture independent analyses presented in Chapter 5 indicated that agriculture 

derived SMIs had a differential response over the 12-week incubation period, where only a 

small number of the consortium members persisted in the semi-arid ecosystem and generated 

variable plant fitness responses. We suggest that new developments in custom-made SMIs to 

increase rehabilitation success in mine site restoration –mainly targeting native 

microorganisms– are required, primarily based upon the need for SMIs to be ecologically 

adapted to both the prevailing edaphic conditions and a wide range of plant species likely to 

be encountered. 

6.2 STUDY LIMITATIONS, ONGOING WORK AND FUTURE RESEARCH 

The present work has some limitations which must be acknowledged. 

Like any environmental process, the restoration process is governed by biotic and abiotic 

factors. While this thesis is centred on the former, abiotic properties can heavily influence the 

trajectory of the restoration process. Even though this thesis was focused in both semi-arid 

conditions and Fe-derived post-mining substrates; tailings mineralogy, climatologic conditions 

and mechanical compaction, among others, can modulate the restoration outcome. Hence, 

holistic research approaches, considering both biotic and abiotic factors, are urgently needed 

in order to achieve next-generation restoration protocols. 

Environmental DNA screening, such as amplicon sequencing, suffers from a well-documented 

series of flaws. Besides what discussed in Chapter 2, an important bias when defining 

microbial taxonomic structure is the variable abundance of “relic DNA “[281,282]. Relic DNA, 

or extracellular DNA, are nucleic acids derived from dead cells, which can obscure ecological 

extrapolation of environmental genetic screening analysis [281]. However, the life span of 
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such molecules –without proper protection against environmental factors– is likely to be 

short, especially in extreme environments such as tailings substrates. 

In Chapter 3, estimates of phylogenetic and functional changes are made based directly on 

DNA and not on transcribed RNA sequences. Therefore, the microorganisms and genes 

identified throughout the experiment are not necessarily active/expressed under the tested 

conditions. The adoption of transcriptome approaches within the work areas will substantially 

benefit the understanding of which pathways are actually active and substantially increase the 

resolution of the analyses. 

Although aiming for a reductionist approach, Chapter 4 only reported on the first step of the 

nitrification process. Despite this, it is well known that ammonia oxidation is the bottleneck of 

the overall process, but other microorganisms involved in other parts of the N-cycle can also 

be constrained in post-mining substrates. Therefore, future work should include gene analyses 

for all major parts of the N cycle. 

Chapter 5 reports solely on native microbiome interaction with Acacia ancistrocarpa, thus, 

native microbiome-native plant interactions might well differ across plant species. 

Furthermore, such interactions can also change if working with an assemblage of native plants 

instead of individuals.  A move toward poly-species plant assemblages would increase real 

world relevance. 

Ongoing work and future research priorities include: 

(i) In silico mining of all genes involved in the nitrogen cycle through HMM 

algorithms coupled with q-PCR will deliver deeper understanding of the health 

of key biogeochemical cycles in post-mining substrates 

(ii) Enrichments of identified AOAs are been carried out in order to isolate and fully 

resolve their genetic potential. We currently are analysing MAGs retrieved from 

this environment relating to key AOAs detected.  

(iii) Enrichments with 15N-ammonium chloride have been applied and DNA-SIP 

enabled metagenomes being performed to link enriched microorganisms with 

ammonia oxidation. 
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(iv) Identification and isolation of relevant microorganisms for restoration practices 

which can later be used as SMIs.  

6.3 CONCLUDING REMARKS 

While the upgrade of metal extraction and/or refinery protocols can be achieved –at least in 

part – simply by using bigger or faster machinery, upgrading restoration protocols cannot 

follow the same path. They demand gaining a deeper knowledge about the functioning of the 

ecosystem in order to aid, boost, bypass or amend a given environment; a more demanding, 

time-consuming process when compared to the engineering side. Yet, both advances need to 

be in tandem, so we can provide more resources to a growing population, but equally preserve 

our ecosystems for future generations. 

The studies presented here aimed to advance our understanding of belowground ecological 

processes governing the restoration of post-mining substrates. They show that despite 

profound changes in taxonomic composition when the topsoil’s microbiome gets exposed to 

tailings formulations, they manage to retain similar level of functional diversity. This is 

particularly true for ammonia oxidation, as AOAs take over when AOBs are physiologically 

constrained within the tailings substrate. However, taxonomic composition of the microbiome 

does impact seed emergence, and therefore will have consequences for aboveground 

diversity. Therefore, maintaining and cultivating natural communities, or, minimizing abrupt 

changes throughout the restoration process needs to be considered.  

In the coming years, NGS, whole genome sequencing (WGS) and ancillary technologies will 

continue to provide greater insights into the belowground processes occurring during mine 

site restoration which will help ecologists, practitioners, industry and stakeholders to develop 

reliable restoration protocols to meet the required restoration targets in a more targeted and 

efficient way
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APPENDIX I. SUPPLEMENTARY MATERIAL  

SUPPLEMENTARY FIGURE 1 

 

Supplementary Fig. 1. Location of mine site and the adjacent reference site. The sampling locations for reference site 
samples are indicated with pins (different colours represent different transects). 

1000 m 
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SUPLLEMENTARY TABLE 1 
  

Supplementary Table 1.  Chemical characteristics of different substrate blends. T (0,1 and 4) represents different time points (in weeks), S(100, 50, 25, 10) 
represents percentage of topsoil in substrate blends and R refers to reference site samples 
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SUPPLEMENTARY TABLE .2 

 
 
 
 
 
 
 
 
 
 
 

Supplementary Table 2. Analysis of Variance of chemical parameters between different substrate blends (S10-
100). Means are followed by different letters are significantly different at p<0.05

 Treatment 

Factor S10 S25 S50 S100 

Ammonium Nitrigen 0.83 b 1.00 b 1.33 b 7.50  a 

Nitrate Nitrogen 3 b 5  a b 7.33 a b 10 a 

Phosphorus (Colwell) 3 a 3 a 3 a 3.33 a 

Potassium (Colwell) 2819 a 2648.67 b 2143 c 591.33 d 

Sulphur 73.07 a 75.53 a 85.6 a 71.4 a 

Organic Carbon 0.31 c 0.37 bc 0.5 ab 0.61 a 

Conductivity 0.28 a 0.31 a 0.36 a 0.39 a 

pH (CaCl2) 8.1 a 8.06 a 7.9 a 6.23 b 

Copper 1 a 1.09 a 1.06 a 1.54 a 

Iron 49.77 a 45.29 a 36.42 a 28.03 a 

Manganese 11.18 a 12.35 a 13.45 a 25.47 a 

Zinc 1.12 a 1.17 a 0.92 ab 0.76 b 

Exc. Aluminium 0.03 b 0.04 b 0.07 b 0.31 a 

Exc. Calcium 3.84 b 4.01 b 4.38 a 2.03 c 

Exc. Magnesium 0.44 b 0.47 b 0.54 b 0.72 a 

Exc. Potassium 1.41 a 1.39 a 1.36 a 0.95 b 

Exc. Sodium 0.46 a 0.56 a 0.69 a 0.81 a 

Boron 0.66 b 0.64 b 0.73 b 1.19 a 
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SUPPLEMENTARY TABLE 3 
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Supplementary Table 3. Similarity percentage (SIMPER) analysis of major taxa (at the level 
of Order) contributing to dissimilarity between different substrate blends. 
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SUPPLEMENTARY FIGURE 2 

 
 
 
 
 
 
 

Supplementary Fig. 2. Heat map comparing relative abundance of taxa (at the Order level) between different substrate blends and reference site samples. 
RS– Reference site samples; SB (100,50, 25 and 10) refers to different substrate blends. T0, T1 and T4 correspond to time zero, one week and four weeks after 

incubation. 
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SUPPLEMENTARY FIGURE 3 

  

Supplementary Fig. 3. Schematic representation of the dissimilarity percentages between reference 
site (RS) samples and different substrate blends (SB) based on similarity percentage (SIMPER) 

analysis of BAC composition (based at the level of Order). The width of the ribbon 
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SUPPLEMENTARY FIGURE 4 

Supplementary Fig.4. Stacked bar chart representing the difference in taxa within all domains (at the phylum level) based on metagenome 
sequences (annotated using RefSeq database). 
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SUPPLEMENTARY FIGURE 5 
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Supplementary Fig. 5(a-j). Extended bar charts representing difference in proportion of taxa based on metagenome sequences (at order level 
and greater than 0.5%) that are significantly different (P-value > 0.05) between the groups (reference site and substrate blend samples). RS 

represents the soil samples from the reference site and SB (10, 25, 50 and 100) refers to different substrate blends. 
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SUPPLEMENTARY FIGURE 6

Supplementary Fig. 6. Principal co-ordinates plot based on metabolic gene profiles obtained from different metagenomes (at 
SEED subsystem Level 3). RS represents the soil samples from the reference site and SB (100. 50, 25 and 10) indicates different 

substrate blends. 
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SUPPLEMENTARY FIGURE 7 

 
 
 

Supplementary Fig. 7. Phylogenetic placement of 16S rRNA gene sequences that were assigned to 
the archaeal domain. Diameter of the blue circles represent the relative abundance of sequences 

placed in that particular position. 



APPENDIX I 

132 

 

Supplementary Fig. 8. Extended bar charts representing SEED subsystem categories (at level 1) that are significantly different (P-value > 
0.05) between the groups (reference site and substrate blend samples). RS represents the soil samples from the reference site and SB (25, 50 

and 100) 

SUPPLEMENTARY FIGURE 8 
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APPENDIX II. SUPPLEMENTARY MATERIAL FOR CHAPER 4 

SUPPLEMENTARY TABLE 4 

Sample ID  P S Org. C Conductivity pH  Cu Fe Mn Zn Al Mg 

 units mg/kg mg/kg % dS/m H2O mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
             

T1.1  2 12.3 0.61 0.016 4.9 1.48 22.39 4.31 0.72 80.73 50.4 

T1.2   2 9.1 1.24 0.021 5.3 0.94 55.7 9.1 0.57 58.95 99.6 

T1.3  3 11.4 0.97 0.032 5.6 0.94 10.78 13.35 0.47 31.95 121.2 

T1.4   3 17.8 0.51 0.039 5 0.73 8.41 2.49 0.45 55.98 40.8 

T1.5  3 17.3 0.53 0.066 4.9 0.78 8.9 2.64 0.49 55.08 43.2 

T1.6   2 16.4 0.61 0.076 4.7 0.85 17.51 3.72 0.46 62.64 74.4 

T1.7  3 24 0.47 0.12 5.7 1.42 10.84 4.71 1.11 17.82 76.8 

T2.2   2 7 0.81 0.012 5.5 1.18 21.15 7.51 0.58 41.22 172.8 

T2.4  2 8.6 1.04 0.031 5.3 1.21 16.81 15.96 0.98 56.61 58.8 

T2.6   2 7.3 0.33 0.014 5.5 0.64 9.25 6.03 0.31 36.63 90 

T2.7  2 19.8 0.25 0.014 5.2 0.86 10.47 16.93 0.34 38.52 94.8 

T3.1   3 11.3 1.3 0.02 5 0.83 46.92 4.14 0.6 70.83 85.2 

T3.2  3 13.1 1.33 0.04 5.2 1.22 29.93 16.65 0.72 55.53 106.8 

T3.4   3 13.9 0.74 0.024 4.7 0.89 24.99 4.56 0.35 113.4 31.2 

T3.5  3 14.3 0.72 0.021 4.8 0.91 22.76 1.21 0.41 92.52 34.8 
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Supplementary Table 4. Soil chemical parameters across reference sites and incubated samples. 

T4.2   2 13.4 1 0.018 4.8 1.22 14.83 4.94 0.73 87.39 46.8 

T4.3  4 13.5 1.15 0.026 4.9 1.28 22.88 3.15 0.88 72.18 34.8 

T4.6   2 8.2 1.24 0.024 5.1 1.06 45.64 6.86 0.8 53.28 138 

T4.7  3 10.4 1.01 0.034 5.4 1.4 9.3 20.22 0.68 51.3 69.6 

S.top.1   2.3 55 0.66 0.027 6.1 1.5 57 20 0.7 520 75 

S.top.2  2.5 77 0.65 0.032 5.9 1.7 61 21 0.9 550 87 

S.top.3   2.7 79 0.72 0.039 5.9 1.6 60 26 1.1 550 91 

S.bot.1  2.5 59 0.67 0.02 5.9 1.9 60 22 1.2 550 73 

S.bot.2   2.5 61 0.6 0.036 5.9 1.5 56 22 1.7 520 82 

S.bot.3  2.4 78 0.61 0.031 5.8 1.7 64 22 0.8 550 84 

O.top.1   2.9 140 0.59 0.057 7.1 1.6 120 22 1.1 510 100 

O.top.2  3.7 35 0.6 0.026 7.9 1.1 240 24 1.5 450 92 

O.top.3   4.3 29 0.61 0.026 8.1 0.8 280 26 2 420 100 

O.bot.1  11 23 0.16 0.017 9.5 1.2 550 45 4.5 43 120 

O.bot.2   12 180 0.17 0.057 9.3 1.2 550 44 4.9 42 150 

O.bot.3  11 19 0.15 0.017 9.5 1.1 550 44 4 41 120 

T.top.1   12 39 0.16 0.018 9.5 1.4 550 49 5.9 48 140 

T.top.2  12 98 0.17 0.031 9.4 1.6 550 51 6.4 49 160 

T.top.3   12 39 0.17 0.018 9.5 1.5 550 49 5.9 47 140 

T.bot.1  12 18 0.21 0.014 9.5 1.4 550 49 5.2 48 130 

T.bot.2   11 84 0.16 0.028 9.3 1.3 550 50 5.9 47 140 

T.bot.3  11 52 0.15 0.02 9.4 1.4 550 48 6.6 47 140 
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SUPPLEMENTARY FIGURE 9 

Supplementary Fig. 9. Draftman plot showing all pairwise Pearson correlations based on soil chemistry. 
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SUPPLEMENTARY DATA 1 
 

a.PERMANOVA 
Permutational MANOVA 
Resemblance worksheet 
Name: Resem1 PERMANOVA type 
Data type: Distance 
Selection: All 
Normalise 
Resemblance: D1 Euclidean distance 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Unrestricted permutation of 
raw data 
 
Number of permutations: 9999 
Factors 
 
Name Abbrev. Type Levels 
type ty Fixed      4 
 
PERMANOVA table of results 
                          
         Unique        
Source df     SS     MS Pseudo-F
 P(perm)  perms  P(MC) 
ty  3 282.81  94.27    18.66
  0.0001   9916 0.0001 
Res 42 212.19 5.0521         
                       
Total 45    495                
                       
 
Details of the expected mean squares (EMS) for the 
model 
Source EMS 
ty 1*V(Res) + 8.8696*S(ty) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean 
squares 
Source Numerator Denominator
 Num.df Den.df 
ty 1*ty 1*Res      3
     42 
 
Estimates of components of variation 
Source Estimate Sq.root 
S(ty)   10.059  3.1716 
V(Res)   5.0521  2.2477 
 
 
 
 
 

 
 
 
 
 

b.PERMANOVA 
Permutational MANOVA 
Resemblance worksheet 
Name: PERMANOVA layer 
Data type: Distance 
Selection: All 
Normalise 
Resemblance: D1 Euclidean distance 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Unrestricted permutation of 
raw data 
 
Number of permutations: 9999 
Factors 
 
Name Abbrev. Type Levels 
layer la Fixed      7 
 
PERMANOVA table of results 
                          
         Unique        
Source df     SS     MS
 Pseudo-F P(perm)  perms  P(MC) 
la  6 304.94 50.824   
10.429  0.0001   9898 0.0001 
Res 39 190.06 4.8733         
                       
Total 45    495                
                       
 
Details of the expected mean squares (EMS) for 
the model 
Source EMS 
la 1*V(Res) + 4.6304*S(la) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean 
squares 
Source Numerator Denominator
 Num.df Den.df 
la 1*la 1*Res      6     39 
 
Estimates of components of variation 
Source Estimate Sq.root 
S(la)   9.9236  3.1502 
V(Res)   4.8733  2.2075 
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c.Pairwise PERMANOVA 
Permutational MANOVA 
 
Resemblance worksheet 
Name: PERMANOVA layer 
Data type: Distance 
Selection: All 
Normalise 
Resemblance: D1 Euclidean distance 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Unrestricted permutation of raw data 
Number of permutations: 9999 
Factors 
Name Abbrev. Type Levels 
 
layer la Fixed      7 
 
PAIR-WISE TESTS 
                 Unique        
Groups       t P(perm)  perms  P(MC) 
ref, S.top  2.4436  0.0023   4009 0.0017 
ref, S.bot  2.5182   0.002   3998 0.0008 
ref, O.top  2.5853  0.0014   4000  0.001 
ref, O.bot  3.7238  0.0002   4011 0.0001 
ref, T.top  4.0626  0.0004   4018 0.0001 
ref, T.bot  3.9184  0.0003   4000 0.0001 
S.top, S.bot 0.82712  0.9022     10 0.5774 
S.top, O.top  1.8861  0.2014     10 0.0945 
S.top, O.bot  4.7866   0.096     10 0.0021 
S.top, T.top  8.9614  0.0978     10 0.0002 
S.top, T.bot  7.2784  0.1021     10 0.0006 
S.bot, O.top  1.9361  0.2041     10 0.0817 
S.bot, O.bot  4.5283  0.1008     10  0.003 
S.bot, T.top  7.5323  0.0917     10 0.0002 
S.bot, T.bot  6.4254  0.0994     10 0.0008 
O.top, O.bot  2.6462  0.0995     10 0.0169 
O.top, T.top  3.6513   0.094     10  0.004 
O.top, T.bot  3.3222  0.0971     10 0.0079 
O.bot, T.top 0.96367  0.4988     10 0.4143 
O.bot, T.bot 0.62267     0.8     10 0.6291 
T.top, T.bot 0.61939  0.7006     10 0.6338 
 
Denominators 
 
Groups Denominator Den.df 
ref, S.top 1*Res     29 
ref, S.bot 1*Res     29 
ref, O.top 1*Res     29 
ref, O.bot 1*Res     29 
ref, T.top 1*Res     29 
ref, T.bot 1*Res     29 
S.top, S.bot 1*Res      4 
S.top, O.top 1*Res      4 
S.top, O.bot 1*Res      4 
S.top, T.top 1*Res      4 
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S.top, T.bot 1*Res      4 
S.bot, O.top 1*Res      4 
S.bot, O.bot 1*Res      4 
S.bot, T.top 1*Res      4 
S.bot, T.bot 1*Res      4 
O.top, O.bot 1*Res      4 
O.top, T.top 1*Res      4 
O.top, T.bot 1*Res      4 
O.bot, T.top 1*Res      4 
O.bot, T.bot 1*Res      4 
T.top, T.bot 1*Res      4 
 
 
 
Average Distance between/within groups 
    ref   S.top  S.bot  O.top  O.bot  T.top  T.bot 
ref 3.2569                                            
S.top 4.3588 0.78715                                    
S.bot 4.4866  0.8916  1.152                             
O.top 4.7811  2.3867 2.5633 2.2642                      
O.bot  6.269  5.3247 5.3137 4.2437 2.1491               
T.top 6.5373   5.194 5.1162 4.3275 1.8118 1.0201        
T.bot 6.3834  5.2062  5.141 4.2392 1.6893 1.0789 1.4235 
 
 
 
 

d.PERMANOVA 
Permutational MANOVA 
 
Resemblance worksheet 
Name: Resem2 
Data type: Similarity 
Selection: All 
Transform: Square root 
Resemblance: S17 Bray-Curtis similarity 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Unrestricted permutation of raw data 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
type ty Fixed      4 
 
PERMANOVA table of results 
                                  Unique        
Source df    SS     MS Pseudo-F P(perm)  perms  P(MC) 
ty  3 33672  11224   14.389  0.0001   9934 0.0001 
Res 33 25741 780.04                                
Total 36 59413                                       
 
Details of the expected mean squares (EMS) for the model 
Source EMS 
ty 1*V(Res) + 8.1081*S(ty) 
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Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
ty 1*ty 1*Res      3     33 
 
Estimates of components of variation 
Source Estimate Sq.root 
S(ty)   1288.1   35.89 
V(Res)   780.04  27.929 
 
 
 
 
 
 
 
 

e.PERMANOVA 
Permutational MANOVA 
 
Resemblance worksheet 
Name: Resem1 
Data type: Similarity 
Selection: All 
Transform: Square root 
Resemblance: S17 Bray-Curtis similarity 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Unrestricted permutation of raw data 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
layer la Fixed      7 
 
PERMANOVA table of results 
                                  Unique        
Source df    SS     MS Pseudo-F P(perm)  perms  P(MC) 
la  6 35711 5951.8   7.5331  0.0001   9908 0.0001 
Res 30 23702 790.08                                
Total 36 59413                                       
 
Details of the expected mean squares (EMS) for the model 
Source EMS 
la 1*V(Res) + 4.2973*S(la) 
Res 1*V(Res) 
 
Construction of Pseudo-F ratio(s) from mean squares 
Source Numerator Denominator Num.df Den.df 
la 1*la 1*Res      6     30 
 
Estimates of components of variation 
Source Estimate Sq.root 
S(la)   1201.1  34.658 
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V(Res)   790.08  28.108 
 
 
 
 
 

f.Pairwise PERMANOVA 
Permutational MANOVA 
 
Resemblance worksheet 
Name: Resem1 
Data type: Similarity 
Selection: All 
Transform: Square root 
Resemblance: S17 Bray-Curtis similarity 
 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Unrestricted permutation of raw data 
Number of permutations: 9999 
 
Factors 
Name Abbrev. Type Levels 
layer la Fixed      7 
 
PAIR-WISE TESTS 
 
Term 'la' 
 
                 Unique        
Groups       t P(perm)  perms  P(MC) 
ref, S.top  3.0214  0.0007   1538 0.0001 
ref, S.bot     2.8  0.0007   1534 0.0001 
ref, O.top  2.9554  0.0007   1539 0.0001 
ref, O.bot  3.2713  0.0007   1538 0.0001 
ref, T.top  3.6876  0.0005   1533 0.0001 
ref, T.bot  3.3129   0.001   1537 0.0001 
S.top, S.bot 0.87862  0.7037     10 0.5611 
S.top, O.top  1.0616  0.2989     10 0.3736 
S.top, O.bot  1.7937   0.099     10 0.0507 
S.top, T.top  2.5998  0.0976     10 0.0121 
S.top, T.bot  1.9803   0.096     10 0.0379 
S.bot, O.top  1.0728  0.4056     10 0.3722 
S.bot, O.bot  1.7448  0.0936     10 0.0551 
S.bot, T.top  2.5431  0.1024     10  0.014 
S.bot, T.bot  1.9661  0.1017     10 0.0368 
O.top, O.bot  1.2547  0.1941     10  0.216 
O.top, T.top  1.8876  0.0991     10  0.043 
O.top, T.bot  1.4704  0.1995     10 0.1221 
O.bot, T.top  1.1525  0.2923     10  0.304 
O.bot, T.bot 0.78877  0.6962     10 0.6286 
T.top, T.bot 0.91903  0.4912     10 0.4845 
 
Denominators 
Groups Denominator Den.df 
ref, S.top 1*Res     20 
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ref, S.bot 1*Res     20 
ref, O.top 1*Res     20 
ref, O.bot 1*Res     20 
ref, T.top 1*Res     20 
ref, T.bot 1*Res     20 
S.top, S.bot 1*Res      4 
S.top, O.top 1*Res      4 
S.top, O.bot 1*Res      4 
S.top, T.top 1*Res      4 
S.top, T.bot 1*Res      4 
S.bot, O.top 1*Res      4 
S.bot, O.bot 1*Res      4 
S.bot, T.top 1*Res      4 
S.bot, T.bot 1*Res      4 
O.top, O.bot 1*Res      4 
O.top, T.top 1*Res      4 
O.top, T.bot 1*Res      4 
O.bot, T.top 1*Res      4 
O.bot, T.bot 1*Res      4 
T.top, T.bot 1*Res      4 
 
Average Similarity between/within groups 
    ref  S.top  S.bot  O.top  O.bot  T.top  T.bot 
ref  58.94                                           
S.top 35.872  72.49                                    
S.bot 38.476  71.63 68.792                             
O.top 35.091 67.832 66.093 64.789                      
O.bot 28.797 54.916 53.632 59.228 60.576               
T.top 23.945 47.873  45.81 53.682 62.123 67.331        
T.bot 27.806 50.923     49 55.101  62.77 64.878 59.766 
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g.BEST 
Biota and/or Environment matching 
 
Resemblance worksheet 
Name: Resem3 
Data type: Similarity 
Selection: All 
 
Data worksheet 
Name: BEST chem transf+norm 
Data type: Environmental 
Sample selection: All 
Variable selection: All 
 
Parameters 
Correlation method: Spearman rank 
Method: BIOENV 
Maximum number of variables: 5 
Analyse between: Samples 
Resemblance measure: D1 Euclidean distance 
 
VARIABLES 
Log(P) Trial 
Log(S) Trial 
Sqr(Org. C) Trial 
Log(Conductivity) Trial 
Log(pH) Trial 
Cu Trial 
Log(Fe) Trial 
Sqr(Mn) Trial 
Log(Zn) Trial 
Log(Al) Trial 
Log(Mg) Trial 
 
Best result for each number of variables 
No.Vars    Corr. Selections 
      1    0.749 Log(Fe) 
      2    0.768 Log(Fe),Sqr(Mn) 
      3    0.813 Log(S),Log(Fe),Sqr(Mn) 
      4    0.809 Log(S),Log(pH),Log(Fe),Sqr(Mn) 
      5    0.803 Log(S),Log(pH),Log(Fe),Sqr(Mn),Log(Zn) 
 
Global Test 

Sample statistic (Rho): 0.813 
Significance level of sample statistic: 0.01% 
Number of permutations: 9999 (Random sample) 
Number of permuted statistics greater than or equal to Rho: 0 
 
Best results 
No.Vars    Corr. Selections 
      3    0.813 Log(S),Log(Fe),Sqr(Mn) 
      4    0.809 Log(S),Log(pH),Log(Fe),Sqr(Mn) 
      4    0.807 Log(S),Log(Fe),Sqr(Mn),Log(Zn) 
      5    0.803 Log(S),Log(pH),Log(Fe),Sqr(Mn),Log(Zn) 
      5    0.799 Log(S),Log(pH),Cu,Log(Fe),Sqr(Mn) 
      3    0.798 Log(S),Log(pH),Log(Fe) 
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      3    0.798 Log(S),Log(pH),Sqr(Mn) 
      5    0.797 Log(pH),Log(Fe),Sqr(Mn),Log(Zn),Log(Al) 
      5    0.797 Log(S),Sqr(Org. C),Log(pH),Log(Fe),Sqr(Mn) 
      5    0.796 Log(S),Log(pH),Log(Fe),Sqr(Mn),Log(Al) 
 
Outputs 
Plot: Graph2 
 

 
 

Supplementary File II.1.(a-g). Statistical output from PERMANOVA and BEST routines. (a-b) shows 
PERMANOVA based on soil chemistry using type and layer as factor respectively.  (c) shows results 

from a pairwise PERMANOVA factorized by layer. (d-f) shows similar results and following the same 
order but for 16S rRNA amplicon dataset. (g) shows output from BEST routine.
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APPENDIX III. SUPPLEMENTARY MATERIAL FOR CHAPER 5 

SUPPLEMENTARY DATA 2. 

a.ANOSIM Soil 
chemistry           

              
One-Way - A           
              
Resemblance worksheet           
Name: Resem5           
Data type: Distance           
Selection: All           
              
Factors             
Place   Name Type Levels     
A   Treatment Unordered 6     
              
Treatment levels           
Control             
Basal             
Both             
Microbes           
Nitrogen           
Soil+Inoculum           
              
Tests for differences between unordered Treatment groups     
Global Test           
Sample statistic (R): 0.881           
Significance level of sample statistic: 0.01%       
Number of permutations: 9999 (Random sample from 190590400)     
Number of permuted statistics greater than or equal to R: 0     
              
Pairwise Tests           

            R Significance     Possible       Actual 
Number 
>= 

Groups   Statistic      Level % Permutations Permutations  Observed 
              

Control, Basal 0.889 10 10 10 1 
Control, Both 1 10 10 10 1 

Control, Microbes 0.889 10 10 10 1 
Control, Nitrogen 0.481 10 10 10 1 

Control, Soil+Inoculum 1 10 10 10 1 
Basal, Both 1 10 10 10 1 

Basal, Microbes 1 10 10 10 1 
Basal, Nitrogen 1 10 10 10 1 

Basal, Soil+Inoculum 1 10 10 10 1 
Both, Microbes 0.778 10 10 10 1 
Both, Nitrogen 1 10 10 10 1 

Both, Soil+Inoculum 1 10 10 10 1 
Microbes, Nitrogen 1 10 10 10 1 
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Microbes, Soil+Inoculum 1 10 10 10 1 
Nitrogen, Soil+Inoculum 1 10 10 10 1 

              
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b.Cluster Analysis. Soil chemistry       

            
CLUSTER           
Hierarchical Cluster analysis       
            
Resemblance worksheet         
Name: Resem11         
Data type: Distance         
Selection: All         
            
Parameters         
Cluster mode: Group average       
            
Simprof test         
Data worksheet         
Name: Data6         
Data type: Environmental         
Sample selection: All         
Variable selection: All         
            
Simprof Parameters         
Type 1 (Analyse: Samples - Permute within: Variables)   
Number of permutations: 9999       
Significance level: 5%         
Resemblance:         
Resemblance measure: D1 Euclidean distance     
  
 
 
 

  
 
          

 
 
 
 
 
 
 
 
 
  
 
Samples       

1 Basal.1     
2 Basal.2     
3 Basal.3     
4 Control.1     
5 Control.2     
6 Control.3     
7 Microbes+Nitrogen.1   
8 Microbes+Nitrogen.2   
9 Microbes+Nitrogen.3   

10 Microbes.1     
11 Microbes.2     
12 Microbes.3     
13 Nitrogen.1     
14 Nitrogen.2     
15 Nitrogen.3     
16 Inoculum.1     
17 Inoculum.2     
18 Inoculum.3     

Supplementary File III.1. Statistical data as shown in Primer-E 7. (a) shows ANOSIM based on soil 
chemical parameters, while (b and c) shows Hierarchical clustering analysis on soil chemistry and 

amplicon sequencing datasets respectively.  
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Combining         
2+3 -> 19 at 1.17         
13+15 -> 20 at 1.21         
16+17 -> 21 at 1.75         
7+9 -> 22 at 1.75         
14+20 -> 23 at 1.76         
8+22 -> 24 at 2.09         
19+23 -> 25 at 2.19         
11+12 -> 26 at 2.23         
18+21 -> 27 at 2.65; Pi: 0.18 Sig(%): 24.5     
4+5 -> 28 at 2.7         
10+26 -> 29 at 2.71         
24+29 -> 30 at 3.28; Pi: 0.18 Sig(%): 11.4     
1+25 -> 31 at 3.51; Pi: 0.14 Sig(%): 46.5       
6+28 -> 32 at 4.28; Pi: 0.25 Sig(%): 24.3       
30+31 -> 33 at 4.36; Pi: 0.38 Sig(%): 0.01     
32+33 -> 34 at 5.93; Pi: 0.55 Sig(%): 0.01     
27+34 -> 35 at 6.56; Pi: 0.68 Sig(%): 0.01     
            
Cophenetic correlation: 0.88023 
        

c.Cluster Analysis. Relative abundance     

            
CLUSTER           
Hierarchical Cluster analysis       

           
Resemblance worksheet         
Name: Resem13         
Data type: Similarity         
Selection: All         

           
Parameters         
Cluster mode: Group average       
            
Simprof test         
Data worksheet         
Name: Data7         
Data type: Abundance         
Sample selection: All         
Variable selection: All         
            
Simprof Parameters         
Type 1 (Analyse: Samples - Permute within: Variables)   
Number of permutations: 9999       
Significance level: 5%         
Resemblance:         
Resemblance measure: S17 Bray-Curtis similarity     
            
Samples           

1 Inoculum.1       
2 Inoculum.2       
3 Inoculum.3       
4 Basal.1       
5 Basal.2       
6 Basal.3       
7 Control.1       
8 Control.2       
9 Control.3       

10 Microbes+Nitrogen.1     
11 Microbes+Nitrogen.2     
12 Microbes+Nitrogen.3     
13 Microbes.1       
14 Microbes.2       
15 Microbes.3       
16 Nitrogen.1       
17 Nitrogen.2       
18 Nitrogen.3       
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Combining         
8+9 -> 19 at 86.46; Pi: 0 Sig(%): 100       
7+19 -> 20 at 84.95; Pi: 0.81 Sig(%): 1.9       
11+13 -> 21 at 83.14         
17+18 -> 22 at 82.46         
14+15 -> 23 at 82.32         
16+22 -> 24 at 81.74; Pi: 0.3 Sig(%): 59.5     
21+23 -> 25 at 81.45         
4+6 -> 26 at 80.58; Pi: 0 Sig(%): 100       
5+24 -> 27 at 79.51; Pi: 0.92 Sig(%): 0.6       
12+25 -> 28 at 79.27; Pi: 0.51 Sig(%): 6.5     
1+2 -> 29 at 78.59; Pi: 0 Sig(%): 100       
26+27 -> 30 at 77.91; Pi: 1.37 Sig(%): 0.01     
28+30 -> 31 at 74.33; Pi: 1.99 Sig(%): 0.01     
3+29 -> 32 at 72.33; Pi: 1.58 Sig(%): 3.5       
20+31 -> 33 at 68.8; Pi: 3.48 Sig(%): 0.01     
10+33 -> 34 at 63.82; Pi: 4.08 Sig(%): 0.01     
32+34 -> 35 at 55.19; Pi: 6.81 Sig(%): 0.01     
            
Cophenetic correlation: 0.93493       
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SUPPLEMENTARY TABLE 5 

 

 

 
 

Supplementary Table 5. Soil chemical parameters of soils used within this experiment 
 
 
 
 

 pH EC Al Ca K Mg Na S Cu Fe Mn Zn NH4-N NOx-N 

 CaCl2 dS/m ex ex ex ex ex KCl-40 DTPA DTPA DTPA DTPA ex ex 

Inoculum 7.13 d 279.33 a 0.10 a 8.74 c 2.00 c 1.88 b 0.53 a 51.83 b 1.08 c 7.28 a 17.03 a 0.99 a 6.00 c 12.33 ed 
S.D. 0.06  75.08  0.03  0.21  0.18  0.10  0.08  7.99  0.02  0.89  1.03  0.02  0.00  5.51                               

Basal 7.74 ab 150.33 a 0.05 cd 9.84 ab 0.51 c 1.86 b 0.33 b 32.33 b 0.96 d 3.07 c 6.07 d 0.90 ab 7.30 bc 10.50 e 
S.D. 0.04  31.63  0.01  0.25  0.02  0.04  0.01  12.84  0.06  0.21  0.55  0.17  1.70  3.41                               

Control 7.77 ab 299.67 a 0.03 d 10.10 ab 0.50 c 2.20 a 0.13 c 242.43 a 0.82 e 2.90 c 7.23 c 0.80 b 4.20 c 20.00 bc 
S.D. 0.06  205.83  0.01  0.44  0.05  0.14  0.01  19.61  0.02  0.00  0.32  0.10  3.12  0.70                               

Nitrogen 7.81 a 154.20 a 0.07 bc 10.33 a 0.37 c 1.64 c 0.31 b 31.53 b 0.97 d 3.27 c 5.70 d 0.80 b 12.00 a 16.63 cd 
S.D. 0.04  3.83  0.02  0.25  0.04  0.05  0.02  8.89  0.02  0.38  0.26  0.00  2.96  3.67                               

Microbes 7.72 bc 197.10 a 0.10 ab 9.73 ab 0.98 b 1.81 b 0.30 b 45.20 b 1.19 b 6.27 b 9.13 b 0.87 ab 11.00 ab 23.17 b 
S.D. 0.06  9.98  0.03  0.67  0.01  0.10  0.04  21.75  0.08  0.21  0.23  0.06  2.08  2.75                               

Both 7.65 c 205.93 a 0.06 cd 9.43 b 0.95 b 1.60 c 0.27 b 41.77 b 1.28 a 7.87 a 10.03 b 0.97 a 13.23 a 39.10 a 
S.D. 0.00  2.51  0.01  0.30  0.01  0.06  0.02  16.74  0.03  0.97  0.12  0.06  3.88  2.57  
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