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Executive Summary 
In Queensland, the objective of mine rehabilitation is for land disturbed by mining to attain a ‘stable 
condition’, which is defined as land that is safe, structurally stable, does not cause environmental 
harm, and is able to sustain a post-mining land use (PMLU) (Environmental Protection Act 1994 (Qld) 
(EP Act), s111A). This paper outlines a framework that supports mine rehabilitation planning in 
Queensland where the desired PMLU is a native ecosystem. Biophysical limitations that influence the 
feasibility of native ecosystem outcomes (landform, climate, soil, fauna, regional connectedness) are 
discussed, and best practice approaches to overcome these limitations outlined.  

If biophysical conditions similar to those that existed pre-mining can be restored, then rehabilitation 
that targets natural historical ecosystems (Doley and Audet, 2013, 2016) is best practice. Within 
Queensland, such ecosystems must resemble a naturally occurring regional ecosystem (RE) (see 
Neldner et al 2019). Establishing historical ecosystems is best practice because it restores local 
species that have evolved for local conditions and the ecosystem is therefore more likely to be 
sustainable in the long-term with lower ongoing maintenance burdens (Gould, 2012; Guimarães et al., 
2013; Gastauer et al., 2019). Natural ecosystems also deliver the ecosystem services such as water 
supply, carbon sequestration, recreational and cultural areas and genetic resources (Costanza et al. 
2017) that are appropriate for and exist within the region naturally (e.g., Rosa et al. 2020). 

In some cases, mining disturbances fundamentally alter the abiotic and biotic conditions of sites, 
which can make restoring historical ecosystems impractical and/or unrealistic. We therefore expand 
this concept of natural rehabilitation to include substitute ecosystems, which allows for managers to 
select another RE within the bioregion that more closely resembles the post-mining conditions. 
Considering substitute ecosystems greatly broadens the range of native ecosystems that can be 
targeted, whilst utilising coevolved suites of species that will be consistent with the climate and 
landforms of each site’s bioregion. 

If biophysical limitations remain (or are predicted to remain) after utilisation of best practice 
rehabilitation methods to mitigate them, alternative native ecosystem rehabilitation targets may be 
feasible. Hybrid ecosystems (Higgs, 2017; Gwenzi, 2021) that are dominated by native species, are 
one example. Hybrid ecosystems represent a significant deviation from natural ecosystems, but their 
key ecosystem functions and attributes remain largely the same (Hobbs et al., 2009; Doley and 
Audet, 2013; Clement and Standish, 2018). One advantage of targeting hybrid ecosystems is that it 
allows for flexibility in species selection (e.g., a mixture of native species that do not naturally occur 
together) while still retaining enough naturally occurring attributes that, if desired later, the ecosystem 
can be manipulated to resemble a more natural ecosystem. For example, species can be selected 
based on traits that best suit post-mining conditions (e.g., that tolerate low nutrients and high salinity 
in soils) in order to quickly establish vegetation cover and habitat features. Over time, these 
biophysical limitations can decrease (e.g., through accumulation of organic matter) and through 
manipulations (e.g., selective thinning) the hybrid ecosystem may be able to be managed towards a 
more natural state over the long-term (Hallett et al., 2013; Hobbs et al., 2013).  

Another alternative option for native ecosystem rehabilitation is a planned novel ecosystem that 
meets specific human interests but is aligned with native ecosystem rehabilitation targets, such as 
biodiversity improvement (Higgs, 2017). Planned novel ecosystems may be targeted where (a) there 
are severe biophysical constraints and natural or hybrid ecosystems cannot be established, and (b) 
there is sufficient evidence that the planned novel ecosystem will deliver beneficial environmental 
outcomes (Environmental Protection Regulation 2019, Schedule 8A, part 3) above and beyond the 
fundamental requirement for land to be safe, structurally stable and not cause environmental harm. 
Examples include specific human-oriented uses, for example carbon sinks (Pietrzykowski and 
Daniels, 2014; Tripathi et al., 2016) or native seed orchards (Nichols et al., 1985; Gardner and Bell, 
2007; Annandale et al., 2021). 

There are some cases of established mine rehabilitation in Queensland that may be considered 
unplanned novel ecosystems. Unplanned novel ecosystems contain abiotic and biotic characteristics 
that do not occur in natural ecosystems  (Doley et al., 2012; Doley and Audet, 2013), and they are 
self-sustaining and have crossed theoretical ecological thresholds, meaning they cannot be 
transformed into natural ecosystems through management intervention (Erskine and Fletcher, 2013; 
Gastauer et al., 2018). Unplanned novel ecosystems may result from biophysical limitations, or 
because these limitations were not addressed through best practice rehabilitation methods during 
rehabilitation. By definition, these ecosystems are the unintended result of human actions (or 
inactions) and are not considered a best practice rehabilitation target for new rehabilitation sites.



 

 

 

 

Hybrid, planned novel and unplanned novel ecosystems inherently imply greater uncertainty in terms 
of ecosystem sustainability and resilience, compared to rehabilitated natural ecosystems. 
Furthermore, non-natural rehabilitated ecosystems will likely require increased ongoing management 
in the future, compared to natural (substitute or historical) ecosystems. Therefore, these alternative 
native ecosystem PMLUs should be considered with caution. 
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1. Introduction, scope and definitions 
The purpose of this report is to develop a framework to support life-of-mine decision-makers and 
rehabilitation planning professionals to compare and evaluate native ecosystem rehabilitation options, 
given the constraints and biophysical limitations imposed by mining disturbance. Rehabilitation of 
native ecosystems across highly disturbed landscapes may result in natural ecosystems (restored to 
the extent of historic succession trajectory), hybrid ecosystems (having some but not all 
characteristics of the natural/historic landscape, and some novel attributes), or novel ecosystems 
(new assemblies of abiotic and biotic attributes resulting in a stable alternative ecological form that 
does not resemble natural ecosystems—Doley et al. 2012, Doley and Audet 2013). This report also 
assesses the value of native ecosystem rehabilitation in the regional context for each of these 
possible outcomes and provides recommendations as to the adequacy of these outcomes and 
managing native ecosystem rehabilitation planning on mine sites within Queensland. We define 
“native species”, as those identified as such in the Queensland Plant Census (Brown, 2021), and 
“native ecosystem rehabilitation” as rehabilitation dominated by native species. For details regarding 
dominance and composition within Queensland’s native ecosystems, refer to Neldner et al. (2019) 
and Neldner et al. (2022). Exotic species are defined as those identified as ‘naturalised’ in the 
Queensland Plant Census (Brown, 2021) and an invasive weed as any species that threatens the 
achievement of rehabilitation objectives or the biodiversity values of regional ecosystems (REs). 

Restoration of natural ecosystems is the goal of restoration ecology (Clewell and Aronson, 2013; 
Standards Reference Group SERA, 2021) and is a common objective of mine rehabilitation in 
Australia. Completion criteria for mines often require the re-established vegetation to be comparable 
with remnant local areas or pre-mining baselines (Nichols, 2004; Shackelford et al., 2013; Erskine et 
al., 2019). This endeavour involves establishing (or setting a trajectory towards) the species 
composition, structure and function of a specific naturally occurring ecosystem (an RE within the 
Queensland framework — Neldner et al. 2019). Such restoration is appropriate when soils and other 
environmental conditions remain suitable (Lamb et al., 2015), or can be made so with targeted 
techniques and management inputs. Doley and Audet (2013, 2016) define rehabilitation/restoration of 
natural ecosystems as synonymous with establishing the pre-disturbance (i.e., historical) ecosystem. 
However, this definition is too restrictive as it ignores the option of substituting another naturally 
occurring RE. Here, we expand the definition of natural rehabilitated ecosystem targets to also include 
substitute native rehabilitation. A suitable substitute ecosystem necessarily must occur within the 
bioregion of the site, or within a neighbouring bioregion if geographically close e.g., within 30 km to a 
bioregion boundary as per the consideration for RE outliers (Neldner et al., 2022).  

Given that mining disturbances often fundamentally alter landscapes and the geological, pedological, 
hydrological, and topological conditions (Erskine and Fletcher, 2013; Paradella et al., 2015; McCaffrey 
et al., 2017; Hancock et al., 2020; Gwenzi, 2021), rehabilitation efforts may not be able to establish 
natural ecosystems that are similar to pre-mining historical ecosystems (Humphries and Tibbett, 2015; 
Gastauer et al., 2019). Substitute ecosystem targets may therefore be appropriate when differences 
between the physicochemical and biological characteristics of the pre-mining versus rehabilitated 
mine environments preclude restoration (sensu stricto) of the historical ecosystem (Doley et al., 
2012). For example, in mine types such as bauxite, where most of the disturbed material is product 
and is removed, the resulting landscape is lowered (Taylor et al., 2008); in such circumstances, 
substitution of a new RE vegetation community suitable to the altered soil depth and/or hydrological 
regime may be appropriate (Gould, 2011, 2012). Similarly, where mining creates waste rock dumps, 
substitute ecosystems that exist in areas topographically analogous to the new landform may be 
appropriate, such as vegetation typical of a local mesa instead of the rolling plains present prior to 
mining (Gillespie et al., 2015). Thus, the approach of ecosystem substitution greatly broadens the 
range of native ecosystems that can be targeted for rehabilitation, whilst pragmatically accounting for 
biophysical limitations that are imposed by the mining process and subsequent landscape 
reconstruction. 

Given the radical changes to almost every component of the landscape that mining disturbance 
causes, it has been proposed that rehabilitation to a natural ecosystem is an unrealistic outcome in 
some circumstances (Doley et al., 2012) and that novel rehabilitated ecosystems are an alternative 
stable form (Doley et al., 2012; Doley and Audet, 2013). Novel ecosystems contain community 
assemblages that have not existed naturally before; typically including both native and exotic species 
(Higgs, 2017). Novel ecosystems are stable ecosystems that often develop in highly disturbed sites 
as the unintended result of human alteration of the environment (Hobbs et al., 2014). Once 
established, management intervention cannot drive these ecosystems towards more natural states, 
therefore they are said to have crossed an irreversible disturbance threshold (Erskine and Fletcher, 
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2013; Gastauer et al., 2018).  

In contrast, intentionally created non-natural ecosystems are known as designed (or designer) 
ecosystem (Higgs, 2017). Designer ecosystems are goal-oriented, established to meet specific 
objectives with a primary focus on human interests (Ross et al., 2015), although these interests may 
relate to goals that align with native ecosystem rehabilitation, such as biodiversity improvement 
(Higgs, 2017). Designer ecosystems are thus the planned counterpart to novel ecosystems (Table 1).  

Sitting between natural and novel ecosystems are hybrid ecosystems (Higgs, 2017; Gwenzi, 2021). 
They represent a significant deviation from natural ecosystems, but their key ecosystem functions and 
attributes remain largely the same (Hobbs et al., 2009; Doley and Audet, 2013; Clement and 
Standish, 2018). The species assemblages that characterise hybrid ecosystems do not naturally 
occur (Gastauer et al., 2018), although in response to human activity some natural ecosystems may 
seem to be hybrid (e.g., REs that have an introduced grass species as the groundcover layer). A 
feature distinguishing hybrid ecosystems from novel ecosystems is that they may be manipulated to 
become a natural ecosystem (Hallett et al., 2013; Hobbs et al., 2013). Thus, if it is biophysical 
limitations (see section 3) that dictated the formation of the hybrid ecosystem then these limitations 
may be reversible, in contrast to the limitations dictating eventuation of novel ecosystems. Or if there 
are introduced species that make ecosystems hybrid, weed management can drive the system 
towards a more natural state. 

Hybrid, novel and designer ecosystems are collectively termed no-analogue (Seastedt et al., 2008; 
Hobbs et al., 2013; Evers et al., 2018) ecosystems. Importantly, the distinction between natural, novel 
and hybrid is somewhat arbitrary and difficult to define precisely. As these definitions were originally 
developed to explain ecosystems that develop in disturbed unmined landscapes, the concepts should 
be applied to mine rehabilitation planning with care (Hobbs et al., 2009; Doley and Audet, 2016). 
Table 1 summarises the definitions relevant to native ecosystem rehabilitation of mine sites in 
Queensland. 

 
Table 1. Rehabilitated native ecosystem classes, characteristics and management 
considerations 

Native 
ecosystem 
class 

Subclass Characteristics of the rehabilitated native 
ecosystem 

Management 
considerations 

Natural Historic Abiotic and biotic characteristics of the RE that 
was present pre-mining. 

Post-mining management 
expected to be similar to 
management of pre-mining 
RE. 

Natural Substitute Abiotic and biotic characteristics that differ from 
those in the pre-mining RE, but analogous to 
another RE within the bioregion. 

Post-mining management 
expected to be similar to 
management of REs in the 
surrounding bioregion. 

Hybrid n/a Ecosystem functions are similar to an RE, but 
ecosystem is characterised by unique attributes 
that are not found in an RE. These unique aspects 
can be overcome by management to move the 
ecosystem towards an RE. 

Management action can be 
taken to manipulate these 
systems towards an RE. 

Novel Unplanned The unintentional result of attempts to establish an 
RE where biophysical limitations or rehabilitation 
techniques have resulted in a unique and stable 
assemblage that does not have an analogous RE. 
These unique aspects cannot be managed to 
move the ecosystem towards an RE. 

Stable ecological form that 
cannot be manipulated to 
become an RE via 
management intervention. 

Novel Planned A planned native ecosystem that meets specific 
ecosystem services objectives but has no RE 
analogue (i.e., it is intentionally novel). Also known 
as a designer ecosystem. 

Self-sustainability 
unknown, though expected 
to require management. 
Cannot be manipulated to 
become a RE. 
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2. Framework for decision-makers and rehabilitation 
planning professionals 

Rehabilitation must return disturbed land that is safe, structurally stable, does not cause 
environmental harm, and is able to sustain a PMLU (Environmental Protection Act 1994 (Qld) (EP 
Act), s111A). Where the PMLU is native ecosystem, we have developed a hierarchical flowchart 
(Figure 1) to support best practice decision-making. The flowchart is intended for use where native 
ecosystem rehabilitation is the primary or only PMLU. While some rehabilitation will incorporate other 
PMLUs in addition to native ecosystems (e.g., grazing), this flowchart was designed to support native 
ecosystem PMLUs.  

Figure 1 implies a preference to restore native biodiversity and functionality as faithfully as possible 
(Lamb et al., 2015). This does not mean that restoration of historical ecosystems should be the 
objective in all cases, given that there are limits to resources and technical capacities. Rather, a case-
by-case approach is warranted, involving an evaluation of feasibility based on the biophysical 
limitations (see section 3 for details), and utilising an evidence-based decision framework (e.g., 
Murcia et al. 2014). 

Native ecosystem rehabilitation favours endemic species, but there is a spectrum of endemicity. 
Utilising local species is a higher priority than utilising species from the general bioregion or even from 
further afield (Figure 1). Within our framework, historical is at the top of the native ecosystem 
rehabilitation hierarchy as it achieves the highest level of endemicity, (i.e., restoration of the pre-
mining RE; Miller et al. 2016). The next level in the hierarchy is substitute as that aims to restore a 
specific RE, but not the one that was present historically. Ecosystem targets beyond the bioregion in 
which the mine occurs, or within 30 km (Neldner et al. 2022), would not generally be considered as 
substitute candidates.   

Natural ecosystem rehabilitation is regarded as best practice. Since these community assemblages 
evolved in the landscape, they are pre-adapted to historical climatic conditions and disturbance 
regimes. In addition, the species associations are known to function together and be self-sustaining 
(Cooke and Johnson, 2002; Gould, 2012). Natural ecosystem rehabilitation restores a local 
community, thereby achieving native biodiversity values at the level of ecosystem type. Finally, 
natural ecosystem rehabilitation has the highest conservation value and, once established, the lowest 
requirement for ongoing management (Guimarães et al., 2013; Gastauer et al., 2019). Where 
rehabilitation to natural ecosystems is successful, these ecosystems also deliver the ecosystem 
services—the processes and functions that benefit people either directly or indirectly such as water 
supply, carbon sequestration, pollination, biological control of pests, recreational and cultural areas 
and genetic resources (Costanza et al. 2017) that are appropriate for and exist within the region 
naturally (Rosa et al., 2020).  

It is recommended that post-mining conditions be carefully assessed, then compared to existing 
conditions of local and bioregional REs, to determine which rehabilitation target is most appropriate. 
Successful mine rehabilitation to natural ecosystems of both the historical and substitution types has 
been achieved (e.g., Milton 2003, Grant and Koch 2007, Koch 2007) but has required substantial 
intervention (e.g., careful recovery and reuse of soils and appropriate reconstruction of landform, 
water resources and drainage conditions; Gardner and Stoneman 2003, Grant and Koch 2007, 
Humphries and Tibbet 2015, Lamb et al. 2015). Refer to Table 2 for examples of best practice 
methods for native ecosystem rehabilitation of mines. Rehabilitating to a natural state is likely to 
require more effort in the short-term (decades—Milton 2003) but requires lower ongoing management 
into the future (Guimarães et al., 2013). 

Lower in the hierarchy are hybrid and novel (both unplanned and planned) ecosystems (Figure 1). 
These ecosystems inherently imply greater uncertainty in terms of sustainability and resilience, and 
less similarity to Queensland’s indigenous native ecosystems. All PMLUs in Queensland must be 
viable with regard to the surrounding land use and either consistent with the pre-mining land use, 
consistent with a development approval or planning instrument, or aimed at delivering a beneficial 
environmental outcome (Environmental Protection Regulation 2019, Schedule 8A, part 3). Since 
hybrid and novel ecosystems are not consistent with how the land was used prior to mining, it follows 
that there must be sufficient evidence that they deliver beneficial environmental outcomes for them to 
be considered PMLUs. Such beneficial environmental outcomes are in addition to the requirement for 
rehabilitated land to be safe, structurally stable, and not cause environmental harm. 

Hybrid rehabilitated native ecosystems may be native hybrid or exotic–native hybrid; both are 
common in Australian mine rehabilitation. Native hybrid ecosystems are rehabilitated areas 
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dominated by native species but with a floristic composition that does not occur in nature (e.g., co-
dominant native species that do not occur within the same RE). Exotic–native hybrid ecosystems are 
characterised by both exotic and native species and would not be considered native ecosystems if 
dominated by exotics. Targeting hybrid ecosystems as part of rehabilitation allows for flexibility in 
species selection while still retaining enough naturally occurring attributes that, if desired later, they 
can be manipulated to resemble a natural ecosystem. For example, species can be selected based 
on traits that best suit post-mining conditions (e.g., that tolerate low nutrients and high salinity in soils) 
in order to quickly establish vegetation cover and habitat features. Over time, these biophysical 
limitations can decrease (e.g., through accumulation of organic matter) and through manipulations 
(e.g., selective thinning) and the hybrid ecosystem can become a more natural ecosystem. Regular 
management of hybrid rehabilitation is necessary, to ensure that the ecosystem development 
trajectory does not track towards a novel state, risking an irreversible divergence from the desired 
objective. We do not recommend targeting exotic–native hybrid ecosystems, even if exotics are in low 
proportion, due to the risk of invasive species spread and increased maintenance burden required to 
manage these (see section 3.4.1.1).   

At the bottom of the native ecosystem rehabilitation hierarchy are novel ecosystems. Unplanned novel 
ecosystems are self-assembling and stable, while planned novel (i.e. designer) ecosystems are 
intentionally assembled but not necessarily self-sustaining (Figure 1). Whether planned or unplanned, 
novel ecosystems could only be considered a native ecosystem PMLU if dominated by native 
species. The novel class of rehabilitation carries the greatest risk to native ecosystem rehabilitation 
outcomes, as it cannot be “upgraded” to one of the higher categories (due to the irreversibility that 
defines these systems). Furthermore, their novelty is associated with inherent uncertainty with 
regards to their sustainability, ecosystem services, and potential risk to adjoining land uses.  

In order to overcome these risks, it has been suggested that novel ecosystems should have 
ecosystem services greater than or equal to the historical ecosystem, or have demonstratable intrinsic 
value as a PMLU (Humphries and Tibbett, 2015). That is, delivery of beneficial environmental 
outcomes over and above the fundamental requirement for rehabilitated land to be safe, structurally 
stable and not cause environmental harm (EP Act, s111A). For example, ecosystem services of novel 
ecosystems may include societal or monetary benefits like recreational use or timber production, 
and/or regulatory services like water purification and erosion regulation (Costanza et al., 2017; Rosa 
et al., 2020). Designer ecosystems may be designed to specific human-oriented uses, for example 
carbon sinks (Pietrzykowski and Daniels, 2014; Tripathi et al., 2016) or native seed orchards (Nichols 
et al., 1985; Gardner and Bell, 2007; Annandale et al., 2021). However, in these cases, the PMLU 
may be better described as the primary service being delivered (e.g., ‘seed orchard’) rather than 
‘native ecosystem’.   

The decision tree to support rehabilitation planners evaluate the feasibility of native ecosystem 
rehabilitation outcomes contains two main branches, one for existing rehabilitation and one for 
planned rehabilitation (Figure 1). This system recognises that existing mines may contain “legacy” 
characteristics that were established when stakeholder expectations and/or mining and rehabilitation 
techniques were different. Where operations have (or elected) a domain for “legacy” rehabilitation, it 
should have a different set of completion criteria to the operations planned or contemporary native 
ecosystem rehabilitation. Projects targeting restoration of natural ecosystems often do not meet their 
objectives due to factors such as landscape constraints and legacies of past land use (Suding, 2011). 
It is therefore important to acknowledge these legacy situations in an effort to allow relinquishment of 
native ecosystem rehabilitation areas that cannot practically be modified to higher conditions in the 
hierarchy. However, the requirements for rehabilitated land to be safe, structurally stable and not 
causing environmental harm must still be met (EP Act, s111A). Furthermore, where the rehabilitated 
ecosystem is not consistent with the pre-mining use of the land, we recommend an evaluation of the 
beneficial environmental outcomes that the rehabilitation delivers (Environmental Protection 
Regulation 2019, Schedule 8A, part 3), over and above the fundamental requirements for land to be 
safe, structurally stable and not cause environmental harm.    

Where rehabilitation is in the planning stage, it is expected that the natural ecosystems will be the 
rehabilitation target and biophysical limitations that support natural ecosystems will be addressed 
through best practice management (Table 2). Only where biophysical limitations are extreme or 
unable to be managed with currently available technologies, would the hybrid or designer ecosystems 
be considered as an option for rehabilitation that is yet to be completed. For extant rehabilitation, the 
flowchart incorporates an upward flowing arrow to symbolise the potential to “upgrade” rehabilitation 
to a higher status through manipulations. Whilst it is acknowledged that novel ecosystems by 
definition have crossed an irreversible threshold (Doley et al., 2012; Hobbs et al., 2013), thereby 
negating the possibility of manipulation into a more natural state, the “upgrade” arrow is nevertheless 
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included, so that users can assess whether the rehabilitation is actually novel, or indeed hybrid and 
thus could be managed to an improved environmental condition or state. Where no acceptable native 
ecosystem rehabilitation of any type has been established, the land manager can opt to “retreat” the 
rehabilitation. Retreating involves corrective actions, and/or management approaches that differ from 
the approaches attempted earlier, in order to achieve an improved native ecosystem outcome. For 
example, resetting of the rehabilitation community through combinations of clearing, spraying, 
burning, ripping, scalping, topsoil supplementation, ploughing, reseeding, and replanting. 
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Figure 1. Native ecosystem rehabilitation options decision support flowchart 
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Guidance on flowchart terminology and use: 

We highly recommend using empirical methods of determining target suitability at each step (i.e., 
determining “yes” or “no” at each green diamond). This is because post-mining conditions are highly 
site-specific. Example empirical methods for determining suitability include:  

• modelling landform design based on measured soil properties, erosion modelling and climate 
conditions 

• undertaking a full suite of chemical analyses to assess nutrient toxicities and limitations soil 
stockpiles and pre-strip soils and compare to analogous reference sites 

• literature reviews (e.g., to help inform best practice soil treatment and amendments, plant 
species selection and propagation methods, etc.) 

• field trials to understand the best combinations of soil treatments and amendments and 
species combinations 

• existing rehabilitation references (nearby mines, or already established rehabilitation at the 
mine). 

Specific examples of best practice rehabilitation methods are given in Table 2. 

Good initial establishment—What qualifies as “good seeded/planted species establishment” will be 
site specific. The internal rehabilitation manual, or annual monitoring reports, used by mines should 
define the levels of native cover/density/diversity that are acceptable after a certain establishment 
period. Predefined trigger levels should be used to initiate retreatment or other actions if cover 
establishment is not proceeding as expected. 

Analogousness—The term “analogous” in the context of landform, soil, and ecosystem references is 
commonly used in the mine rehabilitation (Hollingsworth et al., 2006; Doley and Audet, 2016; 
Louzeiro, 2019) and broader restoration ecology literature (Lundholm and Richardson, 2010). The 
term is not defined here as it would not be able to encompass all situations that relate to native 
ecosystem mine rehabilitation in Queensland. Rather, empirical methods (such as those described 
above) should be employed to determine if landform, soil, or ecosystem are sufficiently analogous to 
support the target ecosystem. It is acknowledged that the post-mining landform may not be similar to 
a natural landform (Hancock et al., 2020), however we suggest that it only needs to be analogous. 
Where the species composition of existing rehabilitation is analogous to an RE, it can be managed to 
become floristically similar to that target (e.g., through selective thinning, planting, or prescribed 
burning).  

3. Biophysical limitations imposed on native 
ecosystem rehabilitation after mining 

Every mine site presents unique hydrological, landform and geochemical conditions that influence the 
desirable native ecosystem that can be achieved from rehabilitation. One aim of this document is to 
assist practitioners to assess these biophysical limitations that may be present at their specific site, 
such that realistic and achievable ecosystem rehabilitation objectives can be set. The following review 
covers each of the biophysical limitations that might influence deciding whether rehabilitation targets 
of natural, hybrid or planned novel ecosystems are achievable. This information should be used to 
inform native ecosystem rehabilitation planning through Figure 1.  

The severity of disturbance imposed by mining activities varies considerably among types and scales 
of operations (Gwenzi, 2021). As mining itself tends to disturb the entire ecosystem, biophysical 
limitations that may inhibit rehabilitation affect all aspects of abiotic and biotic components of 
ecosystems. The table below summarises these limitations by category (climate, landform, soil, 
vegetation, fauna and regional context). Mine wastes are considered separately because the acute 
toxicity and chemical characteristics of these materials impose unique inhibitions to ecosystem 
rehabilitation. Examples of best practice methods for native ecosystem rehabilitation methods are 
given in Table 2, however, this list is not exhaustive. We also welcome new and scientifically tested 
rehabilitation techniques and technologies. 

 

 

 

    



 

10 

Table 2. Breakdown of biophysical limitations imposed by mining, the outcomes for native 
ecosystem rehabilitation and examples of best practice rehabilitation methods 

Biophysical 
limitation 

Consequence Best Practices for Rehabilitation 

Challenging climatic 
conditions 

Extreme temperatures and rainfall 
conditions limit seed germination and 
plant establishment or induce topsoil 
erosion. 

Select planting at an optimal time of year, or 
during years that have optimal conditions for 
plant growth (Schwenke et al., 2000; Gillespie 
et al., 2015; Ngugi et al., 2015). 

Landform 
characteristics 
(slope, stability) 

Steep slopes of spoil heaps or deep 
voids alter hydrologic regimes, with 
an increased risk of void collapse, 
surface subsistence, or erosion 
gullies (Emmerton et al., 2018). 

Utilisation of long-term erosion models, 
informed by on-ground data, will optimise 
geomorphic landform design so as to 
integrate with surrounding water catchment 
and incorporate natural variation (Ayres et al., 
2006; Howard et al., 2011; Hancock et al., 
2020). 

Physicochemical and 
biological properties 
of soil and mine 
wastes 

Substrate may have unfavourable 
pH, be sodic, saline, nutrient-limited 
and/or have high levels of heavy 
metals or other toxic substances that 
limit plant growth (e.g. in mine 
tailings; Huang et al. 2012, Cross 
and Lambers 2017).  
 
Highly sodic material may be 
susceptible to erosion, or form hard 
crusts when dry, potentially limiting 
plant establishment (Carroll et al., 
2004; Emmerton et al., 2018).  
 
Poor soil structure may lead to 
reduced water-holding capacity and 
water stress for establishing plants 
(Ngugi et al., 2015).  
 
Low microbial activity affects soil 
nutrient, carbon cycling and plant 
health (Li, You, et al., 2015; 
Kumaresan et al., 2017). 

Undertake full suite of soil chemical analyses 
to assess nutrient toxicities and limitations. 
Amend growth medium with organic matter 
(e.g. topsoil, compost or woodchips), gypsum 
and/or any desirable trace metals as informed 
by soil chemistry data (Nichols, 2004; Huang 
et al., 2014; Nussbaumer et al., 2016; Spargo 
and Doley, 2016; Antonelli et al., 2018; Dale 
et al., 2018; Page-Dumroese et al., 2018; You 
et al., 2018; Fourrier et al., 2020; Office of the 
Queensland Mine Rehabilitation 
Commissioner, 2022a). 

 

Paucity or unviability 
of native propagules 
and competition from 
exotics 

Poor establishment of native species.  
 
Competition from exotic species 
limits native establishment and can 
alter the successional trajectory of 
desired native species (Cole et al., 
2006). 

Early effort to promote the successful 
establishment of species from the topsoil 
seedbank, broadcast seeds and/or tubestock 
planting.  

Use fresh topsoil, or store topsoil for < 6 
months, to ensure viability of desired seeds 
and beneficial microbes.  

Store and spread topsoil and spoil separately 
to avoid dilution of topsoil (Rokich et al., 2000; 
Cole et al., 2006; Office of the Queensland 
Mine Rehabilitation Commissioner, 2022c).  

Limit use of fertilisers, as these may 
encourage weeds and exotics, and inhibit 
nutrient sensitive natives (Erskine and 

Fletcher, 2013; Daws et al., 2015).  

Control weeds by spraying or mowing prior 

to seed-drop (Cole et al. 2006). Silviculture 
techniques may be required to alter 
dominance ratios between grasses, shrubs 
and trees (Grant and Koch, 2007; Scoles-
Sciulla and DeFalco, 2009). 

Lack of suitable 
fauna habitat 

Delay in ecological functions and 
human-benefited services from fauna 
e.g. pollination, seed and spore 
dispersal, vegetation population 

Plant appropriate feed plants for local fauna.  
 
Recreate structural complexity, for example, 
retain woody debris and hollow trees, and 
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Biophysical 
limitation 

Consequence Best Practices for Rehabilitation 

regulation from herbivory; (White et 
al., 2004; Maher et al., 2010; 
Costanza et al., 2017; Ismail et al., 
2017; Kaiser-Bunbury et al., 2017; 
Nuske et al., 2017). 

construct nest boxes (Nichols and Grant, 
2007; Cristescu et al., 2012).  

Isolation from 
surrounding native 
ecosystems 

If connectivity to native ecosystems 
in surrounding areas is low, there will 
be limited dispersal and colonisation 
of species from surrounding region, 
thus compromising gene flow 
(Macqueen et al., 2008; Neaves et 
al., 2009).  
 
Long-term population sustainability 
and species diversity will be at risk 
(Kuussaari et al., 2009; Streatfeild, 
2009).  
 
Connectivity may be constrained or 
dictated by the size and shape of the 
rehabilitation area (Alharbi and 
Petrovskii, 2016). 

Establish and manage for high genetic and 
species diversity, especially if there is low 
connectivity with surrounding native 
ecosystems (Méndez et al., 2014; Frankham 
et al., 2017).  

Plan native ecosystem rehabilitation to adjoin 
existing native ecosystems to allow for habitat 
corridors (Cristescu et al., 2012; Macdonald et 

al., 2015). 

 

3.1 Challenging climatic conditions 

Challenging climatic conditions can limit seed germination or plant survival during rehabilitation. 
Native species have evolved strategies to cope with the naturally challenging climatic conditions in 
their bioregion. By utilising endemic species and accommodating for site-specific climatic conditions 
(e.g., seasonality, droughts, rainfall intensity), it is feasible to establish a natural ecosystem from 
rehabilitation. For example, in semi-arid sites of western Queensland, Gillespie et al. (2015) 
recommended to aim for planting after major rainfall events (> 100 mm), or using selective irrigation 
for successful plant establishment.  

Incorporating long-term climatic patterns into rehabilitation planning will also reduce the risk of native 
ecosystem rehabilitation failure. For example, taking advantage of wet seasons or years to ensure 
plant establishment (Halwatura et al., 2015). Refraining from harvesting and stockpiling fresh topsoil 
when it is wet will prevent the loss of viable nutrients in the stored topsoil. Where species naturally 
occur across different climatic zones, collecting propagules from provenances with more extreme 
climatic conditions may promote ecosystem resilience (Prober et al., 2015). 

3.2 Landform characteristics 

3.2.1 Best practice landform design for native ecosystem rehabilitation 

Careful design of post-mining landforms with consideration of rainfall, erosion potential, soil and waste 
material properties, and subsequent vegetation cover on a site-specific basis, will underpin 
rehabilitation (Howard et al., 2011). Geomorphic landform design principles and advanced erosion 
models such as GeoFluv (Bugosh, 2009) ensure that reshaped landforms include natural variation 
(Ayres et al., 2006), integrate into the surrounding water catchment and are stable over the long term 
(Hancock et al., 2020). Such landforms also visually integrate the rehabilitation into the surrounding 
landscape. Geomorphic landform design has been used in coal mines, minerals sand mines, 
metalliferous mines, bauxite mines and iron ore mines both in Australia and globally (Hancock and 
Willgoose, 2017). Where space is sufficient, it is feasible to target historical ecosystems, underpinned 
by a geomorphically designed landform. Mineral sands mining lends itself to this type of rehabilitation, 
since the material volume of ore removed is relatively small and the tailings can easily be reshaped 
(Bellairs and Davidson, 1999; Cooke and Johnson, 2002). It is also often an option for bauxite mining 
in cases where, despite the landscape profile being lowered by a few metres (Taylor et al., 2008), the 
hydrology remains similar to the pre-disturbance regime (Grant and Koch, 2007). 

However, reshaping of landforms to strictly resemble the original landform rarely occurs. Often the 
reshaped landform differs from the pre-mining landscape due to changes in lithology and the volume 
of material available to extend or flatten slopes (Hancock et al., 2020). For example, where bauxite 
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mining removes material to the extent that the new landform is at or close to the level of the water 
table or subject to seasonal inundation. In such circumstances, substitution of a new RE, suitable to 
the altered hydrological regime, may be appropriate (Gould, 2012), e.g., establishing paperbark 
wetlands where previously eucalypt forest grew. In contrast, open cut coal and metal mining invariably 
create waste dumps of greater volume than the material that was in situ, due to breaking up of the 
formerly coherent geological structure (Emmerton et al., 2018; Hancock et al., 2020). If an undulating 
landscape exists within the bioregion, using geomorphic principles to recreate a similar topography 
from within the regional landscape will underpin establishment of a substitute native ecosystem in 
waste rock dump areas (Howard et al., 2011). 

Where space does not allow for sufficient re-profiling of slopes, finding local analogue ecosystems 
that exist on landforms resembling post-mining landscapes may be challenging. In the economic 
mining areas of the Bowen Basin, for example, natural slopes are typically 3–5% in grade, compared 
to coal spoils, which vary from 5–35% (Emmerton et al., 2018). The search for habitat analogues is an 
important principle in efforts to encourage native biodiversity in anthropogenic landscapes (Lundholm 
and Richardson, 2010). However, analogues should be within a bioregion, or geographically close, 
consistent with the RE framework of Queensland (Neldner et al., 2022). Depending on the bioregion, 
climatic considerations (see section 3.1) may intersect; for example on steeper slopes in arid and 
semi-arid environments the reestablishment of vegetation alone may not suffice to control erosion 
(Gillespie et al., 2015; Emmerton et al., 2018). Management actions (such as reinforcing slopes with 
stable rock fragments) can reduce erosion, however the resulting landform may then be without 
natural analogue in the bioregion because reconstructed landforms using fractured rocks will have 
different hydrology to existing slopes (Howard et al., 2011). Therefore, it may be necessary to target a 
novel or hybrid ecosystem to manage erosion in some areas, whilst establishing the substitute 
ecosystem in areas less prone to erosion.  

3.3 Physicochemical and biological properties of soils and mine 
wastes 

3.3.1 Best practice rehabilitation approaches to overcome substrate 
limitations 

Soil substrates used in mine rehabilitation often have poor physical structure and hydrological 
functioning, lack organic material and biologically available nutrients, and have unfavourable osmotic 
conditions and geochemistry. These physical and biological constraints limit establishment of 
vegetation, and therefore impede rehabilitation to a self-sustaining ecosystem (Cooke and Johnson, 
2002), unless intervention is implemented (see Table 2).  

3.3.1.1 Topsoil management 

The quality and quantity of topsoil that is spread during rehabilitation, greatly influences rehabilitation 
success (Ward and Koch, 1996; Loch and Orange, 1997; Strohmayer, 1999; Cristescu et al., 2012; 
Lamb et al., 2015). Best practice is to segregate soil layers during stripping (i.e., no mixing of topsoil 
with underlying layers) and to reconstruct soil profile layers during rehabilitation. Direct placement of 
topsoil from one area of the mine onto a prepared rehabilitation area will maximise native ecosystem 
outcomes compared to using stockpiled soil (Rokich et al., 2000; Van Gorp and Erskine, 2011; 
Vickers et al., 2012; Golos and Dixon, 2014; Golos et al., 2016). Stockpiling topsoil results in a lack of 
viable seeds (Bellairs and Bell, 1993), because of early seed germination and mortality (Rokich et al., 
2000; Rivera et al., 2012). Seeds or other propagules that do survive the stockpiling period, as well as 
broadcast seed, then face potentially adverse soil conditions, due to chemical, biological and 
structural changes that have taken place in the soil prior to respreading (Paterson et al., 2019). 
Topsoil stockpiling may also increase the incidence of weedy species invasion, as weed seed banks 
tend to build up in the surface layer of the stockpiles themselves (Rokich et al., 2000). Where direct 
placement of stripped topsoil is not an option, rehabilitation as soon as possible after topsoil is 
harvested is best practice, to leverage the natural seedbank and available nutrients (Rokich et al., 
2000; Ngugi et al., 2018; Paterson et al., 2019). Mining operations that allow for progressive 
rehabilitation (e.g., shallow strip mining, coal mining) are well suited for this effective use of topsoil. It 
is critical that rehabilitation activities are integrated into life-of-mine planning at these operations, to 
ensure that the opportunity to use topsoil resources as soon as practicable after harvest, is not 
missed. 

Longer topsoil storage times (e.g., at open cut metal mines) or limited availability of any topsoil, 
makes vegetation re-establishment more difficult (for more information regarding best practice 
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management methods on handling topsoil deficiency and improving soil physiochemical properties 
see Machado et al. 2013, Dale et al. 2018). 

3.3.1.2 Soil quality assessment and monitoring  

If best practice methods have been implemented during initial rehabilitation (see Table 2), some, if not 
most, aspects of rehabilitated soil can return to values similar to reference sites over time. For 
example, soil nitrogen and carbon concentrations increase with rehabilitation age and vegetation 
coverage (Ahirwal et al., 2017) and can reach levels similar to reference sites within at least four 
years (Muñoz-Rojas et al., 2016), or up to several decades (Grant et al., 2007; Banning et al., 2008; 
Frouz et al., 2008; van Soest et al., 2011; Kumar et al., 2015; Yuan et al., 2017; Ngugi et al., 2018). 
Other adverse soil conditions, such as high salt concentrations, can also decrease and reach 
reference site levels over time (Ngugi et al., 2018). Soil microbial richness, abundance and activity 
has also shown to recover with rehabilitation age (Banning et al., 2008; Glen et al., 2008; Kumar et 
al., 2015). Even though microbial community assembly may be dissimilar to reference sites (Ngugi et 
al., 2018), high functional redundancy in many microbial communities means that microbial functional 
recovery is possible (Kumaresan et al., 2017). The abundance of soil fauna, and the similarity of their 
communities to reference sites, has also been shown to increase as rehabilitation ages (Frouz et al., 
2008; Menta et al., 2014).  

It is recommended that rehabilitators undertake a full suite of soil chemical and microbial analyses to 
assess nutrient and biotic limitations prior to commencement of rehabilitation. Pedogenesis (soil 
formation) can be accelerated by establishing pioneer microbial and vegetation communities (Cross et 
al., 2017), and nutrient limitations can be overcome by amending mine waste with topsoil or by adding 
fertiliser (Mulligan et al., 2006; Cross, Ivanov, et al., 2021; Cross, Stevens, et al., 2021) or treatments 
such as lime and gypsum (Fourrier et al., 2020) at the start of the rehabilitation process (Cross and 
Lambers, 2017). However, soil amendments must be applied with care, given that many native 
species are adapted to low nutrient levels, and the addition of fertilisers can promote the growth of 
non-natives (Cole et al., 2006; Erskine and Fletcher, 2013). Where substrate nutritional levels can be 
amended to be similar to the pre-mining RE or are inherently similar to those in an RE within the 
bioregion, natural ecosystems are a feasible rehabilitation target.  

3.3.1.3 Soil amendments and native ecosystem rehabilitation outcomes  

The inherent properties of some soils and subsoils, along with disturbances from mining, can add 
challenges to achieving natural ecosystem rehabilitation. For example, the saline and sodic nature of 
many mine spoils in Queensland makes them dispersive and prone to erosion. In other cases, high 
alkalinity or acidity inhibits microbial activity (Fourrier et al., 2020) and provides challenging osmotic 
conditions for plant establishment (Bell, 2001; Erskine and Fletcher, 2013; Gillespie et al., 2015; Lamb 
et al., 2015; Di Carlo et al., 2020). Sodicity of soil can decrease with time (Wehr et al., 2006), 
especially when amended with gypsum, and addition of organic matter can help reduce rising salts, 
enhance soil-water-microbe interactions and improve plant establishment (Grigg et al., 2006; 
Courtney et al., 2014; Di Carlo et al., 2020). Further research is needed to understand whether such 
initial amendments to sodic and saline soils enable long-term self-sustainability of native ecosystems 
without further inputs, or whether salt-tolerant substitute ecosystems are more feasible targets. 

In certain circumstances it will be appropriate to plan for hybrid native ecosystem rehabilitation to 
overcome potential hydrological limitations on the soil. If the hydrology of the recipient site is marginal 
or uncertain, this may warrant the selection of native species from a mix of different habitats and 
landscape positions, including the historical RE. Such selection can result in a hybrid ecosystem that 
is a mix of floristic elements from both the pre-mining RE and other REs within the region. This 
approach may be particularly useful for recalcitrant sites, where rehabilitation needs to be retreated 
due to poor initial establishment, and there is uncertainty regarding which species will establish in the 
harsh conditions. For example, a novel mix of Melaleuca and Eucalyptus species may increase the 
chances of establishing vegetation that can tolerate the prevalent soil moisture conditions (Setyawan 
et al., 2002). That said, it is not recommended that hybrid combinations of native species be used for 
rehabilitation where the soil and hydrology is likely to support natural ecosystem rehabilitation. 
Generic or broad vegetation group seed mixes that are likely to result in hybrid native ecosystems, 
should only be used in limited, pressured circumstances. It is recommended that rehabilitators 
establish field trials of different seed mixes to assess whether a hybrid ecosystem target is warranted 
and more viable than a natural ecosystem target. 

There are many examples where existing established native ecosystem rehabilitation sites have not 
reached their natural ecosystem target, and a likely cause or contributor to this failure is limitations 
imposed by soil properties (e.g., Audet et al. 2013, Erskine and Fletcher 2013, Nussbaumer et al. 
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2016). It remains unclear whether these ecosystems are potentially hybrid, and the soil limitations can 
be overcome with time. In this case also it is recommended that rehabilitators conduct field trials, 
using various mixes of soil amendments, to test the viability of the hybrid status, or to confirm whether 
the ecosystems are stable novel forms. 

3.3.1.4 Unique considerations where the substrate is mine waste 

Mine waste and tailings from processing have unique hydrogeochemical properties not found in 
natural soil and they present challenges to biota (Cross et al., 2017). Mine waste may not be able to 
be rehabilitated by natural successional processes, for example where high concentrations of heavy 
metals or radiation are present (Huang et al., 2014; Cross, Ivanov, et al., 2021; Cross, Stevens, et al., 
2021). Another example, in sulphide-hosted metal deposits, is the generation of acid and associated 
release of metals from sulphide-rich mine waste. Pyrite weathering and acid generation can continue 
for hundreds of years, rendering phytostabilisation (use of vegetation for stabilisation) of tailings 
impractical (Li, Bond, et al., 2015). Therefore, the removal, containment or remediation of toxic 
substances and stabilisation of unfavourable physio-chemical conditions of tailings is needed before 
the rehabilitation stage (Huang et al., 2012). For more information on the treatment of mine waste see 
QMRC research on ‘Mine Waste Cover Systems’ (Office of the Queensland Mine Rehabilitation 
Commissioner, 2022b).   

Native ecosystem rehabilitation, upon mine waste or tailings, will depend on the effectiveness of the 
removal, remediation or containment of any toxic substances and the stabilisation of other 
unfavourable physical and hydrological aspects of the waste. Theoretically, in some circumstances 
the hydrogeochemistry of tailings can be stabilised by phytoremediation; through formation of soil that 
is biogeochemically functional, under a correct treatment by specialist flora and fauna that, in 
themselves, constitute a natural ecosystem albeit (at least temporarily) one different to the historic 
ecosystems in the locality (Huang et al., 2014; Cross and Lambers, 2017). However, successful 
reestablishment of natural ecosystems on mine tailings has not yet been achieved anywhere in the 
world (Cross and Lambers, 2017).  

It is recommended that rehabilitators undertake a full suite of soil chemical analyses to assess 
toxicities and limitations of mine waste before considering tailings or mine waste as a substrate for 
ecosystem establishment. Tailings can be treated by (for instance) altering pH to suit target 
vegetation (for example, by using acidifying fertiliser or flushing with seawater), inoculating with 
appropriate microbial communities, and encouraging early establishment of pioneer plants (Wehr et 
al., 2006; Cross and Lambers, 2017). Adding topsoil, organic matter or fertiliser can alleviate some of 
the nutritional constraints imposed on mine wastes as a growth medium (Mulligan et al., 2006; 
Asensio et al., 2013; Li, Bond, et al., 2015; Li, You, et al., 2015; Robson et al., 2018; You et al., 2018; 
Cross, Ivanov, et al., 2021; Cross, Stevens, et al., 2021), provided no toxic material or other physical 
and hydrological constraint remains (Cross and Lambers, 2017).  

Cover systems over mine waste structures are an important part of rehabilitation (Office of the 
Queensland Mine Rehabilitation Commissioner, 2022b). Vegetation on the cover system promotes 
evapotranspiration and reduces the amount of water that reaches reactive underlying waste. 
However, whether native ecosystems are suitable PMLUs on mine waste structures requires detailed 
evaluation, as tree roots can penetrate cover system layers. Where native ecosystem is the desired 
PMLU for a mine waste structure with reactive waste, the species mix chosen as part of cover system 
design needs to promote evapotranspiration without undermining the integrity of low permeability 
components of the cover (Mulligan et al., 2008). Such a species mix may not always reflect 
composition of a natural ecosystem.  

If there is insufficient inert material to form a long-term stable cover system over reactive mine waste, 
and/or removal or remediation of toxic material is unrealistic, then the establishment of a natural 
ecosystem will be limited by nutritional toxicity of the bioavailable elements in the mine waste. 
Potentially, natural ecosystems thriving in soils with elevated levels of metals (Batty and Hallberg, 
2010; Tang et al., 2021), may exist within the bioregion and could be utilised as valuable substitute 
targets (Cooke and Johnson, 2002). Alternatively, designer systems, with tolerant native and exotic 
species, may be appropriate targets (Whiting et al., 2004; Wehr et al., 2006; Batty and Hallberg, 2010; 
Corzo Remigio et al., 2020). This was the philosophy of the mine at Gove, NT for the (difficult to 
revegetate) bauxite refinery residue. A mix of exotic and native salt- and alkali-tolerant plant species 
were used to establish a vegetation community that approaches a native woodland (Wehr et al., 
2006). This is an example of a functioning planned novel ecosystem that prioritises the use of suitable 
local native species whilst acknowledging the inherent limitations of the post-mining growth media. 
Further research is needed on the requirements for rehabilitation, and mechanisms for ameliorating 
ecological hostility of toxic mine tailings, in order to successfully create sustainable planned novel 

https://www.qmrc.qld.gov.au/publications/research
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ecosystems in other settings (Cross et al., 2017). There are other cases of established ecosystem 
rehabilitation where some Australian native flora have grown in unamended tailings and the resultant 
ecosystem may be considered unplanned novel (Mulligan et al., 2006; Cross, Ivanov, et al., 2021). 
However, it remains unclear whether unplanned novel communities on tailings possess longevity, 
resilience and the functional capacity to support biodiverse and self-sustaining ecosystems (Cross et 
al., 2017) that deliver beneficial environmental outcomes above and beyond the fundamental 
requirement for rehabilitated land to be safe, structurally stable and not cause environmental harm.  

3.4 Paucity or unviability of native propagules and competition 
from exotics  

3.4.1 Planning native ecosystem rehabilitation and overcoming vegetation 
establishment limitations  

Through best practice methods of species selection, soil handling, germination and planting methods, 
the biophysical limitations that pertain to establishing native vegetation can be overcome. Therefore, 
where landform and soil conditions are suitable, targeting community assemblages that represent 
natural ecosystems is feasible. There are many advanced techniques that facilitate germination and 
growth of native vegetation (Bell, 2001; Khurana and Singh, 2002; Prober et al., 2005; Probert et al., 
2007; Fowler et al., 2015; Nativel et al., 2015; Dobrowolski, 2019; Erickson et al., 2019; Golos et al., 
2019). Therefore, there is no need to target substitute or planned novel ecosystems solely because of 
limitations that pertain to seed preservation, sourcing and germination of native vegetation. Initial 
community assemblages used in rehabilitation are a primary determinant of later rehabilitation 
success (Jefferson, 2004; Grant, 2006). Therefore, best practice rehabilitation planning includes early 
effort to ensure there is adequate quantity and viability of native seeds and seedlings necessary for 
the target natural ecosystem.  

Best practice includes direct transfer of topsoil from one area of the mine footprint to a rehabilitation 
area, with limited mixing of layers (Ward and Koch, 1996; Loch and Orange, 1997; Strohmayer, 
1999). This ensures that soils maintain a healthy, viable native species seedbank (Rokich et al., 2000; 
Vickers et al., 2012; Golos et al., 2016). Fresh topsoil also has the advantage of biologically active soil 
fauna and microbes (e.g. mycorrhizal fungi or nitrogen-fixing bacteria) critical for the establishment 
and growth of some plant species (Gardner and Malajczuk, 1988; Reddell and Milnes, 1992; Bowman 
and Panton, 1993; Reddell et al., 1999; Jasper, 2007). In addition to seeds, resprouting from root 
fragments within topsoil has been shown to be of primary importance when re-establishing woody 
vegetation in respread soil, especially for seasonal tropical dry forest–woodland environments 
(Ferreira and Vieira, 2017). This “bud bank” is conceptually similar to the familiar seedbank, but 
depends upon buds which reproduce vegetatively from lignotubers, rhizomes, corms, bulbs, roots, 
and fragments (both aboveground and belowground) that have the potential to resprout (Klimešová 
and Klimeš, 2007). Topsoil transfer trials in a dry tropical environment in Brazil resulted in dense 
native ecosystem regeneration using just the bud bank and inherent seedbank, with no artificially 
broadcast seed at all (Ferreira et al., 2015; Ferreira and Vieira, 2017). For some species, plant 
fragments can also be specifically sourced and used in mine rehabilitation, instead of seed. In Central 
Queensland, Brigalow (Acacia harpophylla) has been successfully transplanted using whole soil-root 
compartments (Arnold et al., 2014).  

Best practice also includes accounting for differences in germination or colonisation requirements for 
each species. For example, knowing which species are not well represented in seed banks of topsoil, 
or are not likely to recolonise the site spontaneously from the surrounding landscape, will inform 
which species need to be sourced from nurseries or field collected (Grant and Koch, 2007; Meers et 
al., 2012; Van Etten et al., 2014; Erickson et al., 2017, 2019). When fresh topsoil is not available, or is 
in limited supply, more emphasis on sourcing of seeds and direct planting (as well as soil 
amendments, see above) will be needed to compensate for less establishment from native bud banks 
and seedbanks (Rokich et al., 2000; Van Gorp and Erskine, 2011; Rivera et al., 2012; Golos and 
Dixon, 2014). A useful strategy to allow for the best possible seedbank mix is clearing overstory 
vegetation soon after most trees have developed ripe seed and to strip the soil without delay in the 
following season, thereby also enabling understory species to set seed under heightened light 
conditions (Spain et al., 2006).  

To improve similarity to specific REs (and even landscape positions therein) and to avoid 
inefficiencies in cost and effort, it is recommended that rehabilitators formulate specific seed mixes, 
which can then be applied to the appropriate recipient site within the rehabilitation (Ngugi et al., 2015; 
Miller et al., 2016; Erickson et al., 2017). For example, to improve similarity to target shrublands at 
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Eneabba mineral sands operations, WA, Iluka Resources Ltd formulated individual swale, dune, 
laterite, and wetland seed species mixes that had previously been combined. This attention to detail 
produced species combinations closer to target natural community types in comparison with using 
generic seed mixes (Herath et al., 2009). Best practice methods also include taking into account any 
treatments needed to break dormancy of seeds (Baskin and Baskin, 2004). For example many Acacia 
species require acid or mechanical scarification, or hot water treatments, to break dormancy and 
germinate (Khurana and Singh, 2002). To establish some native species, adoption of more direct 
propagation protocols may be required, such as tissue culture or cuttings. For example, in WA Alcoa 
established a tissue culture laboratory for the purposes of targeting ‘recalcitrant’ species that could 
not be established from seedbank, planting or natural dispersal (Grant and Koch, 2007). 

In some cases, achieving native species mixes representative of a specific RE can be challenging, 
especially in diverse or little studied settings. For example, the Ranger mine lease currently lists more 
than 500 species, and it is likely that for the majority of these there is no information on propagation 
requirements or on their ability to establish and persist in a waste rock substrate with limited soil 
development (Erskine et al., 2019). Targeted research on the autecology of priority species is 
therefore critical (Emilia, 2015; Navarro-Cano et al., 2019), and should be supported within the native 
seed and restoration sectors (Hancock et al., 2020). Effective collection of seed for rehabilitation 
purposes poses a number of challenges in Australia (Broadhurst et al., 2015). For example, there are 
often practical issues for seed collection due to spatial and temporal variability in seeding of target 
species (Vickers et al., 2012; Broadhurst et al., 2015). Rehabilitation practitioners can partially 
overcome this issue through forward planning and obtaining seed of key species when it is available 
(Norman et al., 2007; Probert et al., 2007; Nguyen et al., 2015). 

Careful selection of species and seeding rate within the seed mix will also avoid inefficiencies in cost 
and effort as different native species will have varying germination and establishment rates. For 
example, in the sub-humid Brigalow Belt region of south-eastern Queensland, the dominant tree 
species that established on rehabilitation plots were Corymbia citriodora and some Acacia species 
(especially Acacia leiocalyx), despite Eucalyptus crebra and E. siderophloia comprising >60% of the 
seed mix (Ngugi et al., 2015). Examination of species traits, such as seed size, can help in selecting 
species for qualities such as drought tolerance. Species with small seeds have little of their own 
resources and need more prolonged rainfall events for successful establishment. Large seeds, on the 
other hand, can establish in more water and nutrient limiting environments. For example, the relatively 
large seeds of C. citriodora (compared with e.g. Eucalyptus crebra and E. siderophloia) means this 
species has more resources to establish in more water-limited areas (Ngugi et al., 2015).  

3.4.1.1 Exotic and invasive species control  

Exotic and invasive weedy species can threaten rehabilitation targets by preventing the establishment 
of native species through competition (Parrotta et al., 1997; Tucker and Murphy, 1997; Umwelt 
(Australia) Pty Limited, 2017; Antonelli, 2018; Peake et al., 2021). For example, buffel grass 
(Cenchrus ciliaris) is a common invasive pasture species in the many areas of Queensland and 
readily grows on mine rehabilitation sites (e.g., Morrison et al. 2005, Erskine and Fletcher 2013). Its 
fast growing properties can minimise initial erosion, but can also compete with the growth of tree 
species (Spargo and Doley, 2016; Emmerton et al., 2018), resulting in significant declines in native 
ground flora diversity (Jackson, 2005), constraining the feeding and habitat prospects for local birds 
(Wright et al., 2021), and elevating the risk of high intensity fires (McKenna et al., 2017). 

All rehabilitation must achieve land in a stable condition, which includes the requirement that nothing 
in or on the land cause environmental harm (EP Act, s111A), for example as a source of weeds to the 
surrounding area. Initial methods to control exotic species in rehabilitation include avoiding the use of 
exotic species in seed mixes, minimising the use of topsoil if it contains a substantial exotic seedbank 
(weedy stockpiles may need to be repeat sprayed, or scalped before being applied), and promoting 
the fast establishment of native species to outcompete exotic species that might colonise from 
surrounding areas (Bayliss et al., 2006; Ewel et al., 2013). Continual monitoring of vegetation 
communities and incorporating adaptive practices that allow for control measures when exotic species 
are found in rehabilitation is also important.  

Native groundcover species can be used instead of exotic invasive species (e.g., buffel grass) to 
control initial erosion (Rocha-Nicoleite et al., 2017). For example, members of the Chenopodiaceae 
have been observed to establish as pioneer species on heterogenous mine tailings (Cross and 
Lambers, 2017) and saltbushes (Einadia species) have potential to establish rapidly with high levels 
of cover in native ecosystem rehabilitation. The presence of exotic species in the seed bank of topsoil 
and/or surrounding ecosystems (see section 3.6) may make control strategies hard to implement 
(Gillespie et al., 2015). Indeed, even when the appropriate “best on offer” site selection protocols are 
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followed (Eyre et al., 2017), given that few REs are totally free of anthropogenic impacts (Landsberg 
and Crowley, 2004; Thackway and Freudenberger, 2016) exotic species may be present at reference 
sites. In cases of hybrid and planned novel ecosystems, the possible intentional inclusion of some 
exotic species to achieve a certain ecosystem service does not remove the rehabilitation obligation to 
achieve land in a stable condition, including that the land does not cause environmental harm as a 
source of weeds. 

3.4.2 Considerations at already established native ecosystem rehabilitation 
sites  

There are many examples of existing established mine rehabilitation where the vegetation community 
does not resemble natural ecosystems. The resulting communities may be hybrid ecosystems due to 
initial species selection. Hybrid ecosystems may comprise native species from a homogenised mix of 
different (and perhaps not even local or regional) habitats and landscape positions. For example, in 
Weipa, North Queensland, species not native to the local RE were included in the original seeding 
and later contributed to the difference between rehabilitation and reference RE sites (Gould, 2012). 
Erksine and Fletcher (2013) reported that vegetation communities from five coal mine rehabilitation 
sites in the Bowen Basin were significantly different to reference communities. This was due, in part, 
to the presence of species native to the broader region but not at the selected reference sites (e.g., 
novel mixtures/assemblages of species such as Acacia bancroftiorum, A. victoriae, Corymbia 
citriodora, and Eucalyptus camaldulensis), and common species (e.g., Eremophila mitchellii) present 
at reference sites that were absent from the rehabilitation sites. Other examples include mines in the 
Hunter Valley, NSW, where species that are not native to the target ecosystems (including WA 
endemic species) were present in rehabilitation sites (for example, Corymbia maculata, Acacia 
saligna, Eucalyptus cladocalyx) (Peake et al., 2021). 

Alternatively, existing rehabilitation areas may be hybrid ecosystems dominated by exotics, or 
unplanned novel ecosystems due to the choice of species used during initial establishment. The use 
of exotics in the early stages of mine rehabilitation may result in persistent unproductive landscapes 
of legacy rehabilitation with arrested succession (Bauman et al., 2015). Invasive exotic plants can 
prevent the establishment of newly dispersed native species (Yurkonis et al., 2005), for example, by 
occupying germination niches (Davis et al., 2000). Weeds can have synergistic effects that promote 
the growth of other weeds by transforming ecosystem processes, such as nutrient cycles, or by 
altering fire regimes and promoting other species with similar fire and nutrient tolerances (Prober et 
al., 2005). This can create a legacy effect that persists long after eradication of the actual original 
exotics, for example, as a result of altered soil nitrogen pools (Corbin and D’Antonio, 2004; Dickie et 
al., 2014).  

Where ecosystem trajectories have deviated from the target trajectory, substantial management 
intervention may be needed to re-direct the rehabilitation process. For example, supplementary 
seeding and planting, weed control, prescribed burning, or thinning, may be required (Grant, 2006; 
Grigg and Grant, 2009; Gould, 2012; Humphries, 2016). Often multiple management techniques will 
need to be executed in combination, for example, in fire-prone and fire-adapted landscapes it is 
preferable that thinning and burning are undertaken together; thinning alone is an undesirable 
management option due to elevated fire risk caused by the increased ground fuel (Craig et al., 2010). 
In other circumstances, mulching of thinned trees could be advantageous as this increases fuel load 
only temporarily whilst aiding future controlled burns to further reduce excessively dense species.  

As a tool of ecological restoration, prescribed burning can be utilised to recreate reference conditions 
of surrounding vegetation (Freeman et al., 2017). However, factors such as the rehabilitation age and 
resilience of the rehabilitation must be taken into account. Fire may be used to re-direct hybrid 
ecosystem rehabilitation towards a desired natural ecosystem, if it is not currently meeting specified 
targets. Or in unplanned novel ecosystem situations, fire may be used to promote local flora and 
fauna colonisation while not targeting a particular RE outcome. In other cases, fire may be excluded 
intentionally, so as to facilitate a mesic shift toward a fire sensitive natural ecosystem community, 
such as a vine thicket or monsoon forest. 

3.5 Lack of suitable fauna habitat 

3.5.1 Overcoming limitations in promoting fauna recolonisation 

Fauna perform important ecosystem functions (seed dispersal, pollination, etc.) that are essential to 
achieving a self-sustaining ecosystem post-mining (Cross et al., 2020). Therefore, it is recommended 
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that rehabilitators consider fauna during the assessment of rehabilitation success. Best practice 
techniques for promoting rapid recolonisation by fauna from surrounding ecosystems depend upon 
ensuring that key habitat features return. This can happen more quickly if fresh topsoil, with intact 
bud- and seedbanks is used, with additional planting of native seeds and seedlings, paying special 
attention to food plants and promoting compositional and structural diversity (Tucker and Murphy, 
1997; Holland and Bennett, 2007; Gould, 2011; Cristescu et al., 2012; Nielsen and Kelly, 2016). 
Some requirements for fauna habitat in rehabilitation sites will not naturally eventuate for decades; 
these include development of tree hollows and large fallen logs. Therefore, best practice techniques 
also include respreading of coarse woody debris, and the placement of nest boxes and salvaged logs 
and stag trees (Nichols and Grant, 2007; Craig et al., 2012).  

Exotic fauna, such as foxes and cats, can threaten the populations of native fauna in rehabilitation 
sites, so integrating control programs, like baiting or trapping these predators, is recommended, to 
promote small-to-medium sized mammal numbers (Nichols and Nichols, 2003; Grant and Koch, 2007; 
Nichols and Grant, 2007), especially if these measures are already being implemented in the 
surrounding landscape. Theoretically, with time and the implementation of best practice rehabilitation 
techniques, it is possible to achieve fauna communities that resemble those in natural ecosystems, 
especially if the immediate surrounding landscape is also the target RE ecosystem and habitat 
corridors are created (Macdonald et al., 2015). 

As fauna recolonise spontaneously from the surrounding landscape, the regional context of the 
rehabilitation site is an important consideration when assessing the risk threatening rehabilitation. If 
the surrounding landscape is not the same target RE, or does not contain the same species and does 
not create similar habitat requirements as the target ecosystem, then rehabilitation sites may be 
isolated from source populations (Cox et al., 2004). This is especially challenging for terrestrial 
species that have limited dispersal ability and/or cannot utilise or transport through intervening matrix 
areas (Bennett, 1990; Eycott et al., 2012). Rehabilitators should therefore take the landscape context 
into account when assessing factors potentially impacting success of fauna colonisation across 
rehabilitation sites.  

3.5.2 Fauna considerations at existing ecosystem rehabilitation sites 

Fauna community assemblages on mined sites often do not resemble target REs or unmined 
reference sites (Andersen et al., 2003; Nichols and Nichols, 2003; Brady, 2005; Craig et al., 2012), 
even for sites that have a long history (> 2 decades) of rehabilitation (Majer et al., 2007; Nichols and 
Grant, 2007; Gould, 2011). However, for some groups of fauna (birds, mammals), abundance and 
community composition can be comparable to unmined sites (Craig et al., 2012; Cristescu et al., 
2012), while others are less than unmined sites (reptiles, amphibians, some groups of arthropods; 
Cristescu et al. 2012). Differences in fauna populations between rehabilitation and reference sites 
may contribute to the development of hybrid or unplanned novel ecosystems (Doley and Audet, 
2013). For example, the presence of some species may promote positive feedbacks (Wood et al., 
2015), including those related to exotic fauna, which can be at a higher density and richness at 
rehabilitation sites compared to unmined sites (Cristescu et al., 2012). Management of fauna in 
established unplanned novel or hybrid ecosystems to ensure that the ecosystem does not cause 
environmental harm (i.e., become a source population for invasive exotic fauna) is an area in need of 
more research. In some circumstances it has been found that no-analogue ecosystems provide 
habitat for threatened fauna species. For example, the high density of Allocasuarina species in 
rehabilitation sites on Minjerribah (North Stradbroke Island) provides additional feeding habitat for the 
threatened Glossy Black Cockatoos (Clout and Clout, 1989; Crowley and Garnett, 2001), despite the 
target ecosystem being mixed Eucalyptus (Audet et al., 2013).  

3.6 Isolation from the surrounding native ecosystems  

3.6.1 Connectivity for maximised ecosystem rehabilitation outcomes 

An important, and understudied, aspect of native ecosystem rehabilitation is its role in the local and 
regional landscape context. A landscape approach provides a new foundation and integrated 
perspective for mine rehabilitation ecology (Lei et al., 2016). Natural, hybrid or novel ecosystem 
rehabilitation will have different influences on their surroundings, dependent on their characteristics 
and that of the landscape matrix. Simultaneously, unmined native ecosystems adjacent or proximate 
to rehabilitation will also exert an influence on rehabilitated ecosystem development. The influences in 
both directions may be positive or negative.  
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Where rehabilitation areas are surrounded by and connected with remnant native ecosystems, the 
colonisation of local native species into the rehabilitation promotes genetic flow that is vital for 
resilient, self-sustaining natural ecosystems (Aavik and Helm, 2018). Ecosystem connection can also 
promote turnover in taxonomic composition that may shift no-analogue ecosystems closer to a 
historical state (Gould, 2012; Humphries and Tibbett, 2015). Some animal species can disperse 
across hostile landscape matrices and facilitate native plant and fungal species establishment in 
rehabilitation (Brady et al., 2009). For example, seed dispersal by frugivorous birds and bats can 
occur (Keenan et al., 1997; White et al., 2004), including those not planted in the rehabilitation or 
present in its bud and seedbank. Distance to remnant woodland will influence dispersal, with higher 
and more diverse seed dispersal likely to occur if remnant woodland occurs nearby (Tucker, 2000; 
White et al., 2004).  

However, colonisation of native species into rehabilitation areas is not always guaranteed in cases of 
connected hybrid or unplanned novel ecosystems. For example, exotic plants in rehabilitated 
ecosystems may prevent the establishment of newly-dispersed native species (Yurkonis et al., 2005), 
by occupying germination niches (Davis et al., 2000). In hybrid rehabilitation dominated by native (but 
not local) Acacia or Allocasuarina species (Gould, 2012; Audet et al., 2013; Annandale et al., 2021), 
which alter nutrient cycles via nitrogen fixation, local low-nutrient-adapted native plants can be 
excluded (Specht and Specht, 1989). Furthermore, colonisation rates for groundcover and mid-
canopy vegetation may be inhibited by the dense foliage cover of these species and their alterations 
in soil properties (Gould, 2012).  

The benefits of connecting rehabilitated ecosystems with natural ecosystems can also be understood 
by considering the challenges presented in disconnected ecosystems. Natural dispersion processes 
will be slower in rehabilitated ecosystems that have no boundary with remnant vegetation (Cooke and 
Johnson, 2002; Gould, 2012). Species would need to rely on long distance dispersal mechanisms and 
species immigration will be mostly driven by chance (Tischew et al., 2014). Over the long-term, gene 
flow is compromised in isolated populations, which also creates a risk of extinction, lowering species 
diversity (Kuussaari et al., 2009; Méndez et al., 2014; Frankham et al., 2017). This emphasises the 
need to create appropriate linkages to surrounding native ecosystems and to maintain the habitat 
quality across the mining lease wherever possible.  

The colonisation of less mobile fauna species into rehabilitated areas relies upon the presence of 
these fauna in undisturbed surrounding areas (Cristescu et al., 2012) and suitable linking habitat for 
them to disperse through (i.e., habitat corridors). Rehabilitation that has strong connections to other 
habitat patches is more likely to be become populated by fauna than poorly connected rehabilitation, 
even when the ecosystem type is quite different to the adjacent area (Gilby et al., 2018). Therefore, 
regardless of whether the rehabilitation is natural, hybrid or novel, local fauna will utilise it if they can 
disperse there and suitable habitat characteristics are available.  

3.6.2 Regional scale benefits and risks from connectivity of rehabilitation with 
native ecosystems 

Native ecosystem rehabilitation also provides an opportunity for landscape-level connectivity and 
regional benefits. The most positive impacts on the broader landscape from native ecosystem 
rehabilitation establishment may be in biogeographic regions dominated by modified ecosystems (i.e., 
very little indigenous ecosystems remain). An example is the Brigalow Belt, where native ecosystems 
were cleared for agriculture prior to mining. In these fragmented landscapes, connectivity of historical 
areas through corridors ultimately ensure landscape functionality (Hobbs et al., 2014).  

The role of developing (i.e., young) rehabilitation, or that which is structurally distinct from other 
vegetation in the landscape, offers a unique regional benefit, important for supporting a diversity of 
fauna. For example, Tudor (2021) found that, by acting as a thermal refuge, early successional 
rehabilitation provides valuable habitat for the insect pollinator community, compared to the 
suboptimal conditions of the closed-canopy forest. By extension, it may be that physiognomic diversity 
of hybrid and novel ecosystems can offer similar benefits. At the least, rehabilitation adjacent to 
remnant areas, like unmined regrowth REs, contributes to protecting forest and woodland dependent 
species in small mature remnant fragments, by providing a buffer from edge effects and enhancing 
faunal dispersal (Bowen et al., 2009). 

However, not all connectivity is positive: there is a risk that connecting natural or hybrid ecosystems 
(either rehabilitated or unmined) with degraded ecosystems could result in shifting towards an 
irreversibly novel state (Hobbs et al., 2014). Positive feedback loops are frequently associated with 
unplanned novel ecosystems, and these can sometimes facilitate the spread of the system into 
surrounding areas (Hobbs et al., 2006). For example, increasing populations of exotic weeds within 
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unplanned novel ecosystems may result in their spread to adjoining areas (Lloyd et al., 2002). 
Consequently, broader biodiversity management efforts may be undermined near national parks or 
conservation zones (Hallett et al., 2013) or in REs generally, within unfragmented bioregions (e.g., 
Cape York and Northwest Highlands) potentially being most vulnerable. Planned and unplanned 
novel ecosystems in these bioregions will have a higher ongoing maintenance burden and require 
more rehabilitation effort to attain a stable condition (i.e., not causing environmental harm to the 
surrounding ecosystems). From a natural resource management perspective, novel ecosystems are 
not recommended if the surrounding area has a high conservation value (Backstrom et al., 2018). In 
contrast, rehabilitating to natural ecosystems when surrounding areas have high conservation value 
will benefit from connection with the local populations and dispersion processes as outlined above 
(see section 3.6.1). Therefore, it is recommended that landscape factors that influence the net value 
of rehabilitated ecosystems (Hallett et al., 2013) be taken into account in planning and management 
of native ecosystem rehabilitation.  

4. Limitations and opportunities with the natural–
hybrid–novel ecosystem concept 

4.1 Lack of clear objectives and risks involved with novel 
ecosystems 

A particularly important consideration, where the proposed PMLU is a native ecosystem, is that not all 
novel or hybrid ecosystems can be considered “native”. Further, while these alternative ecosystems 
have the potential to provide safe, structurally stable and manageable environments with acceptable 
ecological functions (Doley and Audet, 2016), where the objective is native ecosystem rehabilitation, it 
is not clear that they can necessarily provide beneficial environmental outcomes. Generally, there is 
limited knowledge of function and recovery from disturbances of degraded novel ecosystems (Milton, 
2003; Harris et al., 2006; Sasaki et al., 2015). Adopting novel or hybrid ecosystems as targets for 
severely degraded post-mining landscapes is problematic since, by definition, such systems lack 
analogues to provide the baseline or reference conditions (Gwenzi, 2021). Nor is there adequate 
knowledge about the development trajectories and compatibility of these systems with broader 
landscape disturbance regimes. This renders difficult the formulation of specific completion criteria for 
novel or hybrid ecosystem outcomes.  

It is notable that the term ‘novel ecosystem’ is primarily considered in relation to invasive species 
(alongside climate change; Hobbs et al. 2013b). In this context, the adoption of novel or hybrid 
ecosystem concepts within the scope of a preferred native ecosystem rehabilitation needs appropriate 
care and scrutiny. The dominance of exotic species in mine land rehabilitation is typically 
accompanied by low abundances of native species (Gastauer et al., 2018). Novel and hybrid 
ecosystem rehabilitation must be dominated by native species (Figure 1) to be considered native 
ecosystem rehabilitation. Furthermore, for novel native ecosystem rehabilitation to be considered a 
viable PMLU, we recommend that it must deliver demonstrable ecosystem services (e.g. carbon 
sequestration, habitat, cultural values; see others in Costanza et al., 2017) above and beyond those 
ecosystem services that are inherently required for rehabilitated land to achieve a safe, structurally 
stable condition and not cause environmental harm (EP Act, s111A). 

For the mining industry to make best use of the natural–hybrid–novel ecosystem concept, there is a 
need for clearer objectives at each mine operation, both in terms of what is meant by ‘native’ and in 
relation to the robustness and specificity of completion criteria. Stated objectives for native ecosystem 
rehabilitation are often ambiguous or vague, with words such a ‘native’, ‘local’ and ‘similar’ being 
undefined in mine documentation, for example, simply specifying ‘some bushland characteristics’. 
Consequently, objectives may be interpreted differently by different stakeholders over time. Many 
mines lack quantitative completion criteria, or, where present, there may be a disconnect between the 
criteria and the stated native ecosystem target.  

In Australia, notions of ‘nativeness’ in relation to ecological restoration are complex (Trigger et al., 
2008). Whilst in the broadest sense ‘native species’ include all non-introduced species in Australia, 
rehabilitation using species from far-flung regions within Australia (e.g., using WA endemics in Qld 
rehabilitation—Peake et al. 2021) is no longer common practice. Therefore, we recommend that mine 
plans have 1) a detailed outline and justification for the native ecosystem target(s), 2) quantifiable 
completion criteria that align with the target(s), 3) incorporation of current ecological knowledge about 
appropriate ecosystem trajectories, and 4) an outline of the predicted beneficial environmental 
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outcome(s) that can be measured. Additionally, best practice should focus on local species and we 
recommend species combinations to be specifically those from within the natural REs within the 
bioregion where post-mining biophysical conditions support these.  

4.2 Potential to “lower the bar” 

Concerns have been voiced that the concept of novel ecosystems may promote laissez-faire attitudes 
to conservation and restoration (Murcia et al., 2014; Higgs, 2017). Some researchers and 
rehabilitators contend that acceptance will facilitate the degradation of land through less stringent 
regulation (Clewell and Aronson, 2013; Aronson et al., 2014), although this is debated (Hobbs et al., 
2014). At a minimum, the formal incorporation of novel ecosystems as a target in mine rehabilitation 
guidelines would acknowledge that, in some cases, impacts are severe enough to result in permanent 
loss of fidelity to unmined native ecosystems (including even the ability to restore fidelity). This may 
be seen as problematic (Perring et al., 2013), in that “settling” on hybrid or novel ecosystems as a 
target may stifle innovation and the development of new techniques for establishment of natural 
rehabilitation. Thus, managers should remain cognisant of the distinctions between planned novel 
(i.e., designer), unplanned novel and hybrid ecosystems (Table 2) and when each of these may be 
necessitated due to inherent biophysical limitations (Figure 1). Furthermore, operators should 
consider the implications of future management requirements for the final rehabilitated ecosystem. 
This is important as no-analogue rehabilitated ecosystems will likely require increased ongoing 
management compared to rehabilitated natural ecosystems. 

4.3 Potential benefits of adopting the hybrid–novel concept 

PMLUs need to minimise the maintenance burden of rehabilitated areas into the future (Doley et al., 
2012). Where both the abiotic and biotic post-mining systems have been significantly and irreversibly 
affected by the mining, hybrid or novel ecosystems may represent the only achievable self-sustaining 
option (Doley and Audet, 2013; Higgs, 2017). Incorporating hybrid and novel ecosystem outcomes 
into the native ecosystem rehabilitation framework assists land managers in ecological goal setting, to 
identify what can realistically be accomplished and the magnitude of intervention required to achieve 
a desired ecological state (Doley and Audet, 2016; Wagner et al., 2016). Therefore, we recommend 
the adoption of planned novel and hybrid ecosystems as valid considerations within the scope of 
native ecosystem rehabilitation, but only with caveats lest unnecessary land degradation eventuates. 
Establishing or retaining hybrid ecosystem rehabilitation may be beneficial since this state may 
deviate little from natural rehabilitation and is therefore a less ambiguous native ecosystem 
rehabilitation objective. Simultaneously, as hybrid ecosystems, by definition, are able to be managed 
or modified to become fully natural ecosystems (Table 2), it could be argued that such work should be 
done. Where the rehabilitation is quite young, or the elements that are resulting in the hybrid status 
are few, then interventions to target a natural ecosystem (e.g., selective removal of some tree 
species) are likely justified. In contrast, where the rehabilitation’s floristics are not closely aligned with 
any candidate natural ecosystem, or where trees are large and offer high levels of habitat value, then 
retaining the hybrid state is likely to be preferable.  

The situation is somewhat different for novel ecosystems where, by definition, the rehabilitation 
cannot be managed into a natural state. Sometimes novel ecosystem rehabilitation has developed 
into a self-sustaining ecosystem that has valuable native elements but cannot practically be restored 
to a more natural state. In such cases the concept of novel ecosystems may be validly useful as a 
category and retaining novel native ecosystems may be desirable. Incorporating, where appropriate, 
novel ecosystems under the native ecosystem rehabilitation umbrella, allows for this flexibility (Doley 
et al., 2012). By not requiring strict fidelity to the species composition of a reference ecosystem, this 
concept recognises that there are alternative opportunities for biodiversity conservation and 
ecosystem service provisioning (Perring et al., 2013). Novel ecosystems are also useful for 
emphasising ecosystem function as a goal in itself (Miller and Bestelmeyer, 2017). Nevertheless, best 
practice rehabilitation methods include managing novel ecosystems to deliver beneficial 
environmental outcomes and ecosystem services above and beyond those required for land in stable 
condition as defined in the EP Act (s111A). These may include recreational services or timber 
production, or regulatory services like water purification and maintaining populations of pollinators 
(Costanza et al., 2017; Rosa et al., 2020). However, in these cases, the PMLU designation and thus 
rehabilitation efforts on the novel ecosystem itself, may be more appropriately directed at the service 
being delivered (e.g., forestry, recreation), rather than ‘native ecosystem’ (Department of Environment 
and Science, 2021) which inherently suggests development of a natural ecosystem.  

This is particularly relevant for planned novel (i.e. designer) ecosystems which may facilitate multi-use 



 

22 

outcomes while simultaneously bridging the conceptual divide separating the ecological function of re-
instated natural landscapes versus derelict and (or) unusable landscapes (Doley et al., 2012; Higgs, 
2017). Examples of planned novel ecosystems that deliver beneficial environmental outcomes 
include: 

• Native seed orchard (Nichols et al., 1985; Gardner and Bell, 2007; Annandale et al., 2021) 
o It is anticipated that wild harvest will not meet future demands for native seed (Hancock 

et al. 2020b) 
o These may facilitate climate adaptive provenancing (Prober et al., 2015) 

• Bush tucker gardens (Annandale et al., 2021) 
• Carbon sequestration (Ntshotsho, 2006; Ahirwal and Maiti, 2017). 

As they are planned to achieve specific outcomes, planned novel ecosystems can place an even 
greater emphasis on delivery of certain ecosystem functions than their unplanned novel counterparts 
including new functions not generally provided by native ecosystems, or optimised functions, or both 
(Light et al., 2013). In this regard, planned novel ecosystems may be considered ‘native ecosystem’ 
where the services they deliver restore those lost from the disturbed native ecosystem. 

5. Conclusions 
Where the proposed PMLU is a native ecosystem, there is ambiguity regarding what constitutes best 
practice rehabilitation. We consider the best practice for native ecosystem rehabilitation is one that 
aims to restore native ecosystems with as much fidelity as possible to existing natural ecosystems. 
This may be rehabilitation to historical ecosystems, or to substitute ecosystems where post-mining 
landforms and soil properties better suit a substitute RE from within the mine’s bioregion. In some 
cases, hybrid and novel ecosystems may be warranted if biophysical limitations caused by mining 
disturbances dictate that natural ecosystem types (historical and substituted) are not achievable. 
However, we caution managers when incorporating hybrid or novel targets in rehabilitation plans, that 
their novelty means there is uncertainty in ecosystem sustainability and future maintenance burden.  

  



 

23 

6. References 
Aavik T and Helm A (2018) ‘Restoration of plant species and genetic diversity depends on landscape-
scale dispersal’, Restoration Ecology, 26(S2):S92–S102, doi:https://doi.org/10.1111/rec.12634. 

Ahirwal J and Maiti SK (2017) ‘Assessment of carbon sequestration potential of revegetated coal 
mine overburden dumps: A chronosequence study from dry tropical climate’, Journal of Environmental 
Management, 201:369–377, doi:10.1016/j.jenvman.2017.07.003. 

Ahirwal J, Maiti SK and Satyanarayana Reddy M (2017) ‘Development of carbon, nitrogen and 
phosphate stocks of reclaimed coal mine soil within 8 years after forestation with Prosopis juliflora 
(Sw.) Dc.’, Catena, 156(April):42–50, doi:10.1016/j.catena.2017.03.019. 

Alharbi WG and Petrovskii S V. (2016) ‘The Impact of Fragmented Habitat’s Size and Shape on 
Populations with Allee Effect’, Mathematical Modelling of Natural Phenomena, 11(4):5–15, 
doi:10.1051/mmnp/201611402. 

Andersen AN, Hoffmann BD and Somes J (2003) ‘Ants as indicators of minesite restoration: 
Community recovery at one of eight rehabilitation sites in central Queensland’, Ecological 
Management and Restoration, 4(SUPPL.):S12–S19, doi:10.1046/j.1442-8903.4.s.2.x. 

Annandale M, Meadows J and Erskine P (2021) ‘Indigenous forest livelihoods and bauxite mining: A 
case-study from northern Australia’, Journal of Environmental Management, 294(May):113014, 
doi:10.1016/j.jenvman.2021.113014. 

Antonelli PM (2018) Facilitating native plant recovery on copper mine tailings in the semiarid 
grasslands of Southern Interior British Columbia. Thompson Rivers University. 

Antonelli PM, Fraser LH, Gardner WC, Broersma K, Karakatsoulis J and Phillips ME (2018) ‘Long 
term carbon sequestration potential of biosolids-amended copper and molybdenum mine tailings 
following mine site reclamation’, Ecological Engineering, 117(September 2017):38–49, 
doi:10.1016/j.ecoleng.2018.04.001. 

Arnold S, Kailichova Y and Baumgartl T (2014) ‘Germination of Acacia harpophylla (Brigalow) seeds 
in relation to soil water potential: Implications for rehabilitation of a threatened ecosystem’, PeerJ, 
2014(1):1–15, doi:10.7717/peerj.268. 

Aronson J, Murcia C, Kattan GH, Moreno-Mateos D, Dixon K and Simberloff D (2014) ‘The road to 
confusion is paved with novel ecosystem labels: A reply to Hobbs et al.’, Trends in Ecology and 
Evolution, 29(12):646–647, doi:10.1016/j.tree.2014.09.011. 

Asensio V, Covelo EF and Kandeler E (2013) ‘Soil management of copper mine tailing soils - Sludge 
amendment and tree vegetation could improve biological soil quality’, Science of the Total 
Environment, 456–457:82–90, doi:10.1016/j.scitotenv.2013.03.061. 

Audet P, Gravina A, Glenn V, Mckenna P, Vickers H, Gillespie M and Mulligan D (2013) ‘Structural 
development of vegetation on rehabilitated North Stradbroke Island: Above/belowground feedback 
may facilitate alternative ecological outcomes’, Ecological Processes, 2(1):1–17, doi:10.1186/2192-
1709-2-20. 

Ayres B, Dobchuk B, Christensen D, O’Kane M and Fawcett M (2006) ‘Incorporation of natural slope 
features into the design of final landforms for waste rock stockpiles’, 7th International Conference on 
Acid Rock Drainage 2006, ICARD - Also Serves as the 23rd Annual Meetings of the American Society 
of Mining and Reclamation, 1:59–75, doi:10.21000/jasmr06020059. 

Backstrom AC, Garrard GE, Hobbs RJ and Bekessy SA (2018) ‘Grappling with the social dimensions 
of novel ecosystems’, Frontiers in Ecology and the Environment, 16(2):109–117, 
doi:10.1002/fee.1769. 

Banning NC, Grant CD, Jones DL and Murphy D V (2008) ‘Recovery of soil organic matter, organic 
matter turnover and nitrogen cycling in a post-mining forest rehabilitation chronosequence’, Soil 
Biology and Biochemistry, 40(2008):2021–2031, doi:10.1016/j.soilbio.2008.04.010. 

Baskin JM and Baskin CC (2004) ‘A classification system for seed dormancy’, Seed Science 
Research, 14(1):1–16, doi:10.1079/ssr2003150. 

Batty LC and Hallberg KB (eds) (2010) Ecology of Industrial Pollution. New York, USA: Cambridge 
University Press. 

Bauman JM, Cochran C, Chapman J and Gilland K (2015) ‘Plant community development following 



 

24 

restoration treatments on a legacy reclaimed mine site’, Ecological Engineering, 83:521–528, 
doi:10.1016/j.ecoleng.2015.06.023. 

Bayliss P, Bellairs SM, Manning J, Pfi K, Smith H, Gardener M and Calvert G (2006) ‘The impact of 
uncontrolled weeds on the rehabilitation success of Nabarlek uranium mine in Arnhem Land, Northern 
Territory’, in Fifteenth Australian Weeds Conference; Managing weeds in a changing climate. 
Adelaide, South Australia, 4–7. 

Bell LC (2001) ‘Establishment of native ecosystems after mining - Australian experience across 
diverse biogeographic zones’, Ecological Engineering, 17(2–3):179–186, doi:10.1016/S0925-
8574(00)00157-9. 

Bellairs S and Davidson P (1999) ‘Native plant establishment after mining in Australian rangelands’, in 
VIth International Rangeland Congress Proceedings Vol. 2. Academia, 962–968. 

Bellairs SM and Bell DT (1993) ‘Seed Stores for Restoration of SpeciesRich Shrubland Vegetation 
Following’, Restoration Ecology, December:231–240. 

Bennett AF (1990) ‘Habitat corridors and the conservation of small mammals in a fragmented forest 
environment’, Landscape Ecology, 4(2–3):109–122, doi:10.1007/BF00132855. 

Bowen ME, McAlpine CA, Seabrook LM, House APN and Smith GC (2009) ‘The age and amount of 
regrowth forest in fragmented brigalow landscapes are both important for woodland dependent birds’, 
Biological Conservation, 142(12):3051–3059, doi:10.1016/j.biocon.2009.08.005. 

Bowman DMJS and Panton WJ (1993) ‘Factors that control monsoon-rainforest seedling in north 
Australian establishment and growth Eucalyptus savanna’, Journal of Ecology, 81(2):297–304. 

Brady CJ (2005) Birds as Indicators of Rehabilitation Success at Gove Bauxite Mine. Charles Darwin 
University. 

Brady MJ, McAlpine CA, Miller CJ, Possingham HP and Baxter GS (2009) ‘Habitat attributes of 
landscape mosaics along a gradient of matrix development intensity: matrix management matters’, 
Landscape Ecology, 24(7):879–891, doi:10.1007/s10980-009-9372-6. 

Broadhurst L, Driver M, Guja L, North T, Vanzella B, Fifield G, Bruce S, Taylor D and Bush D (2015) 
‘Seeding the future - the issues of supply and demand in restoration in Australia’, Ecological 
Management and Restoration, 16(1):29–32, doi:10.1111/emr.12148. 

Brown GK (2021) Introduction to the Census of the Queensland flora 2021. Department of 
Environment and Science, Queensland Government. 

Bugosh N (2009) ‘Fluvial Geomorphic Landscape Design Computer Software.’ United States of 
America. 

Carroll C, Pink L and Burger B P (2004) ‘Coalmine rehabilitation: A long term erosion and water 
quality study on central Queensland coalmines’, in Conserving soil and water for socirty: sharing 
solutions. Brisbane, Queensland: 13th International Soil Conservation Organisation Conference, 1–6. 

Clement S and Standish RJ (2018) ‘Novel ecosystems: Governance and conservation in the age of 
the Anthropocene’, Journal of Environmental Management, 208:36–45, 
doi:https://doi.org/10.1016/j.jenvman.2017.12.013. 

Clewell A and Aronson J (2013) ‘The SER primer and climate change’, Ecological Management and 
Restoration, 14(3):182–186, doi:10.1111/emr.12062. 

Clout MN and Clout MN (1989) ‘Foraging Behavior of Glossy Black-Cockatoos’, Australian Wildlife 
Research, 16(4):467–473. 

Cole M, Nussbaumer Y, Castor C and Fisher N (2006) Topsoil Substitutes and Sustainability of 
Reconstructed Native Forest in the Hunter Valley. ACARP Project C12033. Australian Coal 
Association Research Program. 

Cooke JA and Johnson MS (2002) ‘Ecological restoration of land with particular reference to the 
mining of metals and industrial minerals: A review of theory and practice’, Environmental Reviews, 
10(1):41–71, doi:10.1139/a01-014. 

Corbin JD and D’Antonio CM (2004) ‘Effects of Exotic Species on Soil Nitrogen Cycling: Implications 
for Restoration’, Weed Technology, 18(2004):1464–1467. 

Corzo Remigio A, Chaney RL, Baker AJM, Edraki M, Erskine PD, Echevarria G and van der Ent A 
(2020) ‘Phytoextraction of high value elements and contaminants from mining and mineral wastes: 



 

25 

opportunities and limitations’, Plant and Soil, 449(1–2):11–37, doi:10.1007/s11104-020-04487-3. 

Costanza R, de Groot R, Braat L, Kubiszewski I, Fioramonti L, Sutton P, Farber S and Grasso M 
(2017) ‘Twenty years of ecosystem services: How far have we come and how far do we still need to 
go?’, Ecosystem Services, 28:1–16, doi:10.1016/j.ecoser.2017.09.008. 

Courtney R, Feeney E and O’Grady A (2014) ‘An ecological assessment of rehabilitated bauxite 
residue’, Ecological Engineering, 73:373–379, doi:10.1016/j.ecoleng.2014.09.064. 

Cox M, Dickman CR and Hunter J (2004) ‘Effects of rainforest fragmentation on non-flying mammals 
of the Eastern Dorrigo Plateau, Australia’, Biological Conservation, 115(2):175–189, 
doi:10.1016/S0006-3207(03)00105-8. 

Craig MD, Hardy GESJ, Fontaine JB, Garkakalis MJ, Grigg AH, Grant CD, Fleming PA and Hobbs RJ 
(2012) ‘Identifying unidirectional and dynamic habitat filters to faunal recolonisation in restored mine-
pits’, Journal of Applied Ecology, 49(4):919–928, doi:10.1111/j.1365-2664.2012.02152.x. 

Craig MD, Hobbs RJ, Grigg AH, Garkaklis MJ, Grant CD, Fleming PA and Hardy GESJ (2010) ‘Do 
thinning and burning sites revegetated after bauxite mining improve habitat for terrestrial 
vertebrates?’, Restoration Ecology, 18(3):300–310, doi:10.1111/j.1526-100X.2009.00526.x. 

Cristescu RH, Frère C and Banks PB (2012) ‘A review of fauna in mine rehabilitation in Australia: 
Current state and future directions’, Biological Conservation, 149(1):60–72, 
doi:10.1016/j.biocon.2012.02.003. 

Cross AT, Ivanov D, Stevens JC, Sadler R, Zhong H, Lambers H and Dixon KW (2021) ‘Nitrogen 
limitation and calcifuge plant strategies constrain the establishment of native vegetation on magnetite 
mine tailings’, Plant and Soil, 461(1–2):181–201, doi:10.1007/s11104-019-04021-0. 

Cross AT and Lambers H (2017) ‘Young calcareous soil chronosequences as a model for ecological 
restoration on alkaline mine tailings’, Science of the Total Environment, 607–608:168–175, 
doi:10.1016/j.scitotenv.2017.07.005. 

Cross AT, Stevens JC and Dixon KW (2017) ‘One giant leap for mankind: can ecopoiesis avert mine 
tailings disasters?’, Plant and Soil, 421(1–2), doi:10.1007/s11104-017-3410-y. 

Cross AT, Stevens JC, Sadler R, Moreira-Grez B, Ivanov D, Zhong H, Dixon KW and Lambers H 
(2021) ‘Compromised root development constrains the establishment potential of native plants in 
unamended alkaline post-mining substrates’, Plant and Soil, 461(1–2):163–179, doi:10.1007/s11104-
018-3876-2. 

Cross SL, Bateman PW and Cross AT (2020) ‘Restoration goals: Why are fauna still overlooked in the 
process of recovering functioning ecosystems and what can be done about it?’, Ecological 
Management & Restoration, 21(1):4–8, doi:10.1111/emr.12393. 

Crowley GM and Garnett ST (2001) ‘Food value and tree selection by glossy black-cockatoos 
Calyptorhynchus lathami’, Austral Ecology, 26(1):116–126, doi:10.1046/j.1442-9993.2001.01093.x. 

Dale G, Thomas E, McCallum L, Raine S, Bennett J and Reardon-Smith K (2018) Applying risk-based 
principles of dispersive mine spoil behaviour to facilitate development of cost-effective best 
management practices. ACARP Project C24033. Australian Coal Association Research Program, 
Available at: https://eprints.usq.edu.au/41858/1/2017_Bennett_Raine_Reardon-
Smith_Dale_Thomas_ACARP_report.pdf. 

Davis MA, Grime JP and Thompson K (2000) ‘Fluctuating resources in plant communities: A general 
theory of invasibility’, Journal of Ecology, 88(3):528–534, doi:10.1046/j.1365-2745.2000.00473.x. 

Daws MI, Standish RJ, Koch JM, Morald TK, Tibbett M and Hobbs RJ (2015) ‘Phosphorus fertilisation 
and large legume species affect jarrah forest restoration after bauxite mining’, Forest Ecology and 
Management, 354:10–17, doi:10.1016/j.foreco.2015.07.003. 

Department of Environment and Science (2021) Guideline - Progressive rehabilitation and closure 
plans (PRC plans). Department of Environment and Science, Queensland Government, Available at: 
https://environment.des.qld.gov.au/__data/assets/pdf_file/0026/95444/rs-gl-prc-plan.pdf. 

Di Carlo E, Boullemant A and Courtney R (2020) ‘Ecotoxicological risk assessment of revegetated 
bauxite residue: Implications for future rehabilitation programmes’, Science of the Total Environment, 
698:134344, doi:10.1016/j.scitotenv.2019.134344. 

Dickie IA, St John MG, Yeates GW, Morse CW, Bonner KI, Orwin K and Peltzer DA (2014) 
‘Belowground legacies of Pinus contorta invasion and removal result in multiple mechanisms of 



 

26 

invasional meltdown’, AoB PLANTS, 6:1–15, doi:10.1093/aobpla/plu056. 

Dobrowolski MP (2019) ‘Combining seed burial, land imprinting and an artificial soil crust dramatically 
increases the emergence of broadcast seed’, in Fourie, A.B. and Tibbett, M. (eds) Proceedings of the 
International Conference on Mine Closure. Perth, Australia: Australian Centre for Geomechanics, 
667–678, doi:10.36487/ACG_rep/1915_53_Dobrowolski. 

Doley D and Audet P (2013) ‘Adopting novel ecosystems as suitable rehabilitation alternatives for 
former mine sites’, Ecological Processes, 2(1):22, doi:10.1186/2192-1709-2-22. 

Doley D and Audet P (2016) ‘What part of mining are ecosystems? Defining success for the 
“restoration” of highly disturbed landscapes’, in Ecological Restoration: Global Challenges, Social 
Aspects and Environmental Benefits. Nova Science Publishers, Inc., 57–88, Available at: 
https://www.researchgate.net/publication/289504951. 

Doley D, Audet P and Mulligan DR (2012) ‘Examining the Australian context for post-mined land 
rehabilitation: Reconciling a paradigm for the development of natural and novel ecosystems among 
post-disturbance landscapes’, Agriculture, Ecosystems and Environment, 163:85–93, 
doi:10.1016/j.agee.2012.04.022. 

Emilia HN (2015) Establishment of woody savannah species on various mined substrates: toward 
rehabilitating self sustaining plant communities at Navachab gold mine. University of Nambia. 

Emmerton B, Burgess J, Esterle J, Erskine P and Baumgartl T (2018) ‘The application of natural 
landform analogy and geology-based spoil classification to improve surface stability of elevated spoil 
landforms in the Bowen Basin, Australia—A review’, Land Degradation and Development, 
29(5):1489–1508, doi:10.1002/ldr.2908. 

Erickson TE, Muñoz-Rojas M, Guzzomi AL, Masarei M, Ling E, Bateman AM, Kildisheva OA, Ritchie 
AL, Turner SR, Parsons B, Chester P, Webster T, Wishart S, James JJ, Madsen MD, Abella SR and 
Merritt DJ (2019) ‘A case study of seed-use technology development for Pilbara mine site 
rehabilitation’, Proceedings of the International Conference on Mine Closure, 2019-Septe:679–691, 
doi:10.36487/ACG_rep/1915_54_Erickson. 

Erickson TE, Muñoz-Rojas M, Kildisheva OA, Stokes BA, White SA, Heyes JL, Dalziell EL, 
Lewandrowski W, James JJ, Madsen MD, Turner SR and Merritt DJ (2017) ‘Benefits of adopting 
seed-based technologies for rehabilitation in the mining sector: A Pilbara perspective’, Australian 
Journal of Botany, 65(8):646–660, doi:10.1071/BT17154. 

Erskine PD, Bartolo R, McKenna P and Humphrey C (2019) ‘Using reference sites to guide ecological 
engineering and restoration of an internationally significant uranium mine in the Northern Territory, 
Australia’, Ecological Engineering, 129(October 2018):61–70, doi:10.1016/j.ecoleng.2019.01.008. 

Erskine PD and Fletcher AT (2013) ‘Novel ecosystems created by coal mines in central Queensland’s 
Bowen Basin’, Ecological Processes, 2(1):1–12, doi:10.1186/2192-1709-2-33. 

Evers CR, Wardropper CB, Branoff B, Granek EF, Hirsch SL, Link TE, Olivero-Lora S and Wilson C 
(2018) ‘The ecosystem services and biodiversity of novel ecosystems: A literature review’, Global 
Ecology and Conservation, 13:e00362, doi:10.1016/j.gecco.2017.e00362. 

Ewel JJ, Mascaro J, Kueffer C, Lugo AE, Lach L and Gardener MR (2013) ‘Islands: Where Novelty is 
the Norm’, in Hobbs, R.J., Higgs, E.S., and Hall, C.M. (eds) Novel Ecosystems: Intervening in the 
New Ecological World Order. First Edit. John Wiley & Sons, Ltd, 29–44, 
doi:10.1002/9781118354186.ch4. 

Eycott AE, Stewart GB, Buyung-Ali LM, Bowler DE, Watts K and Pullin AS (2012) ‘A meta-analysis on 
the impact of different matrix structures on species movement rates’, Landscape Ecology, 
27(9):1263–1278, doi:10.1007/s10980-012-9781-9. 

Eyre TJ, Kelly AL and Neldner V (2017) Method for the Establishment and Survey of Reference Sites 
for BioCondition. Version 3. Brisbane, Queensland: Queensland Herbarium, Department of Science, 
Information Technology and Innovation. 

Ferreira MC and Vieira DLM (2017) ‘Topsoil for restoration: Resprouting of root fragments and 
germination of pioneers trigger tropical dry forest regeneration’, Ecological Engineering, 103:1–12, 
doi:10.1016/j.ecoleng.2017.03.006. 

Ferreira MC, Walter BMT and Vieira DLM (2015) ‘Topsoil translocation for Brazilian savanna 
restoration: Propagation of herbs, shrubs, and trees’, Restoration Ecology, 23(6):723–728, 
doi:10.1111/rec.12252. 



 

27 

Fourrier C, Luglia M, Hennebert P, Foulon J, Ambrosi JP, Angeletti B, Keller C and Criquet S (2020) 
‘Effects of increasing concentrations of unamended and gypsum modified bauxite residues on soil 
microbial community functions and structure – A mesocosm study’, Ecotoxicology and Environmental 
Safety, 201(June):110847, doi:10.1016/j.ecoenv.2020.110847. 

Fowler WM, Fontaine JB, Enright NJ and Veber WP (2015) ‘Evaluating restoration potential of 
transferred topsoil’, Applied Vegetation Science, 18(3):379–390, doi:10.1111/avsc.12162. 

Frankham R, Ballou JD, Ralls K, Eldridge MDB, Dudash MR, Fenster CB, Lacy RC and Sunnucks P 
(2017) ‘Population fragmentation causes inadequate gene flow and increases extinction risk’, in 
Frankham, R., Ballou, J.D., Ralls, K., Eldridge, M.D.B., Dudash, M.R., Fenster, C.B., Lacy, R.C., and 
Sunnucks, P. (eds) Genetic Management of Fragmented Animal and Plant Populations. Oxford 
University Press, doi:10.1093/oso/9780198783398.001.0001. 

Freeman J, Kobziar L, Rose EW and Cropper W (2017) ‘A critique of the historical-fire-regime concept 
in conservation’, Conservation Biology, 31(5):976–985, doi:10.1111/cobi.12942. 

Frouz J, Prach K, Pižl V, Háněl L, Starý J, Tajovský K, Materna J, Balík V, Kalčík J and Řehounková 
K (2008) ‘Interactions between soil development, vegetation and soil fauna during spontaneous 
succession in post mining sites’, European Journal of Soil Biology, 44(1):109–121, 
doi:10.1016/j.ejsobi.2007.09.002. 

Gardner J and Stoneman G (2003) ‘Bauxite mining and conservation of the Jarrah Forest in South-
West Australia’, in Mining, protected areas and biodiversity conservation: searching and pursuing best 
practice and reporting in the mining industry. Gland, Switzerland: IUCN ICMM Workshop, 1–10. 

Gardner JH and Bell DT (2007) ‘Bauxite mining restoration by Alcoa World Alumina Australia in 
Western Australia: Social, political, historical, and environmental contexts’, Restoration Ecology, 
15(SUPPL. 4):3–10, doi:10.1111/j.1526-100X.2007.00287.x. 

Gardner JH and Malajczuk N (1988) ‘Recolonisation of rehabilitated bauxite mine sites in Western 
Australia by mycorrhizal fungi’, Forest Ecology and Management, 24:27–42. 

Gastauer M, Silva JR, Caldeira Junior CF, Ramos SJ, Souza Filho PWM, Furtini Neto AE and 
Siqueira JO (2018) ‘Mine land rehabilitation: Modern ecological approaches for more sustainable 
mining’, Journal of Cleaner Production, 172:1409–1422, 
doi:https://doi.org/10.1016/j.jclepro.2017.10.223. 

Gastauer M, Souza Filho PWM, Ramos SJ, Caldeira CF, Silva JR, Siqueira JO and Furtini Neto AE 
(2019) ‘Mine land rehabilitation in Brazil: Goals and techniques in the context of legal requirements’, 
Ambio. 2018/04/11, 48(1):74–88, doi:10.1007/s13280-018-1053-8. 

Gilby BL, Olds AD, Connolly RM, Henderson CJ and Schlacher TA (2018) ‘Spatial restoration 
ecology: Placing restoration in a landscape context’, BioScience, 68(12):1007–1019, 
doi:10.1093/biosci/biy126. 

Gillespie M, Glenn V and Doley D (2015) ‘Reconciling waste rock rehabilitation goals and practice for 
a phosphate mine in a semi-arid environment’, Ecological Engineering, 85:1–12, 
doi:10.1016/j.ecoleng.2015.09.063. 

Glen M, Bougher NL, Colquhoun IJ, Vlahos S, Loneragan WA, O’Brien PA and Hardy GESJ (2008) 
‘Ectomycorrhizal fungal communities of rehabilitated bauxite mines and adjacent, natural jarrah forest 
in Western Australia’, Forest Ecology and Management, 255(1):214–225, 
doi:10.1016/j.foreco.2007.09.007. 

Golos PJ, Commander LE and Dixon KW (2019) ‘The addition of mine waste rock to topsoil improves 
microsite potential and seedling emergence from broadcast seeds in an arid environment’, Plant and 
Soil, 440(1–2):71–84, doi:10.1007/s11104-019-04060-7. 

Golos PJ and Dixon KW (2014) ‘Waterproofing topsoil stockpiles minimizes viability decline in the soil 
seed bank in an arid environment’, Restoration Ecology, 22(4):495–501, doi:10.1111/rec.12090. 

Golos PJ, Dixon KW and Erickson TE (2016) ‘Plant recruitment from the soil seed bank depends on 
topsoil stockpile age, height, and storage history in an arid environment’, Restoration Ecology, 
24(August 2016):S53–S61, doi:10.1111/rec.12389. 

Gould SF (2011) ‘Does post-mining rehabilitation restore habitat equivalent to that removed by 
mining? A case study from the monsoonal tropics of northern Australia’, Wildlife Research, 38(6):482–
490, doi:10.1071/WR11019. 



 

28 

Gould SF (2012) ‘Comparison of Post-mining Rehabilitation with Reference Ecosystems in 
Monsoonal Eucalypt Woodlands, Northern Australia’, Restoration Ecology, 20(2):250–259, 
doi:https://doi.org/10.1111/j.1526-100X.2010.00757.x. 

Grant CD (2006) ‘State-and-transition successional model for bauxite mining rehabilitation in the 
Jarrah forest of Western Australia’, Restoration Ecology, 14(1):28–37, doi:10.1111/j.1526-
100X.2006.00102.x. 

Grant CD and Koch J (2007) ‘Decommissioning Western Australia’s First Bauxite Mine: Co-evolving 
vegetation restoration techniques and targets’, Ecological Management & Restoration, 8(2):92–105, 
doi:https://doi.org/10.1111/j.1442-8903.2007.00346.x. 

Grant CD, Ward SC and Morley SC (2007) ‘Return of ecosystem function to restored bauxite mines in 
Western Australia’, Restoration Ecology, 15(SUPPL. 4):94–103, doi:10.1111/j.1526-
100X.2007.00297.x. 

Grigg AH and Grant CD (2009) ‘Overstorey growth response to thinning, burning and fertiliser in 10–
13-year-old rehabilitated jarrah (Eucalyptus marginata) forest after bauxite mining in south-western 
Australia’, Australian Forestry, 72(2):80–86, doi:10.1080/00049158.2009.10676293. 

Grigg AH, Sheridan GJ, Pearce AB and Mulligan DR (2006) ‘The effect of organic mulch amendments 
on the physical and chemical properties and revegetation success of a saline-sodic minespoil from 
central Queensland, Australia’, Australian Journal of Soil Research, 44(2):97–105, 
doi:10.1071/SR05047. 

Guimarães JCC, de Barros DA, Alves Pereira JA, Silva RA, de Oliveira AD and Coimbra Borges LA 
(2013) ‘Cost analysis and ecological benefits of environmental recovery methodologies in bauxite 
mining’, Cerne, 19(1):9–17. 

Gwenzi W (2021) ‘Rethinking restoration indicators and end-points for post-mining landscapes in light 
of novel ecosystems’, Geoderma, 387:114944, doi:https://doi.org/10.1016/j.geoderma.2021.114944. 

Hallett LM, Standish RJ, Hulvey KB, Gardener MR, Suding KN, Starzomski BM, Murphy SD and 
Harris JA (2013) ‘Towards a Conceptual Framework for Novel Ecosystems’, in Hobbs, R., Higgs, E., 
and Hall, C. (eds) Novel Ecosystems. (Wiley Online Books), 16–28, 
doi:https://doi.org/10.1002/9781118354186.ch3. 

Halwatura D, Lechner AM and Arnold S (2015) ‘Design droughts: A new planning tool for ecosystem 
rehabilitation’, International Journal of GEOMATE, 8(1):1138–1142, doi:10.21660/2015.15.4133. 

Hancock GR, Duque JFM and Willgoose GR (2020) ‘Mining rehabilitation – Using geomorphology to 
engineer ecologically sustainable landscapes for highly disturbed lands’, Ecological Engineering, 
155(March):105836, doi:10.1016/j.ecoleng.2020.105836. 

Hancock GR and Willgoose GR (2017) ‘Sustainable mine rehabilitation -25 years of the SIBERIA 
landform evolution and long-term erosion model’, in From Start to Finish: Life-of-mine perspective. 
Carlton, Australia: Australasian Institute of Mining and Metallurgy (AusIMM), 371–381, Available at: 
https://www.aph.gov.au/DocumentStore.ashx?id=8c55b7bb-b05a-4820-b853-
81e56b9bf376&subId=510399. 

Hancock N, Gibson-Roy P, Driver M and Broadhurst L (2020) ‘The Australian Native Seed Sector 
Survey Report’, The Australian Native Seed Sector Survey Report [Preprint], (January). 

Harris JA, Hobbs RJ, Higgs E and Aronson J (2006) ‘Ecological restoration and global climate 
change’, Restoration Ecology, 14(2):170–176, doi:10.1111/j.1526-100X.2006.00136.x. 

Herath DN, Lamont BB, Enright NJ and Miller BP (2009) ‘Comparison of post-mine rehabilitated and 
natural shrubland communities in Southwestern Australia’, Restoration Ecology, 17(5):577–585, 
doi:10.1111/j.1526-100X.2008.00464.x. 

Higgs E (2017) ‘Novel and designed ecosystems’, Restoration Ecology, 25(1):8–13, 
doi:https://doi.org/10.1111/rec.12410. 

Hobbs RJ, Arico S, Aronson J, Baron JS, Bridgewater P, Cramer VA, Epstein PR, Ewel JJ, Klink CA, 
Lugo AE, Norton D, Ojima D, Richardson DM, Sanderson EW, Valladares F, Vilà M, Zamora R and 
Zobel M (2006) ‘Novel ecosystems: theoretical and management aspects of the new ecological world 
order’, Global Ecology and Biogeography, 15(1):1–7, doi:https://doi.org/10.1111/j.1466-
822X.2006.00212.x. 

Hobbs Richard J, Higgs E, Hall CM, Bridgewater P, Chapin III FS, Ellis EC, Ewel JJ, Hallett LM, Harris 



 

29 

J, Hulvey KB, Jackson ST, Kennedy PL, Kueffer C, Lach L, Lantz TC, Lugo AE, Mascaro J, Murphy 
SD, Nelson CR, Perring MP, Richardson DM, Seastedt TR, Standish RJ, Starzomski BM, Suding KN, 
Tognetti PM, Yakob L and Yung L (2014) ‘Managing the whole landscape: historical, hybrid, and 
novel ecosystems’, Frontiers in Ecology and the Environment, 12(10):557–564, 
doi:https://doi.org/10.1890/130300. 

Hobbs RJ, Higgs E and Harris JA (2009) ‘Novel ecosystems: implications for conservation and 
restoration’, Trends in Ecology and Evolution, 24(11):599–605, 
doi:https://doi.org/10.1016/j.tree.2009.05.012. 

Hobbs Richard J, Higgs ES and Hall CM (2013) ‘Defining Novel Ecosystems’, in Hobbs, R.J., Higgs, 
E.S., and Hall, C.M. (eds) Novel Ecosystems. (Wiley Online Books), 58–60, 
doi:https://doi.org/10.1002/9781118354186.ch6. 

Hobbs Richard J., Higgs ES and Hall CM (2013) ‘Introduction: Why Novel Ecosystems?’, in Hobbs, 
R.J., Higgs, E.S., and Hall, C.M. (eds) Novel Ecosystems, 3–8, 
doi:https://doi.org/10.1002/9781118354186.ch1. 

Hobbs Richard J., Higgs ES and Harris JA (2014) ‘Novel ecosystems: Concept or inconvenient 
reality? A response to Murcia et al.’, Trends in Ecology and Evolution, 29(12):645–646, 
doi:10.1016/j.tree.2014.09.006. 

Holland GJ and Bennett AF (2007) ‘Occurrence of small mammals in a fragmented landscape: the 
role of vegetation heterogeneity’, Wildlife Research, 34:387–397, doi:10.1071/WR07061. 

Hollingsworth I, Croton J, Odeh I, Buli E and Klessa D (2006) ‘Landscape Reconstruction Using 
Analogues at Ranger Mine, Northern Territory, Australia’, Proceedings of the First International 
Seminar on Mine Closure, 149–160, doi:10.36487/acg_repo/605_7. 

Howard EJ, Loch RJ and Vacher CA (2011) ‘Evolution of landform design concepts’, in Transactions 
of the Institutions of Mining and Metallurgy, Section A: Mining Technology. Australian Centre for 
Geochmechanics, The University of Western Australia, 112–117, 
doi:10.1179/037178411X12942393517615. 

Huang L, Baumgartl T and Mulligan D (2012) ‘Is rhizosphere remediation sufficient for sustainable 
revegetation of mine tailings?’, Annals of botany, 110(2):223–238, doi:10.1093/aob/mcs115. 

Huang L, Baumgartl T, Zhou L and Mulligan RD (2014) ‘The new paradigm for phytostabilising mine 
wastes–ecologically engineered pedogenesis and functional root zones’, in Life-of-Mine Conference. 
Brisbane, Queensland, 663–674. 

Humphries RN (2016) ‘Case study: Some lessons from the early development of native forest 
rehabilitation at three surface mine complexes in Australia’, Journal American Society of Mining and 
Reclamation, 2016(1):1–27, doi:10.21000/jasmr16010001. 

Humphries RN and Tibbett M (2015) ‘Does the concept of novel ecosystems have a place in mine 
closure & rehabilitation?’, in Fourie, A.B., Tibbett, M., Sawatsky, L., and van Zyl, D. (eds) Mine 
Closure 2015: Proceedings of the Tenth International conference on Mine Closure. Vancouver, 
Canada: InfoMine Inc., Canada, 1194. 

Ismail SA, Ghazoul J, Ravikanth G, Kushalappa CG, Uma Shaanker R and Kettle CJ (2017) 
‘Evaluating realized seed dispersal across fragmented tropical landscapes: a two-fold approach using 
parentage analysis and the neighbourhood model’, New Phytologist, 214(3):1307–1316, 
doi:10.1111/nph.14427. 

Jackson J (2005) ‘Is there a relationship between herbaceous species richness and buffel grass 
(Cenchrus ciliaris)?’, Austral Ecology, 30(5):505–517, doi:10.1111/j.1442-9993.2005.01465.x. 

Jasper DA (2007) ‘Beneficial soil microorganisms of the jarrah forest and their recovery in bauxite 
mine restoration in southwestern Australia’, Restoration Ecology, 15(4):S74–S84, doi:10.1111/j.1526-
100X.2007.00295.x. 

Jefferson L V. (2004) ‘Implications of plant density on the resulting community structure of mine site 
land’, Restoration Ecology, 12(3):429–438, doi:10.1111/j.1061-2971.2004.00328.x. 

Kaiser-Bunbury CN, Mougal J, Whittington AE, Valentin T, Gabriel R, Olesen JM and Blüthgen N 
(2017) ‘Ecosystem restoration strengthens pollination network resilience and function’, Nature, 
542(7640):223–227, doi:10.1038/nature21071. 

Keenan R, Lamb D, Woldring O, Irvine T and Jensen R (1997) ‘Restoration of plant biodiversity 



 

30 

beneath tropical tree plantations in Northern Australia’, Forest Ecology and Management, 99(1–
2):117–131, doi:10.1016/S0378-1127(97)00198-9. 

Khurana E and Singh JS (2002) ‘Ecology of seed and seedling growth for conservation and 
restoration of tropical dry forest: a review’, Environmental Conservation, 28(01):39–52, 
doi:10.1017/S0376892901000042. 

Klimešová J and Klimeš L (2007) ‘Bud banks and their role in vegetative regeneration - A literature 
review and proposal for simple classification and assessment’, Perspectives in Plant Ecology, 
Evolution and Systematics, 8(3):115–129, doi:10.1016/j.ppees.2006.10.002. 

Koch JM (2007) ‘Restoring a jarrah forest understorey vegetation after bauxite mining in Western 
Australia’, Restoration Ecology, 15(SUPPL. 4):137–144, doi:10.1111/j.1526-100X.2007.00290.x. 

Kumar S, Kumar Maiti S and Chaudhuri S (2015) ‘Soil development in 2 – 21 years old coalmine 
reclaimed spoil with trees: A case study from Sonepur-Bazari opencast project, Raniganj’, Ecological 
Engineering, 84:311–324. 

Kumaresan D, Cross AT, Moreira-Grez B, Kariman K, Nevill P, Stevens J, Allcock RJN, O’Donnell 
AG, DIxon KW and Whiteley AS (2017) ‘Microbial Functional Capacity Is Preserved Within 
Engineered Soil Formulations Used in Mine Site Restoration’, Scientific Reports, 7(1):1–9, 
doi:10.1038/s41598-017-00650-6. 

Kuussaari M, Bommarco R, Heikkinen RK, Helm A, Pa M, Krauss J, Lindborg R, Öckinger E, Pärtel 
M, Rodà F, Stefanescu C, Teder T, Zobel M and Steffan-dewenter I (2009) ‘Extinction debt: a 
challenge for biodiversity conservation’, Trends in Ecology and Evolution, 24(10):564–571, 
doi:10.1016/j.tree.2009.04.011. 

Lamb D, Erskine PD and Fletcher A (2015) ‘Widening gap between expectations and practice in 
Australian minesite rehabilitation’, Ecological Management & Restoration, 16(3):186–195, 
doi:https://doi.org/10.1111/emr.12179. 

Landsberg J and Crowley G (2004) ‘Monitoring rangeland biodiversity: Plants as indicators’, Austral 
Ecology, 29(1):59–77, doi:10.1111/j.1442-9993.2004.01357.x. 

Lei K, Pan H and Lin C (2016) ‘A landscape approach towards ecological restoration and sustainable 
development of mining areas’, Ecological Engineering, 90:320–325, 
doi:10.1016/j.ecoleng.2016.01.080. 

Li X, Bond PL, Van Nostrand JD, Zhou J and Huang L (2015) ‘From lithotroph- to organotroph-
dominant: directional shift of microbial community in sulphidic tailings during phytostabilization’, 
Scientific Reports, 5(1):12978, doi:10.1038/srep12978. 

Li X, You F, Bond PL and Huang L (2015) ‘Establishing microbial diversity and functions in weathered 
and neutral Cu-Pb-Zn tailings with native soil addition’, Geoderma, 247–248:108–116, 
doi:10.1016/j.geoderma.2015.02.010. 

Light A, Thompson A and Higgs ES (2013) ‘Valuing Novel Ecosystems’, Novel Ecosystems. (Wiley 
Online Books), 257–268, doi:https://doi.org/10.1002/9781118354186.ch31. 

Lloyd M V, Barnett MD, Doherty MD, Jeffree RA, John J, Majer JD, Osborne JM and Nichols OG 
(2002) Managing the impacts of the Australian minerals industry on biodiversity, Australian Minerals 
and Energy Environment Foundation. London, UK: Australian Centre for Mining Environmental 
Research. 

Loch RJ and Orange DN (1997) ‘Changes in some properties of topsoil at Tarong Coal–Meandu Mine 
coalmine with time since rehabilitation’, Australian Journal of Soil Research, 35:777–784. 

Louzeiro R (2019) ‘Remote Sensing as a technology to monitor Rehabilitation Performance in Mining’, 
Integrate Sustainability, (September):2016–2019. 

Lundholm JT and Richardson PJ (2010) ‘Habitat analogues for reconciliation ecology in urban and 
industrial environments’, Journal of Applied Ecology, 47(5):966–975, doi:10.1111/j.1365-
2664.2010.01857.x. 

Macdonald SE, Landhäusser SM, Skousen J, Franklin J, Frouz J, Hall S, Jacobs DF and Quideau S 
(2015) ‘Forest restoration following surface mining disturbance: challenges and solutions’, New 
Forests, 46(5–6):703–732, doi:10.1007/s11056-015-9506-4. 

Machado NA de M, Leite MGP, Figueiredo MA and Kozovits AR (2013) ‘Growing Eremanthus 
erythropappus in crushed laterite: A promising alternative to topsoil for bauxite-mine revegetation’, 



 

31 

Journal of Environmental Management, 129:149–156, doi:10.1016/j.jenvman.2013.07.006. 

Macqueen PE, Nicholls JA, Hazlitt SL and Goldizen AW (2008) ‘Gene flow among native bush rat, 
Rattus fuscipes (Rodentia: Muridae), populations in the fragmented subtropical forests of south-east 
Queensland’, Austral Ecology, 33(5):585–593, doi:10.1111/j.1442-9993.2008.01879.x. 

Maher KA, Hobbs RJ and Yates CJ (2010) ‘Woody shrubs and herbivory influence tree encroachment 
in the sandplain heathlands of southwestern Australia’, Journal of Applied Ecology, 47(2):441–450, 
doi:10.1111/j.1365-2664.2010.01779.x. 

Majer JD, Brennan KEC and Moir ML (2007) ‘Invertebrates and the restoration of a forest ecosystem: 
30 years of research following bauxite mining in Western Australia’, Restoration Ecology, 15(SUPPL. 
4):104–115, doi:10.1111/j.1526-100X.2007.00298.x. 

McCaffrey N, Erskine P and Doley D (2017) ‘Managing imperfection in post-mined landscapes: 
determining the best practicable ecosystem reference sites’, Australian Plant Conservation, 25(4):4–
5. 

McKenna P, Glenn V, Erskine PD, Doley D and Sturgess A (2017) ‘Fire behaviour on engineered 
landforms stabilised with high biomass buffel grass’, Ecological Engineering, 101:237–246, 
doi:10.1016/j.ecoleng.2017.01.038. 

Meers TL, Enright NJ, Bell TL and Kasel S (2012) ‘Deforestation strongly affects soil seed banks in 
eucalypt forests: Generalisations in functional traits and implications for restoration’, Forest Ecology 
and Management, 266:94–107, doi:10.1016/j.foreco.2011.11.004. 

Méndez M, Vögeli M, Tella JL and Godoy JA (2014) ‘Joint effects of population size and isolation on 
genetic erosion in fragmented populations: Finding fragmentation thresholds for management’, 
Evolutionary Applications, 7(4):506–518, doi:10.1111/eva.12154. 

Menta C, Conti FD, Pinto S, Leoni A and Lozano-Fondón C (2014) ‘Monitoring soil restoration in an 
open-pit mine in northern Italy’, Applied Soil Ecology, 83:22–29, doi:10.1016/j.apsoil.2013.07.013. 

Miller BP, Sinclair EA, Menz MHM, Elliott CP, Bunn E, Commander LE, Dalziell E, David E, Davis B, 
Erickson TE, Golos PJ, Krauss SL, Lewandrowski W, Mayence CE, Merino-Martín L, Merritt DJ, Nevill 
PG, Phillips RD, Ritchie AL, Ruoss S and Stevens JC (2016) ‘A framework for the practical science 
necessary to restore sustainable, resilient, and biodiverse ecosystems’, Restoration Ecology, 
25(4):605–617, doi:10.1111/rec.12475. 

Miller JR and Bestelmeyer BT (2017) ‘What the novel ecosystem concept provides: a reply to Kattan 
et al’, Restoration Ecology, 25(4):488–490, doi:https://doi.org/10.1111/rec.12530. 

Milton SJ (2003) ‘“Emerging ecosystems” – a washing-stone for ecologists, economists and 
sociologists?’, South African Journal of Science, 99(October):404–406. 

Morrison B, Lamb D and Hundloe T (2005) ‘Assessing the likelihood of mine site revegetation 
success: A queensland case study’, Australasian Journal of Environmental Management, 12(3):165–
182, doi:10.1080/14486563.2005.10648647. 

Mulligan DR, Doley D, Baumgartl T and Lynch KM (2008) ‘The role of vegetation in mine waste cover 
systems with particular reference to Australian mine rehabilitation’, in Fourie, A.B., Tibbett, M., 
Weiersbye, I., and Dye, P. (eds) Mine Closure 2008: Proceedings of the Third International Seminar 
on Mine Closure. Perth: Australian Centre for Geomechanics, 727–738, 
doi:https://doi.org/10.36487/ACG_repo/852_68. 

Mulligan DR, Gillespie MJ, Gravina AJ and Currey NA (2006) ‘An Assessment of the Direct 
Revegetation Strategy on the Tailings Storage Facility at Kidston Gold Mine, North Queensland, 
Australia’, in Fourie, A. and Tibbett, M. (eds) Mine Closure 2006: Proceedings of the First 
International Seminar on Mine Closure. Perth, Australia: Australian Centre for Geomechanics, 371–
381. 

Muñoz-Rojas M, Erickson TE, Dixon KW and Merritt DJ (2016) ‘Soil quality indicators to assess 
functionality of restored soils in degraded semiarid ecosystems’, Restoration Ecology, 
24(August):S43–S52, doi:10.1111/rec.12368. 

Murcia C, Aronson J, Kattan GH, Moreno-Mateos D, Dixon K and Simberloff D (2014) ‘A critique of 
the “novel ecosystem” concept’, Trends in Ecology and Evolution, 29(10):548–553, 
doi:10.1016/j.tree.2014.07.006. 

Nativel N, Buisson E and Silveira FAO (2015) ‘Seed storage-mediated dormancy alleviation in 



 

32 

fabaceae from campo rupestre’, Acta Botanica Brasilica, 29(3):445–447, doi:10.1590/0102-
33062014abb0036. 

Navarro-Cano JA, Goberna M and Verdú M (2019) ‘Using plant functional distances to select species 
for restoration of mining sites’, Journal of Applied Ecology, 56(10):2353–2362, doi:10.1111/1365-
2664.13453. 

Neaves LE, Zenger KR, Prince RIT, Eldridge MDB and Cooper DW (2009) ‘Landscape discontinuities 
influence gene flow and genetic structure in a large, vagile Australian mammal, Macropus 
fuliginosus.’, Molecular Ecology, 18(16):3363–78, doi:10.1111/j.1365-294X.2009.04293.x. 

Neldner V, Butler DW and Guymer GP (2019) Queensland’s Regional Ecosystems: Building a 
maintaining a biodiversity inventory, planning framework and information system for Queensland. 
Version 2. Version 2. Brisbane: Queensland Herbarium, Queensland Department of Environment and 
Science, Available at: https://www.publications.qld.gov.au/dataset/d8244c14-d879-4a11-878c-
2b6d4f01a932/resource/42657ca4-848f-4d0e-91ab-1b475faa1e7d/download/qld-regional-
ecosystems.pdf. 

Neldner V, Wilson BA, Dilleward HA, Ryan TS, Butler DW, McDonald WJF, Richter D, Addicott EP 
and Appelman CN (2022) Methodology for surveying and mapping regional ecosystems and 
vegetation communities in Queensland. Version 6.0. Updated April 2022. Brisbane: Queensland 
Herbarium, Department of Environment and Science. 

Ngugi M, Dennis PG, Neldner V, Doley D, Fechner N and McElnea A (2018) ‘Open-cut mining 
impacts on soil abiotic and bacterial community properties as shown by restoration chronosequence’, 
Restoration Ecology, 26(5):839–850, doi:10.1111/rec.12631. 

Ngugi MR, Neldner V, Doley D, Kusy B, Moore D and Richter C (2015) ‘Soil moisture dynamics and 
restoration of self-sustaining native vegetation ecosystem on an open-cut coal mine’, Restoration 
Ecology, 23(5):615–624, doi:10.1111/rec.12221. 

Nguyen DQ, Phan TPH and Dao VT (2015) ‘Effect of storage time and pretreatment on seed 
germination of the threatened coniferous species Fokienia hodginsii’, Plant Species Biology, 
30(4):291–296, doi:10.1111/1442-1984.12062. 

Nichols OG (2004) Development of Rehabilitation Completion Criteria for Native Ecosystem 
Establishment on Coal Mines in the Bowen Basin. ACARP Project C12045. Australian Coal 
Association Research Program (ACARP). 

Nichols OG, Carbon BA, Colquhoun IJ, Croton JT and Murray NJ (1985) ‘Rehabilitation after bauxite 
mining in South-Western Australia’, Landscape Planning, 12:75–92. 

Nichols OG and Grant CD (2007) ‘Vertebrate Fauna Recolonization of Restored Bauxite Mines — 
Key Findings from Almost 30 Years of Monitoring and Research’, 15(4):116–126. 

Nichols OG and Nichols FM (2003) ‘Long-Term Trends in Faunal Recolonization After Bauxite Mining 
in the Jarrah Forest of Southwestern Australia’, Restoration Ecology, 11(3):261–272. 

Nielsen CK and Kelly VL (2016) ‘Wildlife Habitat Is Similar at Mined Versus Unmined Sites 30 Years 
Following Surface Mining for Coal in Southern Illinois’, Journal of Contemporary Water Research & 
Education, 157(1):23–32, doi:10.1111/j.1936-704x.2016.03211.x. 

Norman AM, Cromer LE and Taylor KS (2007) July Research Note No 25: Germination and Viability 
of seeds of Jarrah (Eucalyptus marginata) forest species according to temperature and duration of 
storage. Alocoa world Alumina Australia. 

Ntshotsho P (2006) Carbon sequestration on the subtropical dunes of South Africa: a comparison 
between native regenerating ecosystems and exotic plantations. University of Pretoria. 

Nuske SJ, Vernes K, May TW, Claridge AW, Congdon BC, Krockenberger A and Abell SE (2017) 
‘Redundancy among mammalian fungal dispersers and the importance of declining specialists’, 
Fungal Ecology, 27:1–13. 

Nussbaumer Y, Cole MA, Offler CE and Patrick JW (2016) ‘Identifying and ameliorating nutrient 
limitations to reconstructing a forest ecosystem on mined land’, Restoration Ecology, 24(2):202–211, 
doi:10.1111/rec.12294. 

Office of the Queensland Mine Rehabilitation Commissioner (2022a) Effective cover systems for 
waste rock dumps and tailings storage facilities. Queensland Government. 

Office of the Queensland Mine Rehabilitation Commissioner (2022b) Effective cover systems for 



 

33 

waste rock dumps and tailings storage facilities. Brisbane: Office of the Queensland Mine 
Rehabilitation Commissioner, Queensland Government, Available at: 
https://www.qmrc.qld.gov.au/__data/assets/pdf_file/0015/260511/research-brief-mine-waste-covers-
2022-feb.pdf. 

Office of the Queensland Mine Rehabilitation Commissioner (2022c) Topsoil deficits affecting mine 
rehabilitation in Queensland. Queensland Government. 

Page-Dumroese DS, Ott MR, Strawn DG and Tirocke JM (2018) ‘Using Organic Amendments to 
Restore Soil Physical and Chemical Properties of a Mine Site in Northeastern Oregon, USA’, Applied 
Engineering in Agriculture, 34(1):43–55, doi:10.13031/aea.12399. 

Paradella WR, Ferretti A, Mura JC, Colombo D, Gama FF, Tamburini A, Santos AR, Novali F, Galo M, 
Camargo PO, Silva AQ, Silva GG, Silva A and Gomes LL (2015) ‘Mapping surface deformation in 
open pit iron mines of Carajás Province (Amazon Region) using an integrated SAR analysis’, 
Engineering Geology, 193:61–78, doi:10.1016/j.enggeo.2015.04.015. 

Parrotta JA, Knowles OH and Wunderle JM (1997) ‘Development of floristic diversity in 10-year-old 
restoration forests on a bauxite mined site in Amazonia’, Forest Ecology and Management, 99(1–
2):21–42, doi:10.1016/S0378-1127(97)00192-8. 

Paterson DG, Mushia MN and Mkula SD (2019) ‘Effects of stockpiling on selected properties of 
opencast coal mine soils’, South African Journal of Plant and Soil, 36(2):101–106, 
doi:10.1080/02571862.2018.1493161. 

Peake T, Robinson T, Howe B and Garnhan J (2021) Establishing self-sustaining and recognisable 
ecological mine rehabilitation. ACARP Project C27038. Australian Coal Association Research 
Program (ACARP). 

Perring MP, Standish RJ and Hobbs RJ (2013) ‘Incorporating novelty and novel ecosystems into 
restoration planning and practice in the 21st century’, Ecological Processes, 2(1):18, 
doi:10.1186/2192-1709-2-18. 

Pietrzykowski M and Daniels WL (2014) ‘Estimation of carbon sequestration by pine (Pinus sylvestris 
L.) ecosystems developed on reforested post-mining sites in Poland on differing mine soil substrates’, 
Ecological Engineering, 73:209–218, doi:https://doi.org/10.1016/j.ecoleng.2014.09.058. 

Prober SM, Byrne M, McLean EH, Steane DA, Potts BM, Vaillancourt RE and Stock WD (2015) 
‘Climate-adjusted provenancing: A strategy for climate-resilient ecological restoration’, Frontiers in 
Ecology and Evolution, 3(JUN):1–5, doi:10.3389/fevo.2015.00065. 

Prober SM, Thiele KR, Lunt ID and Koen TB (2005) ‘Restoring ecological function in temperate 
grassy woodlands: Manipulating soil nutrients, exotic annuals and native perennial grasses through 
carbon supplements and spring burns’, Journal of Applied Ecology, 42(6):1073–1085, 
doi:10.1111/j.1365-2664.2005.01095.x. 

Probert R, Adams J, Coneybeer J, Crawford A and Hay F (2007) ‘Seed quality for conservation is 
critically affected by pre-storage factors’, Australian Journal of Botany, 55:326–335. 

Queensland Government (1994) Environmental Protection Act 1994. Queensland, Australia: 
Queensland, Australia. 

Reddell P, Gordon V and Hopkins MS (1999) ‘Ectomycorrhizas in Eucalyptus tetrodonta and E. 
miniata forest communities in tropical northern Australia and their role in the rehabilitation of these 
forests following mining’, Australian Journal of Botany, 47(6):881–907, doi:10.1071/bt97126. 

Reddell P and Milnes AR (1992) ‘Mycorrhizas and other specialized nutrient-acquisition strategies: 
their occurence in woodland plants from Kakadu and their role in rehabilitation of waste rock dumps at 
a local uranium mine’, Australian Journal of Botany, 40(2):223–242, doi:10.1071/bt9920223. 

Rivera D, Jáuregui BM and Peco B (2012) ‘The fate of herbaceous seeds during topsoil stockpiling: 
Restoration potential of seed banks’, Ecological Engineering, 44:94–101, 
doi:10.1016/j.ecoleng.2012.03.005. 

Robson T, Golos PJ, Stevens J and Reid N (2018) ‘Enhancing tailings revegetation using shallow 
cover systems in arid environments: Hydrogeochemical, nutritional, and ecophysiological constraints’, 
Land Degradation and Development, 29(9):2785–2796, doi:10.1002/ldr.2980. 

Rocha-Nicoleite E, Overbeck GE and Müller SC (2017) ‘Degradation by coal mining should be priority 
in restoration planning’, Perspectives in Ecology and Conservation, 15(3):202–205, 



 

34 

doi:10.1016/j.pecon.2017.05.006. 

Rokich DP, Dixon KW, Sivasithamparam K and Meney KA (2000) ‘Topsoil handling and storage 
effects on woodland restoration in Western Australia’, Restoration Ecology, 8(2):196–208, 
doi:10.1046/j.1526-100X.2000.80027.x. 

Rosa JCS, Morrison-Saunders A, Hughes M and Sánchez LE (2020) ‘Planning mine restoration 
through ecosystem services to enhance community engagement and deliver social benefits’, 
Restoration Ecology, 28(4):937–946, doi:10.1111/rec.13162. 

Ross MR V, Bernhardt ES, Doyle MW and Heffernan JB (2015) ‘Designer Ecosystems: Incorporating 
Design Approaches into Applied Ecology’, Annual Review of Environment and Resources, 40(1):419–
443, doi:10.1146/annurev-environ-121012-100957. 

Sasaki T, Furukawa T, Iwasaki Y, Seto M and Mori AS (2015) ‘Perspectives for ecosystem 
management based on ecosystem resilience and ecological thresholds against multiple and 
stochastic disturbances’, Ecological Indicators, 57:395–408, doi:10.1016/j.ecolind.2015.05.019. 

Schwenke GD, Mulligan DR and Bell LC (2000) ‘Soil stripping and replacement for the rehabilitation 
of bauxite-mined land at Weipa. I. Initial changes to soil organic matter and related parameters’, Soil 
Research, 38(2):345–370, Available at: https://doi.org/10.1071/SR99043. 

Scoles-Sciulla SJ and DeFalco LA (2009) ‘Seed reserves diluted during surface soil reclamation in 
eastern Mojave Desert’, Arid Land Research and Management, 23(1):1–13, 
doi:10.1080/15324980802598698. 

Seastedt TR, Hobbs RJ and Suding KN (2008) ‘Management of novel ecosystems: are novel 
approaches required?’, Frontiers in Ecology and the Environment, 6(10):547–553, 
doi:10.1890/070046. 

Setyawan D, Gilkes RJ and David JA (2002) ‘Landscape indicators and soil properties in a naturally 
rehabilitated mine waste dump, Western Australia’, in 17th World Congress of Soil Science. 
Symposium no. 32. Bangkok, Thailand. 

Shackelford N, Hobbs RJ, Burgar JM, Erickson TE, Joseph B, Ramalho CE, Perring MP, Standish RJ 
and Lalibert E (2013) ‘Primed for Change : Developing Ecological Restoration for the 21st Century’, 
21(3):297–304, doi:10.1111/rec.12012. 

Spain A, Hinz R, Ludwig J, Tibbett M and Tongway D (2006) ‘Mine Closure and Ecosystem 
Development ⎯ Alcan Gove Bauxite Mine, Northern Territory, Australia’, Proceedings of the First 
International Seminar on Mine Closure, (150 mm):299–308, doi:10.36487/acg_repo/605_23. 

Spargo A and Doley D (2016) ‘Selective coal mine overburden treatment with topsoil and compost to 
optimise pasture or native vegetation establishment’, Journal of Environmental Management, 
182:342–350, doi:https://doi.org/10.1016/j.jenvman.2016.07.095. 

Specht RL and Specht A (1989) ‘Species Richness of Sclerophyll (Heathy) Plant Communities in 
Australia: 2—the Influence of Overstorey Cover’, Australian Journal of Botany, 37(4):337–350. 

Standards Reference Group SERA (2021) National standards for the practice of ecological restoration 
in Australia. Ed 2.2, Available from URL: www.seraustralasia.org. Ed 2.2. Society for Ecological 
Restoration Australasia., doi:10.1111/rec.12359. 

Streatfeild C (2009) The effects of habitat fragmentation on the demography and population genetic 
structure of Uromys caudimaculatus. PhD thesis. School of Natural Resource Sciences. Queensland 
University of Technology. 

Strohmayer P (1999) ‘Soil Stockpiling for Reclamation and Restoration activities after Mining and 
Construction’, Student On-Line Journal, 4(7):1–6. 

Suding K (2011) ‘Toward an era of restoration in ecology: Successes, failures, and opportunities 
ahead’, Annual Review of Ecology, Evolution, and Systematics, 42:465–487, doi:10.1146/annurev-
ecolsys-102710-145115. 

Tang RH, Erskine PD, Lilly R and van der Ent A (2021) ‘The biogeochemistry of copper metallophytes 
in the Roseby Corridor (North-West Queensland, Australia)’, Chemoecology, 31(1):19–30, 
doi:10.1007/s00049-020-00325-1. 

Taylor G, Eggleton RA, Foster LD and Morgan CM (2008) ‘Landscapes and regolith of Weipa, 
northern Australia’, Australian Journal of Earth Sciences, 55(sup1):S3–S16, 
doi:10.1080/08120090802438225. 



 

35 

Thackway R and Freudenberger D (2016) ‘Accounting for the Drivers that Degrade and Restore 
Landscape Functions in Australia’, Land, 5(4):40, doi:10.3390/land5040040. 

Tischew S, Baasch A, Grunert H and Kirmer A (2014) ‘How to develop native plant communities in 
heavily altered ecosystems: Examples from large-scale surface mining in Germany’, Applied 
Vegetation Science, 17(2):288–301, doi:10.1111/avsc.12078. 

Trigger D, Mulcock J, Gaynor A and Toussaint Y (2008) ‘Ecological restoration, cultural preferences 
and the negotiation of “nativeness” in Australia’, Geoforum, 39(3):1273–1283, 
doi:10.1016/j.geoforum.2007.05.010. 

Tripathi N, Singh RS and Hills CD (2016) ‘Soil carbon development in rejuvenated Indian coal mine 
spoil’, Ecological Engineering, 90:482–490, doi:10.1016/j.ecoleng.2016.01.019. 

Tucker BNIJ (2000) ‘Linkage restoration: Interpreting fragmentation theory for the design of a 
rainforest linkage in the humid Wet Tropics of north-eastern Queensland’, Ecological Management & 
Restoration, 1(1):35–41, doi:10.1046/j.1442-8903.2000.00006.x. 

Tucker NIJ and Murphy TM (1997) ‘The effects of ecological rehabilitation on vegetation recruitment: 
some observations from the Wet Tropics of North Queensland’, Forest Ecology and Management, 
99(1–2):133–152, doi:10.1016/s0378-1127(97)00200-4. 

Tudor EP (2021) ‘The Patterns and Processes of Insect Pollinator Re-assembly across a Post-mining 
Restoration Landscape’, (January). 

Umwelt (Australia) Pty Limited (2017) Assessment of mine rehabilitation against Central Hunter Valley 
Eucalypt forest and woodland CEEC. Newcastle, New South Wales, Australia. 

Van Etten EJB, Neasham B and Dalgleish S (2014) ‘Soil seed banks of fringing salt lake vegetation in 
arid Western Australia - density, composition and implications for postmine restoration using topsoil’, 
Ecological Management and Restoration, 15(3):239–242, doi:10.1111/emr.12119. 

Van Gorp L and Erskine PD (2011) ‘The influence of topsoil management on Stradbroke Island sand 
mine rehabilitation: Implications for ecosystem recovery’, Proceedings of the Royal Society of 
Queensland, 117:377–389. 

van Soest J, Lockhart C, Smith J and Fuller S (2011) ‘Importance of soil ecology in vegetation 
rehabilitation on a North Stradbroke Island sand mine.’, Proceedings of the Royal Society of 
Queensland, 117:391–404. 

Vickers H, Gillespie M and Gravina A (2012) ‘Assessing the development of rehabilitated grasslands 
on post-mined landforms in north west Queensland, Australia’, Agriculture, Ecosystems and 
Environment, 163:72–84, doi:10.1016/j.agee.2012.05.024. 

Wagner AM, Larson DL, DalSoglio JA, Harris JA, Labus P, Rosi-Marshall EJ and Skrabis KE (2016) 
‘A framework for establishing restoration goals for contaminated ecosystems’, Integrated 
Environmental Assessment and Management, 12(2):264–272, doi:https://doi.org/10.1002/ieam.1709. 

Ward SC and Koch JM (1996) ‘Biomass and nutrient distribution in a 15.5 year old forest growing on a 
rehabilitated bauxite mine’, Australian Journal of Ecology, 21:309–315. 

Wehr JB, Fulton I and Menzies NW (2006) ‘Revegetation strategies for bauxite refinery residue: A 
case study of Alcan Gove in Northern Territory, Australia’, Environmental Management, 37(3):297–
306, doi:10.1007/s00267-004-0385-2. 

White E, Tucker N, Meyers N and Wilson J (2004) ‘Seed dispersal to revegetated isolated rainforest 
patches in North Queensland’, Forest Ecology and Management, 192(2–3):409–426, 
doi:10.1016/j.foreco.2004.02.002. 

Whiting SN, Reeves RD, Richards D, Johnson MS, Cooke JA, Malaisse F, Paton A, Smith JAC, Angle 
JS, Chaney RL, Ginocchio R, Jaffré T, Johns R, McIntyre T, Purvis OW, Salt DE, Schat H, Zhao FJ 
and Baker AJM (2004) ‘Research priorities for conservation of metallophyte biodiversity and their 
potential for restoration and site remediation’, Restoration Ecology, 12(1):106–116, 
doi:10.1111/j.1061-2971.2004.00367.x. 

Wood JR, Dickie IA, Moeller H V, Peltzer DA, Bonner KI, Rattray G and Wilmshurst JM (2015) ‘Novel 
interactions between non-native mammals and fungi facilitate establishment of invasive pines’, 
Journal of Ecology, 103(1):121–129, doi:10.1111/1365-2745.12345. 

Wright BR, Latz PK, Albrecht DE and Fensham RJ (2021) ‘Buffel grass (Cenchrus ciliaris) eradication 
in arid central Australia enhances native plant diversity and increases seed resources for granivores’, 



 

36 

Applied Vegetation Science, 24(1):1–9, doi:10.1111/avsc.12533. 

You F, Dalal R and Huang L (2018) ‘Biochar and biomass organic amendments shaped different 
dominance of lithoautotrophs and organoheterotrophs in microbial communities colonizing neutral 
copper(Cu)-molybdenum(Mo)-gold(Au) tailings’, Geoderma, 309(September 2017):100–110, 
doi:10.1016/j.geoderma.2017.09.010. 

Yuan Y, Zhao Z, Zhang P, Chen L, Hu T, Niu S and Bai Z (2017) ‘Soil organic carbon and nitrogen 
pools in reclaimed mine soils under forest and cropland ecosystems in the Loess Plateau, China’, 
Ecological Engineering, 102:137–144, doi:10.1016/j.ecoleng.2017.01.028. 

Yurkonis KA, Meiners SJ and Wachholder BE (2005) ‘Invasion impacts diversity through altered 
community dynamics’, Journal of Ecology, 93(6):1053–1061, doi:10.1111/j.1365-2745.2005.01029.x. 

 


