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ABSTRACT

Successful restoration of mined lands can considerably add to the conservation of local biodiversity
and ecosystem values, and reduce the risk to government and communities of having to remediate
mining legacies.  However, restoration, particularly after the complete removal of vegetation, remains
challenging and outcomes notoriously variable. Long term studies of patterns of vegetation recovery
and the restoration practices which drive them are needed to better inform restoration efforts. Most
published post-mining restoration studies are from geologically young, low stress systems and their
relevance to post-mining restoration in geologically old, climatically stable, low productivity, high
stress systems is thus questionable.  Long-term studies of post-mining vegetation recovery are thus
required in such areas to assess restoration progress, evaluate management practices, and
understand underlying ecological processes.

For the research in this thesis, two mining companies, Iluka Resources and Tronox Management, made
available the datasets from the monitoring of vegetation recovery for permanent transects and plots
in restored areas up to 37 years old. The sites are located in southwest Western Australia, an old,
stable, high stress, low productivity system.  Both sites support kwongan vegetation, namely species-
rich low shrublands and low woodlands associated with undulating sandplains and extremely nutrient
poor soils.

Drivers of temporal vegetation patterns have traditionally been identified using structural and species-
based approaches.  However, drivers are increasingly being sought through a functional trait
approach, for example, using plant functional types (PFTs), abundance weighted mean (AWM) traits
and functional diversity. The strength of a functional trait approach is the ability to define plant
strategies in relation to resource availability and disturbance.  Functional trait-based analysis should
therefore better highlight temporal patterns as they relate to environmental filters.

My research objective was to apply a multifaceted approach of inquiry to the recovery of kwongan
vegetation after mining. My specific aims were:

1. To collate and collect data for restoration practices and environmental variables for the Eneabba
and Cooljarloo restoration sites;

2. To describe patterns and identify drivers, and assess the predictability of kwongan vegetation
recovery at each site using structural-, species- , PFT-, and AWM trait-based approaches; and

3. To discuss results and the usefulness or otherwise of each approach in the assessment of restoration
outcomes, and the implications for management.

For each approach, I described patterns of recovery and compared outcomes to native reference
vegetation.  I identified potential drivers from an extensive set of time, management, and
environmental variables, which I collected or collated primarily from records kept by each mining
company.  Linear mixed effects modelling and the variance explained by variables remaining in final
models, R2 values obtained from permutational multivariate analysis of variance of distance matrices,
and variance partitioning were used to identify drivers and assess the predictability of restoration
outcomes.

The use of a multifaceted approach proved successful in more comprehensively describing patterns
of recovery of kwongan vegetation restored after mining than traditional structural- and species-
based approaches only. Management practices are allowing for the return of species-rich shrubland
vegetation at both sites as indicated by comparison to native reference vegetation.  However, a
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multifaceted approach did not help elucidate salient drivers of restoration outcomes, nor improve
their predictability, despite the comprehensive set of management practices and environmental
variables considered. Nonetheless, considering multiple approaches raised important points for
consideration, such as the challenges involved in the capture of driver variables, the complex
relationships between them, and the role of stochastic processes in restoration outcomes.

This thesis has implication for management at both sites in terms of the assessment of the efficacy of
management practices, methods and timeframes for monitoring of restored areas, and the
appropriateness of restoration targets.  It is also a template for how patterns and drivers of long term
vegetation recovery could be identified for other restoration sites, hopefully allowing for the
generalisation of patterns and drivers of post-mining restoration regionally and more broadly.

Vegetation recovery post-mining at the Iluka Resources Ltd mineral sands mine at Eneabba in a 5 year
old restoration block established in early 2011.  Metal pegs indicate a restoration monitoring transect
(Photo credit J. French).
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CHAPTER 1

GENERAL INTRODUCTION

THESIS RATIONALE

Land clearing and degradation due to activities such as agriculture, forestry, and urbanisation
accelerated through the 20th century and continue today due to increasing human pressures
(Millennium Ecosystem Assessment, 2005). While appropriate environmental management and
conservation allow for the greatest maintenance of undisturbed areas, continuing pressure on the
world’s resources means that restoration of cleared and degraded land has an increasingly important
role in maintaining biodiversity and ecosystem services (Suding et al., 2015).

Mining has a low overall footprint when compared to other forms of land clearing (e.g., less than 0.1%
of total land use in Australia (Australian Bureau of Agricultural and Resource Economics and Sciences,
2010)) yet it has a large and highly visible impact on the local environment.  In addition, mining and
associated infrastructure can add notably to the cumulative threats already present in an area due to
other land uses.  As such, successful restoration of mined lands can considerably add to the
conservation of local biodiversity and ecosystem values, and reduce the risk to government and
communities of remediating mining legacies.

Particularly in Australia, the USA and many European countries, mining companies have extensive
restoration areas on which considerable budgets are spent under high performance expectations from
the community and as mandated by legislation (Ruiz-Jaen & Aide, 2005; White et al., 2012).  Despite
the progress made in the research and application of restoration practices, restoration, particularly
after the complete removal of vegetation, remains challenging.  This is evidenced in such statistics as
the Pilbara mining region of Western Australia only achieving 15% of pre-mining biodiversity values
after best practice restoration (Environmental Protection Authority, 2013). Ecological principles and
theory must better inform restoration efforts so as to maximize the time and resources dedicated to
them as well as ensure success (Walker & del Moral, 2003; Gann et al., 2018; Higgs et al., 2018). This
could be achieved by study of the long term patterns of vegetation recovery and effects of restoration
practices on these.

For the research in this thesis, two mining companies, Iluka Resources and Tronox Management, made
available the datasets from the monitoring of vegetation recovery which they are required to
undertake under their respective legislative mining agreements (Western Australian Government,
1975, 1988). The sites are located in the vicinity of the town of Eneabba and locality of Cooljarloo,
respectively, in southwest Western Australia, one of the world’s 35 biodiversity hotspots (Mittermeier
et al., 2011). While both sites employ best practice and adaptive management, restoration outcomes
towards the return of native reference vegetation remain mixed and managers recognise the need for
further ecological input to understand outcomes.

The monitoring datasets used in the research in this thesis are for permanent plots and transects for
restored areas up to 37 years old. Such long term datasets in mining are limited in academic literature,
most often due to commercial sensitivities, and are incompletely analysed and difficult to access in
compliance reporting to government authorities in ‘grey’ literature. Vegetation dynamics in
southwest Western Australia are understudied in comparison to the USA and Europe, creating a
limited context for restoration studies after mining. Therefore, this thesis is also an opportunity to
contribute knowledge to vegetation recovery after disturbance not only locally and regionally, but also
to global trends of recovery and dynamics.
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SOUTHWEST WESTERN AUSTRALIA AND KWONGAN VEGETATION

Southwest Western Australia is one of five recognised mediterranean-type systems (Specht, 1969;
Rundel et al., 2016), but along with the Cape Region of South Africa, differs in being geologically
ancient and having been climatically stable since prior to the last ice age (Hopper, 2009; Mucina &
Wardell-Johnson, 2011). These fundamental differences have resulted in soils in many areas of
southwest Western Australia being very nutrient poor (Hopper, 2009, and references therein).  They
have also resulted in exceptionally high diversity (Cowling et al., 2004; Hopper & Gioia, 2004)
disrupting the general trend of decreasing species richness from the equator to the poles (Cowling et
al., 1996).

Kwongan is the iconic, evergreen, sclerophyllous shrubland vegetation of southwest Western
Australia, and is equivalent to maquis of the Mediterranean Basin, matorral of Chile, and chaparral of
California, but is most comparable to fynbos of the Cape Region (Rundel et al., 2016).  Kwongan
comprises of hyper-diverse low shrublands and low woodlands (Mucina et al., 2014) associated with
undulating sandplains and extremely nutrient poor soils (Bettenay, 1984; Wyrwoll, Turner, &
Findlater, 2014). Kwongan has the highest diversity (both α and β) and endemism of the vegetation
types of southwest Western Australia (Cowling et al., 1996; Hopper & Gioia, 2004; Mucina et al., 2014)
and is characterised by woody species, particularly from the Myrtaceae, Fabaceae and Proteaceae
(Mucina et al., 2014), few annual species (Pate, Dixon, & Orshan, 1984), and non-woody perennial
elements such as from the Restionaceae (Bell, 2001).  Also of note is the lack of dominance of any one
or group of species (Griffin, Hopkins, & Hnatiuk, 1983) or rather, a lack of habitat specificity by many
species (Lamont, Hopkins, & Hnatiuk, 1984).

RESTORATION PRACTICES, MONITORING AND TARGETS

Restoration practices after mining vary widely around the world.  This is partly due to socio-economic
consideration and the desired end land use, but in restoring pre-mining, native vegetation, the
differences in practices are often based on prevailing local conditions. At one extreme, under
moderate levels of stress and productivity (i.e., mesic and non-nutrient limited) in geologically ‘young’
landscapes (those developed since the last ice age or on new substrates) (Walker & Reddell, 2007),
unassisted recovery is often promoted and has been found to return higher biodiversity values than
assisted restoration (Prach & Hobbs, 2008).  However, in old, stable landscapes (Hopper, 2009; Mucina
& Wardell-Johnson, 2011) such as southwest Western Australia, where stress is high and productivity
low (e.g., drought affected and nutrient poor), retrogressive succession naturally occurs after
disturbance (Walker & Reddell, 2007) and so a high level of intervention is required (Prach & Hobbs,
2008). Which restoration practices are employed also depends on the type of mining. Open pit mining
often creates ever-expanding pits, spoil heaps and overburden dumps, most of which cannot be
restored until mining activities have ceased.  Strip mining, as employed at Eneabba and Cooljarloo, is
a comparatively shallow and quick form of mining (Jones, 2009), and allows for progressive restoration
behind the proceeding mining front. This in turn allows for the development and adaptation of
restoration practices over the life of mining operations.

Much research has been undertaken in Western Australia on restoration practices which will best
ensure the retention, establishment and growth of propagules, with the focus on the establishment
of conditions which will promote desired trajectories of recovery, not on-going intervention. Such
research includes: the effects of topsoil handling on germination (Rokich et al., 2000), soil stabilisation
against wind erosion (Bell, Carter, & Hetherington, 1986), seed germination ecology (Bell, Plummer,
& Taylor, 1993), canopy and soil seed storage (Bellairs & Bell, 1993), optimising seed broadcasting and
greenstock planting (Commander et al., 2013), topographic effects (McChesney, Koch, & Bell, 1995),
the use of mulch treatments (Benigno, Dixon, & Stevens, 2013), and the effect of irrigation and
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fertiliser addition (Ruthrof, Renton, & Dixon, 2013). At the Eneabba and Cooljarloo sites, following
mining, pit in-filling and contouring of the landform, management practices broadly entail the
replacement of reserved topsoil layers, stabilization of topsoil through cropping with cereal varieties
or the use of mulch, seeding and planting of native species to supplement the topsoil seedbank, and
the use of fertiliser treatments (Iluka Resources, 2009; Tronox Management, 2013).  At both sites, as
new knowledge has developed so restoration practices have been adapted over time.

The documentation of restoration practices is essential to assessing their efficacy and ensuring
adaptive management (McDonald et al., 2016). At Eneabba and Cooljarloo, documentation has
occurred from the start of restoration activities (1977 at Eneabba, 1999 at Cooljarloo) but
inconsistently so in several details.  At Eneabba in particular, early record keeping in hard copy format
has meant that some information has been lost. The long life of both mine sites also means that
knowledge of specific restoration practices employed in particular areas may be lost due to turnover
of staff.  As such, the practices captured are not the same at each site and there are practices which
cannot be captured for all restored areas. Documentation procedures which allow for the capture of
as much currently available information as possible are thus required, so that the drivers of long term
patterns of vegetation recovery can be identified.

Long term monitoring of restoration projects based on permanent plots is not common (Ruiz-Jaen &
Aide, 2005; Suding, 2011; Wortley, Hero, & Howes, 2013). Therefore, the identification of the long-
term patterns and drivers of vegetation recovery is not often possible. To identify long term patterns
and drivers, investigators often use the space-for-time method due to the expense and commitments
associated with monitoring of permanent plots, or the desire to describe average patterns across a
site (Pickett, 1989). The main criticism of the space-for-time method is the assumption that all other
variables other than time are comparable for different areas, and that the differences observed are
due to time only (Johnson & Miyanishi, 2008). Johnson and Miyanishi (2008) found that the two
methods used at the same four study sites led to different conclusions being made. Also, Walker et
al. (2010) argued that the space-for-time method is unsuitable for studying successional trajectories
for sites that are species-rich and highly disturbed. However, the two approaches are complementary,
not exclusive, and used together can provide a better understanding of the patterns and drivers of
vegetation recovery (Pickett, 1989; Bakker et al., 1996; Foster & Tilman, 2000; Rolo et al., 2016). The
legal requirement for mining companies to implement long term permanent monitoring programmes
(e.g., Environmental Protection Authority, 2006), such as those at Eneabba and Cooljarloo, means that
I can take advantage of both methodologies for the research in this thesis.

In order to evaluate restoration progress, targets are required that indicate if structural,
compositional, and functional aspects are being met (McDonald et al., 2016). Many restoration
projects do not set targets, and those that do most often consider measures of diversity and
abundance only; a target reference vegetation type is also often missing (Wortley, Hero, & Howes,
2013). In Western Australia targets for post-mining restoration are based on government guidelines
(Environmental Protection Authority, 2006) but are site specific. At Eneabba and Cooljarloo, targets
for restored areas are for species richness, percentage cover and plant density to achieve a set
percentage of the mean of those for native reference vegetation (Iluka Resources, 2009; Tronox
Management, 2013). At Cooljarloo, areas which have been restored towards a woodland community
also have a tree density target (Tronox Management, 2013). Functional patterns and hence, targets,
are not considered, despite evidence that these are potentially better for elucidating vegetation
dynamics (Meiners et al., 2015; Perring et al., 2015). Hence, this thesis provides an opportunity to
assess functional-based restoration measures against reference vegetation for commercial scale,
post-mining restoration, and so provide insight into structural-, species-, and functional-based targets.
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PATTERNS OF VEGETATION RECOVERY AFTER MINING

The many studies of K. Prach and collaborators on long term patterns of vegetation recovery after
mining in the Czech Republic (e.g., Prach, Pyšek, & Šmilauer, 1999) are an example of the well-
established tradition of long-term successional studies in geologically ‘young’ landscapes of the
Northern Hemisphere, particularly in systems under moderate levels of stress and productivity
(Walker & Reddell, 2007; Walker, Walker, & del Moral, 2007).  The patterns described in such studies
largely follow textbook successional stages; annual and biennial pioneers (including weed species)
establish, changing in dominance but contributing little to cover; perennial forbs establish and cover
increases; graminoids establish with some woody species present by approximately 15 years, with
high cover attained; and lastly, trees establish (Prach, 1987; Řehounková, & Prach, 2008; Šebelíková,
Řehounková, & Prach, 2016). Species of later successional stages are often present in earlier stages
but at very low levels of cover (Prach, 1987; Řehounková, & Prach, 2008). Maximum species richness
is reached early in the recovery process (Prach, 1987), while maximum diversity and closed cover occur
closer to 20 years (Prach & Pyšek, 2001). Species composition can take more than 50 years to be
comparable to reference vegetation (Konvalinková & Prach, 2010).  Arrested stages of recovery and
deviations from average patterns have been described, and attributed to specific site conditions
resulting from the mining process (Prach, Pyšek, & Jarošík, 2007). These studies largely describe and
advocate the use of spontaneous (unassisted) restoration after mining (Prach, 2011). While often
cited and used to understand successional patterns in restoration world-wide, the applicability of such
patterns of recovery to the restoration of kwongan vegetation cannot be assumed due to its very
different environmental conditions, floristics, and species functional traits, and the use of assisted
restoration techniques.

Studies on recovery after mining from the most comparable system to kwongan, the Cape Province,
are few, and limited to non-fynbos vegetation (e.g., Hall, du Preez, & Campbell, 2003) or are over short
time frames (Holmes, 2001). I could not find any studies on post-mining recovery of relevant
vegetation types from Chile or California. Post-mining studies from the Mediterranean Basin are
mostly from Spain and France but, with some exceptions (Martínez-Ruiz & Fernández-Santos, 2005;
Moreno-de las Heras, Nicolau, & Espigares, 2008; Chenot et al., 2017), few are comparable to kwongan
restoration in terms of climatic conditions, level of restoration effort, and age of restored areas.
Patterns of recovery from comparable studies are broadly as follows: annuals establish in the first 2
years, followed by perennial herbs within the first 10 years, followed by grasses and then woody
species by 20 years. Species richness and diversity both increase over time but may plateau or
decrease from 10 to 15 years. Several late phase species are present from the start, there is an
increase in the dominance of some species, and species turnover decreases with time.  Cover increases
quickly but may subsequently plateau or decrease, and mostly consists of annuals and perennial herbs
at all ages. There are mixed conclusions on whether restoration sites converge (Martínez-Ruiz &
Fernández-Santos, 2005; Chenot et al., 2017) or diverge (Moreno-de las Heras, Nicolau, & Espigares,
2008) in species composition, and whether they become more like reference vegetation. The
prevalence of annual and perennial herbs in the patterns of recovery, components which are poorly
represented in kwongan vegetation, means the applicability of these patterns to kwongan restoration
may be limited.

In southwest Western Australia, post-mining patterns of vegetation recovery are most well
documented for jarrah forest restoration after bauxite mining by Alcoa World Alumina Australia.
Native species richness peaks by 2 years before plateauing, species diversity is constant over time,
cover peaks at 5 years and then plateaus, and plant density peaks at 7 years and then decreases
(Norman et al., 2006).  The similarity in species composition of restored areas at 14 years of age to
native forest is mixed, and appears to be highly dependent on the initial species sown and planted
(Norman et al., 2006). There are some species which are notable for their persistent absence from
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restored areas, such as sedges and rushes (Norman et al., 2006). While the level of assisted restoration
is comparable to that used in kwongan restoration, the environmental conditions are not.  Areas
supporting jarrah forest receive more rain, and soils are comparatively more nutrient rich.

Restoration of banksia woodlands after sand quarrying by Hanson Heidelberg Cement Group (formerly
Rocla Quarry Products) on the northern periphery of Perth, Western Australia, has comparable
environmental conditions as those at Eneabba and in particular, Cooljarloo, employs similar
restoration practices, and has been monitored for up to 15 years (Mounsey, 2014). Species richness
and plant density are both high and comparable to reference vegetation from an early age, and then
fall to values below it (Mounsey, 2014). Cover increases over time but does not reach that of reference
vegetation by 15 years, and a few shrubby species which proliferate after disturbance, such as
Adenanthos cygnorum, dominate. The similarity of species composition of restored areas to native
reference vegetation is constant with time (Mounsey, 2014). Patterns are based on a space-for-time
approach only and the author acknowledges that there is variation in outcomes at the plot level.

There has been one comparative study between native vegetation and restored areas at the Eneabba
mine site for temporal patterns (Herath et al., 2009). This study however, did not utilize existing
monitoring data and was based instead on only 4 plots, each of a different restoration age (8, 15, 16,
and 24 years).  Annual species were also excluded. The three older sites were more species rich than
reference vegetation, comparable in diversity but had lower evenness.  Restoration plots had cover
comparable to reference vegetation but compositionally were more similar to each other.  The study
also found that fire response strategies differed between restored areas and reference vegetation,
with species able to resprout after fire more common in the latter, and those which recover from seed
in the former.

With fire the main natural disturbance in mediterranean-type systems, vegetation recovery after fire
has been a strong focus of research in these systems (Pausas et al., 2004; Enright et al., 2011; Gómez-
González et al., 2011; Rutherford et al., 2011), providing further context for understanding recovery
after other disturbances.  In particular, understanding the role of different reproductive and survival
strategies has allowed insight into recovery patterns. In kwongan, the evolutionary effect of fire has
resulted in strategies such as resprouting and serotiny being particularly common (Bellairs & Bell,
1990; Enright et al., 2007; Rundel et al., 2018).

DRIVERS AND PREDICTABILITY IN RESTORATION

Patterns of vegetation recovery, and hence restoration outcomes, are notoriously difficult to predict
(Hobbs & Norton, 1996; Suding, 2011; Brudvig, 2017) and yet being able to assess the effects of
management practices and environmental variables is essential to further improve restoration
outcomes. Studies have shown that both management practices and environmental variables drive
vegetation recovery after mining, most of them for the establishment phase only (see Section 1.2,
paragraph 2 for references) but some have also demonstrated this in the longer term (e.g. Prach,
Pyšek, & Jarošík, 2007; Mounsey, 2014; Standish et al., 2015). For kwongan restoration, Mounsey
(2014) found that variables related to climate in the establishment phase as well as soil hydrology
variables explained some of the differences in outcomes over a 15 year period.  However, only a
limited number of management practices were considered, with the author acknowledging that the
effects of other practices would be included under the variable of time. Indeed, most studies often
consider only a small number of driver variables when in reality many variables simultaneously affect
outcomes (Meiners et al., 2015).  This thesis provides an opportunity to consider at once many driver
variables of recovery patterns beyond the establishment phase.
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Drivers of temporal vegetation patterns are increasingly being sought through a functional trait
approach (Meiners et al., 2015), for example, using plant functional types (PFTs) (McIntyre et al., 1999)
or individual trait means and functional diversity (Laughlin et al., 2018).  The strength of a functional
trait approach is the ability to define plant strategies in relation to resource availability and
disturbance (Diaz, Cabido, & Casanoves, 1998; Rusch, Pausas, & Lepš, 2003).  Functional trait-based
analysis should therefore better highlight temporal patterns as they relate to environmental filters,
particularly in species-rich systems or large-scale restoration where the dimensionality of species-
based data can be problematic. This thesis will focus on identifying drivers of patterns of vegetation
recovery using PFT- and abundance weighted mean (AWM) trait-based approaches in contrast to
structural- and species-based approaches.

THESIS OBJECTIVE, AIMS, AND STRUCTURE

My research objective was to describe the patterns and identify drivers of assisted vegetation recovery
of kwongan shrublands after mining, and to assess the predictability of these, using a multifaceted
approach (Figure 1). As such, my specific aims were:

1. To collate and collect data for restoration practices and environmental variables for the Eneabba
and Cooljarloo restoration sites, and discuss the implications of this process on data analyses and
for management;

2. To describe patterns and identify drivers, and assess the predictability of vegetation recovery at
each site using structural-, species- , PFT- and AWM trait-based approaches; and

3. To discuss results and the usefulness or otherwise of each approach in the assessment of restoration
outcomes, and the implications for management.

FIGURE 1. Schematic representation of thesis objective, aims and structure.
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This thesis is structured as a series of papers intended for publication.  As such, a degree of repetition,
particularly with regards to methods, is unavoidable. The chapters included for examination are:

 Chapter 1: this general introduction
 Chapter 2: presents structural- and species-based approaches to patterns and drivers of vegetation

recovery including Appendix S1;
 Chapter 3: presents the PFT-based approach to patterns and drivers of vegetation recovery

including Appendix S2;
 Chapter 4: presents the AWM trait-approach to patterns and drivers of vegetation recovery

including Appendix S3; and
 Chapter 5: a general discussion.

Appendix S4 is not for examination but is included since it pertains to methods used in Chapters 3 and
4.  Appendix S4, a chapter in the recently submitted PhD thesis of Mr. James Tsakalos, is presented as
a paper intended for publication on which I am a co-author.  Mr. Tsakalos and I designed and carried
out the data collection.
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CHAPTER 2

Floristic patterns and drivers of species-rich shrublands restored after mining

PREAMBLE

This chapter presents structural- and species-based approaches for describing patterns and identifying
drivers of kwongan vegetation recovery after mining at Eneabba and Cooljarloo.

It is presented as the manuscript submitted to and currently under review at Applied Vegetation Science.
Formatting is that specified by the journal with the exception of page numbering. Appendix S1 is the
supplementary material for online publication submitted with the manuscript and forms part of the
material for the examination of Chapter 2.
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Abstract
Aims: The majority of existing restoration studies cannot completely inform post-mining restoration in
understudied, geologically old, low productivity, high stress areas.  Thus, long-term descriptive studies of
post-mining vegetation recovery are required in such areas to assess restoration progress, evaluate
management practices, and understand underlying ecological processes. Our aim is to describe floristic
temporal patterns up to 37 years, and identify potential drivers of assisted vegetation recovery after
mining, in nutrient poor, species rich, fire-prone vegetation of southwest Western Australia.
Location: Eneabba and Cooljarloo, southwest Western Australia.
Methods: Patterns were described from floristic monitoring data recorded in transects or plots
established in blocks, areas subject to the same management practices, and compared to native reference
vegetation. Potential drivers were identified from an extensive set of time, management and
environmental variables, and the random variables of transect or plot, block, and year of establishment.
Linear mixed effects modelling and the variance explained by variables remaining in final models,R2 values
obtained from permutational multivariate analysis of variance of distance matrices, and variance
partitioning were used.
Results: Restoration at both sites is progressing, being within range of native reference values for species
richness, species diversity, percentage cover and plant density, with species composition at one site
approaching that of native reference vegetation. Patterns described are in part comparable to those for
post-mining recovery under similar climatic conditions and restoration efforts, but can also be understood
as a response comparable to that after fire.  While many variables appear to significantly drive patterns,
few management and environmental variables emerge as major explanatory drivers.
Conclusions: The progress of restoration and the importance of time as a driver at both sites imply that
management practices are allowing for the recovery of vegetation. The amount of variance accounted
for by random variables may be due to one or more crucial driver variables not being captured, or the
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inherent stochasticity of vegetation dynamics. This study demonstrates the desirability of using both
space-for-time, and transect and plot level methods when assessing restoration progress. Research into
the use of a plant functional type approach and species turnover patterns could provide further insights.

KEYWORDS

Environmental variables, kwongan, management practices, mining, restoration, southwest Western
Australia, vegetation.

INTRODUCTION

Temporal patterns of vegetation recovery in post-mining restoration need to be described and their
drivers identified in order to assess restoration progress, evaluate management practices, and understand
underlying ecological processes (Walker, Walker, & del Moral, 2007; Suding, 2011; Mcdonald, Gann,
Jonson, & Dixon, 2016). Historically, vegetation recovery after mining has been interpreted in the context
of a well-established tradition of long-term successional studies in the northern hemisphere (Prach, Pyšek,
& Šmilauer, 1999; Hobbs & Walker, 2007; Walker et al., 2007). These have largely focused on vegetation
recovery under moderate levels of stress and productivity (i.e. mesic and non-nutrient limited) in ‘young’
landscapes (those developed since the last ice age or on new substrates) (Walker & Reddell, 2007), such
as the grasslands and forests of Europe and North America (Walker & del Moral, 2003; Hobbs & Walker,
2007). In such landscapes, vegetation post-mining, in the absence of toxic substrates, often adequately
recovers spontaneously (Prach & Hobbs, 2008) within 20 years (Prach et al., 2013).  Patterns of post-
mining recovery in such landscapes are well described and drivers understood. In contrast, areas typical
of old, stable landscapes (Hopper, 2009; Mucina & Wardell-Johnson, 2011), in which conditions are
stressful and productivity low (e.g. drought affected and nutrient poor), are often located in countries in
which successional studies have a comparatively short history. Retrogressive succession is prevalent after
disturbances such as mining (Walker & Reddell, 2007) and more advanced restoration techniques are
required to ensure recovery (Prach & Hobbs, 2008). Existing successional and restoration studies cannot
completely inform post-mining restoration and vegetation recovery in such areas. Therefore, long-term,
descriptive studies formally describing patterns and drivers of vegetation recovery post-mining are
required. Such studies will not only inform management practices, but provide the foundation for the
development and testing of hypotheses of the underlying mechanisms of vegetation recovery.

One such old, stable, high stress and low productivity area is southwest Western Australia (WA), one of
the world’s five mediterranean-type systems (Specht, 1969; Roberts, Meadows & Dodson, 2001).  These
are differentiated from non-mediterranean systems by winter rainfall and summer drought,
sclerophyllous evergreen vegetation, high species diversity (Dell, Hopkins, & Lamont, 1986; Cowling,
Ojeda, Lamont, & Rundel, 2004) and, with the exception of Chile, the prevalence of fire as the main
disturbance (Cowling et al., 2004; Enright, Keith, Clarke, & Miller, 2012). Southwest WA, with the
southwest Cape Province of South Africa, is further differentiated by severely nutrient impoverished soils,
low but reliable rainfall (Hopper & Gioia, 2004; Cowling et al., 2004), especially high perennial and woody
diversity (Naveh & Whittaker, 1980; Hopper & Gioia, 2004), and the central role of fire (Cowling,
Witkowski, Milewski, & Newbey, 1994).

Studies on spontaneous vegetation recovery in southwest WA have focused on succession after fire (e.g.,
Bell & Koch, 1980; Hobbs & Atkins, 1990; Harvey et al., 2017), and logging of forests (e.g., Abbott &
Williams, 2011), with some limited opportunity to study abandoned agricultural land (Perring et al., 2012).
Studies on assisted vegetation recovery are mostly from post-mining restoration. This is due to the long
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life of mining operations, and legislative requirements to restore native ecosystems and monitor recovery
(Western Australian Government, 1986, 1978). Having undertaken restoration of jarrah forest after
bauxite mining in southwest WA since the 1960s, Alcoa World Alumina Australia have been at the
forefront of restoration, publishing extensively on vegetation recovery (Hobbs, 2007). The above all
provide context for post-mining restoration in southwest WA. However, studies on recovery are largely
localised to one vegetation type (forest), meaning studies in others are needed. While monitoring in other
types exists, commercial considerations mean few mining companies make restoration monitoring data
available for research or publication.

Post-mining restoration techniques in southwest WA have evolved to high standards due to new insights
obtained over several decades (e.g., Tacey & Glossop, 1980; Roche, Koch & Dixon, 1997; Commander,
Rokich, Renton, Dixon, & Merritt, 2013). Multiple new techniques have been progressively implemented
across large restoration sites, resulting in a matrix of pseudo-trials which lend themselves to exploratory,
long term temporal analysis for potential drivers of vegetation patterns (e.g., Standish et al., 2015). This
is in contrast to the more prevalent approach in restoration studies more broadly in which small, ad-hoc,
trials comprising of a limited number of experimental variables are used, often monitored for only a few
years (Hobbs & Norton, 1996; Walker & del Moral, 2003; Suding, 2011).

The availability of long term, restoration monitoring data from permanent transects and plots in two
mineral sand mines in the unique vegetation of southwest WA, provided an opportunity to explore floristic
patterns and drivers of assisted vegetation recovery, contributing knowledge to post-mining succession
in old, stable, high stress and low productivity, mediterranean-type systems. Specifically, the objectives
of this study were:

1. to describe temporal patterns of species richness, species diversity, percentage cover, plant density,
and species composition, and compare these to native reference vegetation; and

2. to identify potential drivers of the above patterns from an extensive set of time, management and
environmental variables.

METHODS

Study sites

Two sites were studied: the Iluka Resources Ltd Eneabba and the Tronox Management Pty Ltd Cooljarloo
mineral sands mines, located 280 km and 175 km north of Perth, WA, respectively. Both sites are
characterized by kwongan, a hyper-diverse vegetation type associated with undulating sandplains, largely
comprising of low shrubs.  The definition of kwongan of Mucina, Laliberté, Thiele, Dodson, and Harvey
(2014) is used here and as such encompasses banksia woodland associated with parts of the Cooljarloo
site. Average yearly rainfall and temperature for Eneabba are 489.6 mm and 20.8 º C, and for Cooljarloo
538.2 mm and 19.8 ºC (Bureau of Meteorology, 2017). Typical soil total N and total P at depths of 0—20
cm in undisturbed vegetation are 500 mg kg-1 and 37.05 mg kg-1 for Eneabba (Tsakalos et al., in press), and
1900 mg kg-1 and 16.50 mg kg-1 for Cooljarloo (unpublished data).

Strip mining, a comparatively shallow and quick form of mining, is employed at both sites along fossil
shorelines (Jones, 2009).  This method of mining allows for the staged restoration of disturbed areas and
hence, the establishment of permanent, long term monitoring of vegetation recovery behind the
progressing mining front. Restoration has been undertaken at Eneabba since 1976 and at Cooljarloo since
1998. Following mining, pit in-filling and contouring of the landform, restoration broadly entails, but is
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not limited to, the following management practices: replacement of reserved topsoil layers, stabilization
of topsoil through cropping with cereal varieties or the use of mulch, seeding and planting of native
species to supplement the topsoil seedbank, and the use of fertiliser treatments (Iluka Resources, 2009;
Tronox Management, 2013).  At both sites, management practices have evolved and hence, been
implemented, as knowledge has increased.  This has resulted in an unavoidable confounding of some
management practices with time.

Vegetation monitoring and data collation and collection

Between 1999 and 2015, 552 permanent restoration transects and 51 native reference transects were
established at Eneabba, and 180 permanent restoration plots and 50 native reference plots at Cooljarloo.
Transects or plots are established each year in newly restored blocks, that is, areas which have undergone
the same suite of management practices. At Eneabba this is done the first spring following spreading of
topsoil and at Cooljarloo, the second spring. At Eneabba, blocks created before 1999 had permanent
monitoring transects established in 1999 or 2000. The number of transects or plots established in each
block is determined by the size of the block. The monitoring area along transects is 20 m2 and in plots 80
m2. Transects and plots have been monitored in spring by botanical consultants at both sites since 1999,
with time between monitoring periods increasing with time since establishment. At Eneabba, monitoring
was conducted prior to 1999 but was not based on permanent transects and hence, these data have not
been considered. At Eneabba, data on the identity of species present has been recorded from 1999
onwards, percentage cover data for each species from 2000, and the number of plants for each species
from 2004.  Plant numbers for Eneabba are estimated, not actual counts, where a species occurs in
numbers greater than approximately 50.  Species identity, percentage cover and plant numbers for
Cooljarloo have all been recorded from 1999 onwards.  For Cooljarloo, data on the number of plants of
each species were discarded as they were inconsistently recorded for annual and weed species. Reference
transects and plots have been established and monitored for each site using equivalent methodology in
undisturbed (other than naturally occurring fire events), native vegetation in surrounding nature reserves
and unallocated government land.

Subsets of monitoring and native reference transects and plots were selected for this study (125
restoration and 28 native reference transects at Eneabba, 116 restoration and 18 native reference plots
at Cooljarloo). Selected restoration transects at Eneabba are spread over 100 km2, and restoration plots
at Cooljarloo over 70 km2. Selection of restoration transects and plots was based on the following criteria:
a minimum of three monitoring events, a range of establishment years (1979 to 2011 at Eneabba, 1999
to 2009 at Cooljarloo), coverage of as broad a range and combinations of management practices as
possible, availability of data on key management practices, and still in existence as of 2015 (i.e., restored
area not cleared).  At Eneabba, the impact of a wildfire on some restoration transects in November 2011
was also considered.  For native reference transects and plots, selection was based on an equal
representation of predefined vegetation types, still being in existence as of 2015 (i.e., native vegetation
not cleared), far enough removed to avoid groundwater impacts from mining activities, and for Eneabba,
impact from the same November 2011 fire. Several Eneabba reference transects were found to have
been impacted by other fire events since 1976, as determined by review of Landsat imagery (U.S.
Geological Survey, 2017).  All native reference transects at Eneabba were also monitored at least three
times.  Only one native reference plot selected for Cooljarloo was monitored more than once, with the
others being monitored in 2008 only.  No Cooljarloo reference plots were found to have been impacted
by fire since 1976.  Floristic monitoring data for transects and plots were extracted from monitoring
databases and checked for consistency. At Eneabba, 415 species were recorded in native reference
transects and 560 in restoration transects, and at Cooljarloo 301 species were recorded in native
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reference plots and 464 in restoration plots. Where species identities were in doubt, species were
grouped into aggregates of morphologically but not necessarily taxonomically, indistinct species which
were then used for analyses.

Data for management practices and environmental variables (soil and climate) were collated or calculated
for each restoration transect and plot, with 41 variables summarized for the Eneabba site and 35 for the
Cooljarloo (Appendix S1: Tables S1 and S2). Data on management practices were collated from in-house
reporting, in-house protocols, aerial photography, in-house geospatial layers, and interviews with mine
site staff. Selection of management practices was based on information being available for all transects
or plots.  Management documentation differs between the two sites and accounted for the differences in
management practices captured. Data for soil variables for Eneabba restoration transects were collected
via augering and top soil sampling in November and December 2015.  The assumption was made that
these soil variables have remained essentially unchanged from year of establishment to 2015. Data for
soil profile variables for Cooljarloo restoration plots were based on the pit fill material classification
system employed by the mine site (Tronox Management, 2013). No soil data could be collected for native
reference transects and plots. The same climate variables were calculated for both sites. Climate
variables for Eneabba were calculated using data from the Eneabba weather station (Bureau of
Meteorology, 2017).  Climate variables for Cooljarloo were calculated from data recorded on-site by a
commercial-standard, automated weather station. Elevation for each restoration transect and plot was
determined from the SRTM 1-ARC second Digital Elevation Model (Farr et al., 2007). For further details
on management practices and environmental variables refer to Appendix S1.

Data analysis

All analyses were done using the R 3.3 statistical platform (R Core Team, 2017) in RStudio version 1.0.136
(RStudio Team, 2016).

Species richness, species diversity (Inverse Simpsons index (Simpson, 1949)), percentage cover, and plant
density were calculated for each transect and plot, for each monitoring time to illustrate patterns with
age and compare restoration and native reference transects and plots. Patterns with age were illustrated
using both space-for-time and individual transect/plot level methodologies.  We acknowledge that the
space-for-time method used is not strictly a chronosequence since repeated measure of the same
transect/plot were used.  However, we justify the terminology given the method is in contrast to the
transect/plot level method. For each study site, non-metric multidimensional scaling (NMDS) was used
to illustrate differences in species composition of all transects and plots at each monitoring time, in order
to identify general patterns of change with age, and compare restoration and reference transects and
plots. So as to focus on trajectories of individual transects and plots, NMDS analyses were also performed
for each block separately. NMDS was chosen over other ordination methods because it better handles
data demonstrating high beta diversity, such as the monitoring datasets, and illustrates all the variation
of a dataset, not just that accounted for by explanatory variables. Calculations were performed both using
all species and using native (not weed) species only. The recognition of a species as a native or a weed
(introduced to WA) species follows the Western Australian Herbarium (1998– ).  The four univariate
measures of restoration progress (species richness, species diversity, percentage cover, and plant density)
and species composition are hereby collectively defined as restoration measures.

The effects of time (age) and time related variables, individual management practices and environmental
variables on patterns of univariate restoration measures were tested using linear mixed effects (LME)
modelling. Only first order effects were included in the models due to there being insufficient transects
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or plots for the number of possible interactive terms. The limitations of this approach are acknowledged.
Nested random variables for transect or plot, within block, within establishment year, were included in
each model. Quadratic terms of variables were added to models where this improved Akaike’s
information criterion (AIC).  Models were then refined by the removal of non-significant variables in order
from largest p-value, again using AIC to evaluate when the best model was reached. The use of LME
modelling and model reduction with AIC accounted for the dependence between monitoring points and
correlation between driver variables. LME analyses were performed with all species and with native
species only. The variance (R2) explained individually by each variable remaining in the final LME models
was calculated to identify the five variables which explain the greatest amount of variation for each
univariate restoration measure. The amount of variation in species composition explained by time and
time related variables, individual management practices, and environmental variables was assessed by
sequential testing via permutational multivariate analysis of variance of distance matrices. To summarize
the effects of potential drivers, variables were classified into four groups (Appendix S1: Tables S1 and S2):
time related variables, environmental variables, management practices, and random variables, the latter
representing spatial variability and correlation, including transect or plot, block, and establishment year.
Variance partitioning was then used to derive the total and individual fractions of variance explained by
each group for each restoration measure. All species were included in the latter two analyses. For further
details on data analyses, including R packages used, refer to Appendix S1.

RESULTS

Patterns

Using a space-for-time approach, species richness, species diversity, percentage cover and plant density
for both sites are within range of native reference vegetation by 10 years of age (Fig. 1). However, mean
species richness and diversity at Eneabba are below those for native references and their total range is
considerably smaller, even at older ages.

Species richness at Eneabba increases with age although this increase slows by 20 years (Fig. 1).  Species
diversity also appears to increase with age. Percentage cover at Eneabba reaches a maximum between 7
and 10 years, and then plateaus or slightly decreases. Plant density peaks between 4 and 7 years at higher
values than for native reference transects before decreasing to comparable values. Responses of
restoration transects to fire appear to be similar to those of native reference transects. Species richness,
percentage cover and plant density record an initial decrease before increasing, and in the case of species
richness and plant density, a subsequent decrease. Fire does not appear to affect species diversity. For
Cooljarloo, initial species richness is higher than for reference plots but decreases over 10 years (Fig. 1).
Species diversity and percentage cover initially increase and then both appear to plateau or slightly
decrease from 7 or 10 years.

A space-for-time approach highlights the average patterns through the large variation for all univariate
measures at both sites, and is largely supported by LME modelling for patterns of univariate measures
with age and fire (Appendix S1: Tables S3 and S4).  However, it obscures the pattern variation possible at
the individual transect and plot level, and, in particular, where patterns are largely in contrast with the
average (Appendix S1: Fig. S1 to S7).  For the majority of Eneabba transects, species richness first
decreases before increasing, resulting in a ‘tick’ pattern.  The fitted LME model for species richness
supports this ‘tick’ pattern.  Species diversity patterns are highly variable, showing increases, decreases
and no pattern with time.  Plant density patterns at the individual transects level are also variable while
the fitted LME model for plant density shows an increase with age.  Species richness for most Cooljarloo



19

plots decreases but several exhibit the same ‘tick’ pattern evident in many Eneabba transects.  At the plot
level, many plots show a decrease or ‘humped’ response in species diversity over time.  The fitted LME
model for species diversity supports this.

The quantitative contribution of weed species to univariate restoration measures is minimal, shows little
change over time for all transects and plots, and hence, does not alter the underlying pattern of each
measure (Appendix S1: Figs. S1 to S7).

FIGURE 1. Space-for-time patterns of species richness, species diversity, percentage cover, and plant
density over time (age in years since establishment) for Eneabba restoration transects compared against
the native reference transects, and for Cooljarloo restoration plots compared against native reference
plots.  Transect area is 20 m2 and for plots 80 m2.  For Eneabba, transects impacted by fire are identified
and are assigned to the ‘burnt’ category for up to 5 years after fire.
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Space-for-time species composition patterns for Eneabba (Fig. 2), reveal younger restoration transects
are dissimilar to each other and to native reference transects. They become more similar to native
reference transects over time, as well as to each other. However, this conclusion is based on a relatively
small number of older transects that were not monitored from an early age. In contrast to univariate
measures, restoration transects at 10 years of age are highly dissimilar in species composition to native
references. Patterns with fire seem to be short-lived. The few burnt outliers are mostly transects at one
or two years after fire, with those three and four years after fire fitting in with the overall age pattern.
For Cooljarloo, older restoration plots are as dissimilar to each other as younger plots, but restoration
seems to have an overall trajectory (Fig. 2). However, similarly to Eneabba at a comparable age, it is
unclear if this trajectory is towards native reference plots. This is particularly so given most native
reference plots are highly dissimilar to each other. For both sites, species composition patterns without
weed species differed little from those with all species included and hence, are not presented.

FIGURE 2. Non-metric multidimensional scaling showing space-for-time species composition patterns for
Eneabba restoration and native reference transects (20 m2), and Cooljarloo restoration and native
reference plots (80 m2).  For Eneabba, transects are assigned to the ‘burnt’ category up to 5 years after
fire.

When comparing individual transects and plots within blocks to native references (Appendix S1: Figs. S8
and S9), trajectories at both sites are highly variable, often non-linear and not directed towards native
references. For Eneabba, the greatest change in species composition over time for most transects occurs
at younger ages. There is less change in composition between monitoring points at older ages even when
affected by fire, with trajectories of burnt transects returning to a composition similar to that prior to
burning.  However, this result is also based on relatively few old transects that were not monitored from
an early age. For Cooljarloo, there appears to be little change in species composition for most plots, but
this is likely a result of the comparatively large dissimilarity between reference plots. Within blocks,
transects and plots generally have similar trajectories.
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Potential drivers

LME analyses indicate many variables affect univariate restoration measures, as evidenced by the large
number of variables remaining in all models (Appendix S1: Tables S3 and S4). The omission of weed
species from analyses makes limited difference to the variables remaining in the final models. However,
for all univariate measures most variables only explain a small amount of variance, with some exceptions
(Table 1). The effect of age and fire have already been described. Percentage cover and species richness
at Eneabba both increase with monitoring year.  Percentage cover at Eneabba increases then decreases
with the number of times a block was planted. Percentage cover at Cooljarloo decreases with monitoring
year. Species diversity is the least explained restoration measures and percentage cover the most.

TABLE 1. The amount of variance (R2) in univariate measures explained by the five potential driver
variables (Appendix S1: Tables S1 and S2) remaining in the final LME models (Appendix S1: Tables S3 and
S4) which explain the greatest amount of variance for each measure at a, Eneabba and b, Cooljarloo.
Values for all univariate measures other than Eneabba species richness are for transformed data, as
presented in Appendix S1: Tables S3 and S4.

Species
richness

Species
diversity

Percentage
cover

Plant density

a Monitoring year 0.118 0.002 0.293 0.012
Age (yrs) 0.117 0.291 0.008
Planting (no. times planted) 0.027 0.256 0.032
Presence of fire 0.149 0.005 0.029
Time since fire (yrs) 0.094 0.026
Pre monitoring 'wetness' index (mm) 0.016
1st cut used 0.002
Removal of Rye crop 0.001
Low P seeding fertiliser <0.001
Muriate used with seeding <0.001

b Age (yrs) 0.054 0.006 0.390
Monitoring year 0.054 0.390
Pre monitoring 'wetness' index (mm) 0.003 0.007 0.022
Horizon 2 material 0.007
Ripping depth (m) 0.001
2nd cut depth (cm) <0.001
1st cut age (yrs) <0.001
Elevation (m) <0.001
Depth to water (m) <0.001
1st year summer autumn rain (mm) <0.001

The random variables (transect or plot, block, year of establishment) account for most variation in species
composition (highest R2 values) at both Eneabba and Cooljarloo (Appendix S1: Tables S5 and S6), but their
low mean square values due to high degrees of freedom mean these must be interpreted with caution.
Of the fixed effects, age has the highest mean squared and explains a comparatively high amount of
species composition variation at both Eneabba and Cooljarloo.

Variance partitioning of restoration measures using grouped variables (Fig. 3) reveals that random
variables account for the most variance for all measures, except for cover, for which time variables explain
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the most at both sites.  Management practices and environmental variables explain notable total fractions
of variation for all measures at both sites, but the amount they uniquely explain is low.

FIGURE 3. Results of variation partition analyses showing the amount of variance explained by grouped
variables (R2 values of individual fractions) for species richness, species diversity, percentage cover, plant
density and species composition for Eneabba and Cooljarloo.  Values less than 0.01 are not shown.  The
value below each group label indicates the total variance explained by each group (total R2 values).
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DISCUSSION

Restoration at Eneabba and Cooljarloo is progressing, being within range of native reference values for
species richness, species diversity, percentage cover and plant density, with species composition at
Eneabba approaching that of native reference vegetation.  The patterns described are in part comparable
to those for post-mining recovery under similar climatic conditions and restoration efforts but can also be
understood as a response comparable to that after a fire event. While many variables appear to
significantly drive patterns, few management and environmental variables emerge as major explanatory
drivers, suggesting that drivers affect restored vegetation in complex and synergistic ways.  The variation
accounted for by random variables at both sites, may indicate that one or more crucial potential drivers
have not been captured.  Equally, this may also reflect the spatial and temporal stochasticity of vegetation
dynamics at both sites.

Patterns

At Eneabba, space-for-time patterns of increasing percentage cover, species diversity and richness, and
the spike in plant density early in restoration transects can be understood as the germination and
establishment of many individuals of increasingly more species. The continuing increase in cover and
concurrent decrease in plant density indicate a maturing vegetation structure, presumably through a
replacement of numerous small plants and annuals, by fewer and larger perennial plants. However, this
interpretation is partly challenged by LME analyses and by individual transect results. The ‘tick’ pattern
for species richness in particular may indicate a more complex successional pathway, perhaps a marked
turnover of species and or transition to another state (Westoby, Walker, & Noy-Meir, 1989; Standish et
al., 2014). At Cooljarloo, the decrease in species richness from levels above that for native reference
vegetation, with concurrently increasing percentage cover and plant diversity, suggest greater species
evenness, a maturing vegetation structure and or a turnover of species such as that at Eneabba.

The large dissimilarity in species composition of 10 year old restoration transects at Eneabba to native
reference vegetation, is in contrast to univariate restoration measures.  This early dissimilarity in
composition may reflect ongoing species turnover which is masked by univariate restoration measures.
The greater similarity of older restoration transects to each other and to native reference transects may
be due to species uncommon in younger transects.  This could be the result of longer timeframes allowing
more species to disperse into older restored areas as well as the development of abiotic and biotic
conditions favourable to establishment.  Seed dormancy and non-viability in southwest WA species are
well documented (Bell, Plummer, & Taylor, 1993) but at least some techniques to overcome these
limitations (Turner, Steadman, Vlahos, Koch, & Dixon, 2013) have been applied to more recent restoration
transects.  Despite this, perhaps some factor of older restoration has produced greater establishment of
some species than these techniques. Conversely, the similarity of older transects to each other could be
due to a reduction in the abundance of early yet disparate dominant pioneer species over time
and a persistence of other shared species. In contrast to the space-for-time approach, the
stochasticity in trajectories of individual transects indicate that progress towards native vegetation
composition is complex and non-linear.

The question of what are appropriate reference sites (Balaguer, Escudero, Martín-Duque, Mola, &
Aronson, 2014) is raised at Cooljarloo by the large dissimilarity in species composition of native reference
plots to each other. The dissimilarity between reference plots may be the expression of a steep
environmental gradient. While it is important to understand the breadth of vegetation communities in
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the reference landscape and hence, possible alternative outcomes for restoration, reference vegetation
must also be appropriate to the abiotic conditions of restored areas.

The patterns of restoration measures described in this study have aspects in common with those found
in the comparatively few mining restoration studies using comparable standards of restoration,
monitored for similar lengths of time, and under similar climatic conditions, such as in dry-mediterranean
Europe (Martínez-Ruiz & Fernández-Santos, 2005; Moreno-de las Heras, Nicolau, & Espigares, 2008), as
well as in southwest WA itself (Norman, Koch, Grant, Morald, & Ward, 2006). Thus, patterns of post-
mining recovery of kwongan vegetation are partly as for other low productivity, high stress,
mediterranean-type areas, and partly specific to kwongan and to each site. For example, the ‘tick’ pattern
for species richness evident in many Eneabba transects and some Cooljarloo plots is not documented
elsewhere.

The patterns of vegetation recovery in this study can also be understood in the context of fire studies in
southwest WA and mediterranean-type areas in general. The patterns described for younger restoration
are comparable to one aspect of the response of mediterranean-type shrublands to fire (Cowling et al.,
2004; Miller, Stevens, & Rokich, 2016), that is, mass germination of common and ephemeral species
(Enright, Mosner, Miller, Johnson, & Lamont, 2007) followed by a return to pre-fire levels shortly
thereafter of species richness and plant density. The faster and more certain return of older restoration
transects to pre-fire species composition is likely due to the increased ability of older plants to resprout
(Herath & Lamont, 2009), another key response of native vegetation to fire (Enright, Fontaine, Westcott,
Lade, & Miller, 2011). Natural senescence of certain species due to an overly long fire interval (Enright et
al.,  2011; Harvey et al., 2017) may be the reason for the decrease in cover at 20 years of age in several
older, unburnt transects at Eneabba.  Many species in southwest WA require fire to trigger regeneration
from seed, either canopy stored or from soil, and thus replace senescing individuals. Estimates of the
average, natural fire interval in kwongan vegetation vary but most are within 13 to 25 years (Enright,
Marsula, Lamont, & Wissel, 1998; Harvey et al., 2017), placing older restoration transects over the upper
limit. Both short and long term patterns thus indicate that kwongan vegetation broadly responds to
restoration as it would to fire.

The spike in plant density, increase in species richness and recovery of percentage cover in the four years
after fire at Eneabba, suggest that restored transects respond to fire events in a manner similar to native
reference vegetation. This is a key target of restoration and indicative of the return of this desired
ecosystem function. Further, the rebounding in species composition after fire, another well-documented
characteristic of mediterranean-type shrublands (Grant & Loneragan, 2000; Céspedes, Luna, Pérez,
Urbieta, & Moreno, 2014), suggests that restoration transects exhibit strong resistance to change in
trajectory.

The lack of a quantitative effect of weeds on the patterns presented is due to few weed species in
comparison to native species (9 % Eneabba, 9 % Cooljarloo), and to most weed species being annuals (83
% Eneabba, 87 % Cooljarloo) and so contributing little to cover. Such a finding is in contrast to the many
restoration studies in which weeds have been found to impact on restoration outcomes (Walker & del
Moral, 2003; Gaertner, Holmes, & Richardson, 2012). This raises the question as to what factors (e.g.,
lack of propagules) make each site unsuitable for weed species, in particular aggressive perennial weeds,
with the answer likely to provide insight into restoration more broadly.
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Potential drivers

Many restoration studies show statistically significant effects of several management and environmental
variables, but predictability and explicability of outcomes and variation remain poor (Řehounková &
Prach, 2006; Brudvig, 2011; Grman, Bassett, & Brudvig, 2013; Standish et al., 2015). Similarly, in this study
many variables drive restoration measures but few management and environmental variables emerge as
major explanatory factors of the large variation in patterns. Fire obviously has an immediate and dramatic
impact, and the subsequent, short-lived effects have already been discussed. The increase in percentage
cover when a restoration block is planted into once or twice is likely due to the larger size of plants
conferring improved survival and growth. The negative effect of planting three and four times is likely
due to such extensive planting being associated with poorly performing blocks. The effect of age on all
restoration measures implies that management practices are creating conditions which allow for the
recovery of vegetation over time. The effect of monitoring year is likely a result of it being confounded
with age but could also imply that a time related variable with which it is correlated, such as climate, has
not been captured.

That random variables, those representing temporal and spatial variability and correlation, account for a
large proportion of variation in restoration measures, has been documented in other restoration studies
(Cook, Yao, Foster, Holt, & Patrick, 2005; Lawley, Parrott, Lewis, Sinclair, & Ostendorf, 2013; Stuble, Fick,
& Young, 2017). This result may indicate that one or more crucial potential drivers have not been
captured, despite the extensive efforts of this study. While the capture of additional driver variables is
desirable, it is acknowledged that these are likely to prove difficult to measure (e.g. water-holding capacity
through the soil profile) or to include in analyses (e.g., seeding and planting species lists). This result may
also indicate that the effects of variables are synergistic rather than additive, and that an approach where
interactive terms can be included needs to be investigated, where replication is sufficient. It may also
suggest that gradients resulting from management practices and environmental variables are not steep.
It may also be that there is too great a dimensionality due to the large number of species and driver
variables, or that potential driver variables are too unavoidably confounded, to obtain clearer results.
Equally, the importance of random variables may reflect the spatial stochasticity of vegetation dynamics
at both sites. It is to be expected that species-rich and highly diverse systems such as kwongan shrublands
would display a larger amount of stochasticity than species-poor and less diverse systems.

That few dominant drivers of patterns were identified at either site does not imply that management
practices and environmental variables are irrelevant for restoration outcomes. Management practices at
each site are based on ongoing ecological research and adaptive management. Further, a typical result
of many restoration studies is that ‘active’ restoration is more effective than a ‘no action’ approach
(Benayas, Newton, Diaz, & Bullock, 2009; Crouzeilles et al., 2016). A comparison with unrestored, post-
mining vegetation would provide the required ‘no action’ comparison, but such vegetation does not exist
at the two sites.

Implications for management and further research

The progress of restoration and the importance of time as a driver at both sites imply that management
practices are allowing for the recovery of kwongan vegetation. Based on results for Eneabba, research
into the use of planting and the response of restoration plots to fire at Cooljarloo may provide further
improvement and insight. The broad similarity of the response of vegetation to restoration to a fire event,
and its response to subsequent burning, imply that the interval between establishment of restoration and
the first fire to burn through it must be actively managed. More detailed descriptions of successional
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patterns of restoration, specifically those detailing species identities and turnover, are required, in
particular to understand the ‘tick’ pattern in species richness. The large variation in all analyses could be
resolved using a plant functional type approach, rather than a species-based one, as a means to reduce
the number of ‘species’ to render analyses more conclusive, and to gain additional insight into plant–
environment interactions.

This study has shown that assessment methodology can influence the restoration patterns identified,
highlighting the preferability of using multiple methods to assess restoration progress.  While a space-for-
time approach is useful to summarize large datasets, patterns for individual transects and plots, and
additional evidence gained from mixed effects models, can help clarify these overall patterns.
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APPENDIX S1. Supplementary methods and results

MINING AND LANDFORMING

The mining and re-landforming process generally comprises of the following: removal and stockpiling
of topsoil in two separate layers; removal of soil profile material, known as overburden, to access the
ore bearing layer; separation of mineral sand from the ore using physical processes based on the size
distribution of the ore’s constituent particles; in-filling of the resulting mine pit with layers of
overburden and the inert waste material derived from ore separation, known as tailings; and
replacement of the two topsoil layers (Jones, 2009).  Subsequent restoration is as described in the
main manuscript.

DATA COLLATION AND COLLECTION

Data for management practices and environmental variables were collated or calculated for each
restoration transect and plot (Tables S1 and S2). Additional management practices were available for
capture at both sites but could not be utilized as they were not available for all transects or plots (e.g.
seeding and planting lists versus the implementation of seeding and planting only).

Soil data for the Eneabba restoration transects were collected via augering and top soil sampling in
November and December 2015.  Augering was conducted to a depth of 200 cm or until compaction,
rocky material or the presence of a clay pan made it no longer possible to proceed (13.6 % of
transects).  Field texture was determined for each change in the profile as per methodology in
McDonald and Isbell (2009).  The presence of coarse fragments (McDonald & Isbell, 2009) was also
recorded.  Composite samples of topsoil to 20 cm were taken at each transect following Boone, Grigal,
Ahrens, and Armstrong (1999), and analysed for percentage fractions of silt and clay (Bowman &
Hutka, 2002), total phosphorus, and percentage of exchangeable sodium (Rayment & Lyons, 2011).

Soil profile data for the Cooljarloo restoration plots were based on the pit fill material classification
system employed by the mine site.  Fill material is classified based on the source of the material,
overburden or tailings, and the amount of estimated clay in the material (Tronox Management Pty
Ltd, 2013).  This information, and the depth of each layer used in filling a pit, are recorded in in-house
reporting.  The presence of remaining undisturbed natural soil profiles either below the fill material
or adjacent to the pit is also recorded.  From this, the dominant material for each 50 cm of a 200 cm
soil profile was estimated for each plot.  No surface soil data for Cooljarloo were available at the time
of this study.

Climate variables for Eneabba from 1978 to 2012 were compiled and calculated using data from the
Australian Bureau of Meteorology for the Eneabba weather station (Bureau of Meteorology, 2017).
Where gaps in data occurred, corresponding long term average values for Eneabba were used instead.
Climate variables for Cooljarloo from 1998 to 2011 were calculated from data recorded on-site by a
commercial standard, automated weather station.  Where gaps in data occurred, averaged values
from the closest official weather stations at Lancelin and Badgingarra (Bureau of Meteorology, 2017)
were used instead.  A relative, monthly ‘wetness’ index was derived by subtracting monthly rainfall
from monthly ET0, as calculated by the Hargreaves equation for evapotranspiration: ET0 = 0.0023
(Tmean + 17.8) (Tmax - Tmin) 0.5 Ra (Food and Agriculture Organization of the United Nations, 1998),
where Tmean, Tmax and Tmin are monthly mean, mean minimum and mean maximum temperature, and
Ra is extra-terrestrial radiation.  Monthly indices were subsequently used to calculate seasonal (3
monthly) averages of ‘wetness’ (Tables S1 and S2).
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DATA ANALYSIS

Patterns in species composition were identified via non-metric multidimensional scaling (NMDS) on
Bray-Curtis dissimilarities derived from percentage cover data, using the metaMDS function in the
package vegan (Oksanen et al., 2017).  The number of iterations used was 1000 or until a convergent
solution was reached, with two dimensions stipulated.  The appropriateness of solutions was assessed
by comparing distances in the ordination plots with original distances using Shepard diagrams
(Legendre & Legendre, 2012).

Linear mixed effects (LME) modelling was fitted by the maximum likelihood method, using the lme
function in the package nlme (Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2017). Only first order
effects were included in the models. For Eneabba, unburnt restoration transects were scored as a ‘6’
for time (years) since fire.  For Cooljarloo, soil profile data for all horizons could not be used
simultaneously due to being too confounded.  The horizon which resulted in the best AIC was used,
which for all models was the second horizon (Table S2).  1st cut month and seeding month could also
not be used together due to being too correlated.  The variable which gave the best AIC was used for
each model. Nested random variables for transect or plot, within block, within establishment year,
were included in each model.  Normality and homogeneity were evaluated as outlined in Zuur, Ieno,
Walker, Saveliev, and Smith (2009), and the parameters being modelled transformed and or weighted
variance structures used in order to meet these assumptions.

The sequential testing via permutational multivariate analysis of variance of distance matrices used to
obtain R2 values for the assessment in variation of species composition was done using the adonis
function in the package vegan (Oksanen et al., 2017).

Variance partitioning analyses used to derive the total and individual fractions of variance explained
by grouped variables (Tables S1 and S2) for each restoration measure, were done using the varpart
function in the package vegan (Oksanen et al., 2017).
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TABLE S1

Variables used for LME and permutational multivariate analysis of variance analyses, and their group assignment for
variance partitioning analyses, for drivers of restoration measures at Eneabba (refer to Methods).

VARIABLE GROUP EXPLANATION
Year of establishment Random Calendar year in which restoration was created
Block Random An area of restoration subjected to uniform management practices
Transect Random A monitoring unit within a block
Monitoring year Time Calendar year of monitoring
Age (years) Time Number of years since establishment
Time since fire (years) Time Number of years since burnt in the Nov 2011 fire
Presence of fire Management Whether or not a restoration transect was burnt in the Nov 2011 fire
Disturbed profile Environmental Whether or not the soil profile beneath the topsoil has been disturbed

1st cut Management Whether or not the topmost part of the topsoil removed and stockpiled before
mining was used in restoration

2nd cut Management Whether or not the lower part of the topsoil removed and stockpiled before
mining was used in restoration

Crop post topsoil Management Whether or not a stabilization crop was sown after application of topsoil

Seeding Management Whether or not a native species seed mix was applied after application of
topsoil

High P seeding fertiliser Management Whether or not a fertiliser with a high phosphorus content was used with native
seed mix

Low P seeding fertiliser Management Whether or not a fertiliser with a low phosphorus content was used with native
seed mix

Muriate used with seeding Management Whether or not a potassium chloride fertiliser was used with native seed mix
Agran used with seeding Management Whether or not an ammonium nitrate fertiliser was used with native seed mix

Urea used with seeding Management Whether or not a diamide based nitrogen fertiliser was used with native seed
mix

Seeding fertiliser rate (kg / ha) Management The total amount of all fertilisers used with native seeding mix
Seed smoking Management Whether or not native seed mix was smoke treated

Planting (no. times planted) Management The number of times (years) a restored block had a suite of native species
seedlings planted into it

Mulch (no. times applied) Management The number of times a restored area has mulch derived from native vegetation
applied to it

Irrigation Management Whether or not restoration was irrigated

Removal of Rye crop Management Whether or not the stabilization crop Secale sereale was sprayed out after the
first year if used post topsoil application

Removal of Veldt grass Management Whether or not the invasive introduced species Ehrharta calycina was actively
removed

Removal of A. blakelyi Management Whether or not the invasive native species Acacia blakelyi was actively removed
Depth to hardpan (cm) Environmental Depth at which augering of the soil profile ceased due to hardness

Depth to claypan (cm) Environmental
Depth of the shallowest layer in the augered soil profile to record a field
textured clay content greater than 25 %, using the soil triangle in McDonald &
Isbell (2009)

Coarse fragment layer Environmental Whether or not a layer with percentage of coarse fragments (McDonald &
Isbell, 2009) greater than 25 % was recorded in the augered soil profile

Average clay content of top 30 cm (%) Environmental The averaged field textured clay content, using the soil triangle in McDonald &
Isbell (2009), for the top 30 cm of the augered profile

1st year winter spring rain (mm) Environmental Total rainfall from July to December in order to account for restoration activities
ending in June.

1st year summer autumn rain (mm) Environmental Total rainfall from January to June
1st winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December
1st summer 'wetness' index (mm) Environmental Average ‘wetness’ from January to June
2nd winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December
Pre monitoring 'wetness' index (mm) Environmental Average ‘wetness’ from July to September

Length of 1st summer drought (months) Environmental Number of months in a row which recorded a ‘wetness’ index value in the
lowest quartile of monthly indices for all establishment years.

Topsoil clay content (%) Environmental Percentage clay fraction of topsoil as determined by particle size analysis
(Bowman & Hutka, 2002)

Topsoil silt content (%) Environmental Percentage silt fraction of topsoil as determined by particle size analysis
(Bowman & Hutka, 2002)

Topsoil total P content (mg / kg) Environmental Total phosphorus content as determined by Kjeldahl digestion with
colourimetric determination (Rayment & Lyons, 2011)

Exchangeable Na (%) Environmental

Exchangeable sodium percentage (ESP) as calculated from exchangeable Na and
the effective cation exchange capacity (ECEC), the sum of exchangeable basic
and acidic cations, determined from NH4Cl extraction (bases) and KCl extraction
(acids), followed by inductively coupled plasma atomic emission spectroscopy
(Rayment & Lyons, 2011)

Elevation (m) Environmental Meters above sea level at which transect is located
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TABLE S2

Variables used for LME and permutational multivariate analysis of variance analyses, and their group
assignment for variance partitioning analyses, for drivers of restoration measures at Cooljarloo (refer to
Methods).

VARIABLE GROUP EXPLANATION
Year of establishment Random Calendar year in which restoration was created
Block Random An area of restoration subjected to uniform management practices
Plot Random A monitoring unit within a block
Monitoring year Time Calendar year of monitoring
Age (years) Time Number of years since establishment

Horizon 2 material Environmental

Majority type of material 50 cm to 100 cm below surface of the soil profile:
Class 1 overburden, Class 1/2 overburden, Class 2/3 overburden, Class 1 tails,
Class 2 slimes, Class 1 mix (OB and tails), Class 2 mix (OB and tails), natural
ground profile

Depth to water (m) Environmental Depth to groundwater as measured by on site water bore monitoring
Ameliorant Management Whether or not a soil ameliorant was added in soil profile reconstruction

2nd cut depth (cm) Management Depth at which 2nd cut (lower part of the topsoil removed before mining) was
applied

2nd cut vegetation type Management
Whether or not 2nd cut was stripped from each of the following vegetation
types: dry woodland (DW), wet woodland (WW), dry heath (DH), wet heath
(WH), ‘wet’

Ripping depth (m) Management The depth of the tine used to till the landform or topsoil
Dragging Management Whether or not the mounds created by ripping were smoothed out drag bar

1st cut age (years) Management Number of years which 1st cut (topmost part of the topsoil removed before
mining) was stockpiled prior to application

1st cut depth (cm) Management Depth at which 1st cut was applied
1st cut month Management Month in which 1st cut was applied: February, March, April, May, June, October

1st cut vegetation type Management
Whether or not 1st cut was stripped from each of the following vegetation
types: dry woodland (DW), wet woodland (WW), dry heath (DH), wet heath
(WH), ‘wet’, restoration

Fresh 1st cut (%) Management Percentage by total volume of 1st cut applied which has not been stockpiled at
all or not been stockpiled through the first winter

Crop post topsoil rate (kg / ha) Management Rate at which a stabilization crop was sown after application of topsoil
High P fertiliser Management Whether or not a fertiliser with a high phosphorus content was used
Low P fertiliser Management Whether or not a fertiliser with a low phosphorus content was used
Fertiliser rate (kg / ha) Management The amount of fertiliser used

Seed mix vegetation type Management The vegetation type upon which native seed mix composition was based: dry
woodland (DW), wet woodland (WW), dry heath (DH), wet heath (WH)

Seeding month Management Month in which native seed mix was applied: February, March, April, May, June,
July, October

Tub ground mulch Management Whether or not mulch derived from woody native vegetation, stockpiled and
chipped was used after application of topsoil

Fresh mulch Management Whether or not mulch derived from all native vegetation and not stockpiled was
used after application of topsoil

Fresh mulch vegetation type Management
Whether or not fresh mulch was derived from each of the following vegetation
types: dry woodland (DW), wet woodland (WW), dry heath (DH) or wet heath
(WH)

Chemical soil stabiliser Management Whether or not a chemical soil stabiliser was used after application of topsoil

1st year winter spring rain (mm) Environmental Total rainfall from July to December in order to account for restoration activities
ending in June.

1st year summer autumn rain (mm) Environmental Total rainfall from January to June
1st winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December
1st summer 'wetness' index (mm) Environmental Average ‘wetness’ from January to June
2nd winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December
Pre monitoring 'wetness' index (mm) Environmental Average ‘wetness’ from July to September

Length of 1st summer drought (months) Environmental Number of months in a row which recorded a ‘wetness’ index value in the
lowest quartile of monthly indices for all establishment years.

Elevation (m) Environmental Meters above sea level at which plot is located
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FIGURE S1

Number of species recorded at Eneabba at each monitoring time for each transect by year of establishment showing
total (native and weed species – see Methods for definitions) and native (native species only) richness. Transects are
assigned to the ‘burnt’ category for 5 years post-fire.
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FIGURE S2

Number of species recorded at Cooljarloo at each monitoring time for each plot by year of establishment showing
total (native and weed species – see Methods for definitions) and native (native species only) richness.
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FIGURE S3.1

Species diversity recorded at Eneabba at each monitoring time for each transect by year of establishment showing
total (native and weed species – see Methods for definitions) diversity. Transects are assigned to the ‘burnt’ category
for 5 years post-fire. Inverse Simpsons is the used diversity index.
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FIGURE S3.2

Species diversity recorded at Eneabba at each monitoring time for each transect by year of establishment showing
native (native species only – see Methods for definitions) diversity. Transects are assigned to the ‘burnt’ category for
5 years post-fire. Inverse Simpsons is the used diversity index.
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FIGURE S4.1

Species diversity recorded at Cooljarloo at each monitoring time for each plot by year of establishment showing total
(native and weed species – see Methods for definitions) diversity. Inverse Simpsons is the used diversity index.
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FIGURE S4.2

Species diversity recorded at Cooljarloo at each monitoring time for each plot by year of establishment showing native
(native species only – see Methods for definitions) diversity. Inverse Simpsons is the used diversity index.
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FIGURE S5

Percentage cover recorded at Eneabba at each monitoring time for each transect by year of establishment showing
total (native and weed species – see Methods for definitions) and native (native species only) cover. Transects are
assigned to the ‘burnt’ category for 5 years post-fire.
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FIGURE S6

Percentage cover recorded at Cooljarloo at each monitoring time for each plot by year of establishment showing total
(native and weed species – see Methods for definitions) and native (native species only) cover.
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FIGURE S7

Number of plants recorded at Eneabba at each monitoring time for each transect by year of establishment showing
total (native and weed species – see Methods for definitions) and native (native species only) density. Transects are
assigned to the ‘burnt’ category for 5 years post-fire.
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FIGURE S8

Non-metric multidimensional scaling showing species composition trajectories (grey lines) of individual restoration
transects at Eneabba per block by year of establishment against composition of all native reference transects.
Transects are assigned to the ‘burnt’ category for 5 years post-fire.
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FIGURE S9

Non-metric multidimensional scaling showing species composition trajectories (grey lines) of individual restoration
plots at Cooljarloo per block by year of establishment against composition of all native reference plots.
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TABLE S3

Result of LME analyses for potential drivers of species richness, species diversity, percentage cover and plant density, with and without weed species, with transformations used and quadratic terms included, at Eneabba, with values shown for
variables remaining in final models.  White shading indicates variables included in initial models but removed in order to improve model fit via AIC.  Grey shading indicates variables not included in initial models (see Appendix S1: Data Analysis).

ENEABBA SPECIES RICHNESS (all species) SPECIES RICHNESS (native species only) √ SPECIES DIVERSITY (all species) √ SPECIES DIVERSITY (na ve species only)
FULL MODEL VARIABLES Value Std Err DF t value p value Value Std Err DF t value p value Value Std Err DF t value p value Value Std Err DF t value p value
Intercept 319322.7421 85986.4264 429 3.7136 0.0002 280600.7212 73933.5381 429 3.7953 0.0002 16524.2463 4364.8771 409 3.7857 0.0002 15240.5625 4523.8327 410 3.3689 0.0008
Monitoring year -319.3207 85.7081 429 -3.7257 0.0002 -281.2082 73.6985 429 -3.8157 0.0002 -16.4654 4.3471 409 -3.7877 0.0002 -15.2262 4.5060 410 -3.3791 0.0008
Monitoring year 2 0.0798 0.0214 429 3.7373 0.0002 0.0704 0.0184 429 3.8310 0.0001 0.0041 0.0011 409 3.7852 0.0002 0.0038 0.0011 410 3.3806 0.0008
Age (years) -1.0367 0.2483 429 -4.1759 <0.0001 -1.0606 0.3164 429 -3.3519 0.0009
Age (years) 2 0.0240 0.0051 429 4.7101 <0.0001 0.0206 0.0045 429 4.5925 <0.0001 0.0006 0.0002 409 2.5607 0.0108
Time since fire (years) 34.8310 5.1828 429 6.7204 <0.0001 32.7195 4.4484 429 7.3554 <0.0001
Time since fire (years) 2 -6.6697 1.0563 429 -6.3142 <0.0001 -6.1068 0.9071 429 -6.7320 <0.0001
Presence of fire -54.3268 13.1569 429 -4.1292 <0.0001 -45.3852 11.3254 429 -4.0074 0.0001 0.1331 0.0930 409 1.4308 0.1533 0.2201 0.0982 410 2.2411 0.0256
Disturbed profile
1st cut used
2nd cut used -0.1936 0.1298 44 -1.4909 0.1431 -0.2649 0.1373 43 -1.9299 0.0602
Crop post topsoil 9.2821 4.9141 44 1.8889 0.0655 0.3489 0.1899 44 1.8372 0.0729 0.2454 0.1719 43 1.4276 0.1606
Seeding -6.1003 2.5068 46 -2.4335 0.0189 -55.8277 15.4225 44 -3.6199 0.0008 -0.5019 0.2393 44 -2.0974 0.0417 -1.2268 0.3913 43 -3.1350 0.0031
High P seeding fertiliser 0.9119 0.3774 43 2.4163 0.0200
Low P seeding fertiliser -19.6270 3.8420 11 -5.1086 0.0003 -44.5616 8.4173 10 -5.2940 0.0004 -0.7476 0.2483 13 -3.0108 0.0100
Muriate used with seeding -46.3841 7.9246 46 -5.8532 <0.0001 -60.2119 9.1085 44 -6.6105 <0.0001 -1.3399 0.3768 44 -3.5565 0.0009 -2.0112 0.4773 43 -4.2142 0.0001
Agran used with seeding 16.2928 5.0494 46 3.2267 0.0023 14.6451 5.5178 44 2.6542 0.0110 0.6425 0.2440 44 2.6333 0.0116 0.8210 0.2825 43 2.9066 0.0058
Urea used with seeding 3.1884 2.2613 11 1.4100 0.1862 -52.3716 18.2731 10 -2.8660 0.0168 -0.2503 0.1164 13 -2.1510 0.0509 -1.0509 0.4110 14 -2.5571 0.0228
Seeding fertiliser rate (kg / ha) 0.3724 0.1224 10 3.0423 0.0124
Seed smoking 43.5633 14.2484 44 3.0574 0.0038 0.4237 0.1847 44 2.2941 0.0266 0.9335 0.3756 43 2.4853 0.0169
Planting (no. times planted) 8.5783 1.6175 429 5.3033 <0.0001 6.7947 1.4303 429 4.7507 <0.0001
Planting (no. times planted) 2 -2.4104 0.6223 429 -3.8733 0.0001 -1.8018 0.5600 429 -3.2175 0.0014
Mulch (no. times applied) -5.9170 1.9390 46 -3.0516 0.0038 0.4062 0.2253 43 1.8030 0.0784
Mulch (no. times applied) 2 -0.5861 0.2447 44 -2.3950 0.0209 -0.0231 0.0103 44 -2.2474 0.0297 -0.0757 0.0321 43 -2.3559 0.0231
Irrigation 32.5956 7.0302 46 4.6365 <0.0001 32.4788 6.8145 44 4.7661 <0.0001
Removal of Rye crop 0.5943 0.1947 44 3.0529 0.0038
Removal of Veldt grass 6.5609 3.3119 43 1.9810 0.0540
Removal of Acacia blakelyi 5.5331 3.5302 46 1.5674 0.1239 7.5616 2.8876 44 2.6186 0.0121
Depth to hardpan (cm) -0.0035 0.0010 44 -3.4895 0.0011 -0.0028 0.0010 44 -2.8594 0.0065
Depth to claypan (cm) -0.1135 0.0567 43 -2.0015 0.0517
Depth to claypan (cm) 2 0.0004 0.0002 43 1.7989 0.0791
Coarse fragment layer -2.1549 1.5266 46 -1.4116 0.1648
Average clay content of top 30 cm (%) 0.5784 0.3171 46 1.8242 0.0746
Average clay content of top 30 cm (%) 2 -0.0103 0.0029 43 -3.5726 0.0009 -0.0216 0.0070 46 -3.1032 0.0033 -0.0005 0.0001 44 -3.9192 0.0003 -0.0005 0.0001 44 -3.5629 0.0009
1st year winter spring rain (mm) -0.2968 0.0538 11 -5.5216 0.0002 -1.0679 0.2448 10 -4.3631 0.0014
1st year winter spring rain (mm) 2 0.0011 0.0003 10 3.2059 0.0094
1st year summer autumn rain (mm) -0.0117 0.0029 13 -4.0567 0.0014 -0.0157 0.0033 14 -4.8375 0.0003
1st year summer autumn rain (mm) 2

1st winter 'wetness' index (mm) 5.1052 0.9011 11 5.6652 0.0001 2.2116 0.3400 10 6.5048 0.0001
1st winter 'wetness' index (mm) 2 0.0290 0.0067 11 4.3318 0.0012
1st summer 'wetness' index (mm) -5.8613 2.3428 11 -2.5019 0.0294 -10.9302 2.4971 10 -4.3772 0.0014 -0.3429 0.1350 13 -2.5394 0.0247 -0.6098 0.1503 14 -4.0567 0.0012
1st summer 'wetness' index (mm) 2 -0.0209 0.0075 11 -2.7962 0.0174 -0.0374 0.0081 10 -4.6335 0.0009 -0.0013 0.0004 13 -2.8740 0.0130 -0.0022 0.0005 14 -4.3952 0.0006
2nd winter 'wetness' index (mm) 0.3607 0.0750 11 4.8065 0.0005 0.4983 0.0920 10 5.4167 0.0003 0.0074 0.0035 13 2.1383 0.0521 0.0051 0.0036 14 1.3909 0.1860
2nd winter 'wetness' index (mm) 2

Pre monitoring 'wetness' index (mm) 0.1578 0.0425 429 3.7103 0.0002 0.1343 0.0365 429 3.6742 0.0003
Pre monitoring 'wetness' index (mm) 2 -0.0044 0.0018 429 -2.3638 0.0185 -0.0040 0.0016 429 -2.5056 0.0126
Length of 1st summer drought (months) 2.1466 1.3003 11 1.6509 0.1270 4.0028 1.2301 10 3.2541 0.0087 -0.1255 0.0778 13 -1.6127 0.1308 -0.2268 0.0876 14 -2.5909 0.0214
Topsoil clay content (%) 3.1746 1.9144 43 1.6583 0.1045 -0.0740 0.0379 44 -1.9516 0.0574 -0.0752 0.0362 44 -2.0756 0.0438
Topsoil clay content (%) 2 -0.7465 0.3278 43 -2.2771 0.0278 -0.2738 0.1059 46 -2.5856 0.0130
Topsoil silt content (%) 7.9753 2.5230 43 3.1610 0.0029 2.9329 1.0393 46 2.8221 0.0070 0.3959 0.1616 44 2.4496 0.0184 0.3539 0.1512 44 2.3406 0.0239
Topsoil silt content (%) 2 -2.0425 1.2054 43 -1.6945 0.0974 -0.1878 0.0754 44 -2.4888 0.0167 -0.1650 0.0728 44 -2.2651 0.0285
Topsoil total P content (mg / kg) 0.0009 0.0004 44 2.3181 0.0252 0.0008 0.0004 44 1.9866 0.0532
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Exchangeable Na (%)
Exchangeable Na (%) 2

Elevation (m) 0.0648 0.0413 43 1.5698 0.1238 0.1288 0.0381 46 3.3824 0.0015 0.0430 0.0157 44 2.7377 0.0089 0.0530 0.0166 44 3.1890 0.0026
Elevation (m) 2 -0.0002 0.0001 44 -2.5896 0.0130 -0.0003 0.0001 44 -2.7974 0.0076

TABLE S3 (continued)

ENEABBA √ PERCENTAGE COVER (all species) √ PERCENTAGE COVER (na ve species only) ln PLANT DENSITY (all species) ln PLANT DENSITY (native species only)
FULL MODEL VARIABLES Value Std Err DF t value p value Value Std Err DF t value p value Value Std Err DF t value p value Value Std Err DF t value p value
Intercept -634.3902 54.3543 404 -11.6714 <0.0001 -631.8958 56.1064 404 -11.2625 <0.0001 179302.1059 15211.0372 304 11.7876 <0.0001 166261.0562 16350.1809 305 10.1688 <0.0001
Monitoring year 0.3083 0.0272 404 11.3218 <0.0001 0.3058 0.0281 404 10.8916 <0.0001 -178.1940 15.1349 304 -11.7737 <0.0001 -165.6178 16.2740 305 -10.1768 <0.0001
Monitoring year 2 0.0443 0.0038 304 11.7704 <0.0001 0.0413 0.0040 305 10.1874 <0.0001
Age (years) 0.1979 0.0314 404 6.2990 <0.0001 0.2698 0.0325 404 8.2926 <0.0001 0.0763 0.0509 304 1.4996 0.1348 -0.1838 0.0302 305 -6.0816 <0.0001
Age (years) 2 -0.0094 0.0006 404 -15.7430 <0.0001 -0.0109 0.0006 404 -17.3052 <0.0001
Time since fire (years) 1.3079 0.3002 404 4.3572 <0.0001 1.2432 0.3168 404 3.9247 0.0001 1.3383 0.5011 304 2.6709 0.0080 1.3543 0.3035 305 4.4616 <0.0001
Time since fire (years) 2 -0.1251 0.0404 404 -3.0980 0.0021 -0.1161 0.0426 404 -2.7253 0.0067 -0.3740 0.1029 304 -3.6336 0.0003 -0.3946 0.0650 305 -6.0694 <0.0001
Presence of fire -5.3847 1.2869 304 -4.1843 <0.0001 -5.6724 0.8894 305 -6.3780 <0.0001
Disturbed profile 0.4432 0.1762 44 2.5150 0.0156 0.3803 0.1876 43 2.0277 0.0488
1st cut used -0.9061 0.4939 46 -1.8347 0.0730 -1.0605 0.5072 46 -2.0908 0.0421
2nd cut used 0.2896 0.1853 43 1.5629 0.1254
Crop post topsoil 1.8245 0.4465 43 4.0863 0.0002
Seeding 49.6086 9.1688 43 5.4106 <0.0001 -8.1578 2.4834 43 -3.2849 0.0020
High P seeding fertiliser -33.4302 5.8324 43 -5.7318 <0.0001 4.3923 1.3039 43 3.3685 0.0016
Low P seeding fertiliser -0.9946 0.4598 9 -2.1630 0.0588 -2.3645 0.4733 9 -4.9963 0.0007 -5.5898 1.0484 9 -5.3315 0.0005 -2.3937 0.6030 8 -3.9697 0.0041
Muriate used with seeding -3.6267 0.9699 46 -3.7392 0.0005 -3.2563 0.9999 46 -3.2566 0.0021 19.4769 3.5403 43 5.5014 <0.0001 -5.0915 1.2254 43 -4.1550 0.0002
Agran used with seeding 1.1193 0.6071 46 1.8438 0.0717 1.0675 0.6249 46 1.7082 0.0943
Urea used with seeding 2.4202 0.2479 9 9.7612 0.0000 1.8761 0.2552 9 7.3509 0.0000 64.4667 11.9988 9 5.3728 0.0004 -7.3163 2.6410 8 -2.7703 0.0243
Seeding fertiliser rate (kg / ha) -0.1976 0.0419 9 -4.7152 0.0011 0.0288 0.0113 8 2.5358 0.0349
Seed smoking -47.7681 9.0371 43 -5.2858 <0.0001 7.7578 2.1452 43 3.6164 0.0008
Planting (no. times planted) 2.5366 0.2083 404 12.1801 <0.0001 2.2374 0.2192 404 10.2088 <0.0001 1.4997 0.1977 304 7.5874 <0.0001 0.3545 0.1436 305 2.4683 0.0141
Planting (no. times planted) 2 -0.7923 0.0815 404 -9.7217 <0.0001 -0.6874 0.0853 404 -8.0541 <0.0001 -0.3817 0.0805 304 -4.7424 <0.0001
Mulch (no. times applied) -0.5164 0.2447 46 -2.1105 0.0403 -0.5241 0.2515 46 -2.0839 0.0427 -17.2025 3.2402 43 -5.3091 <0.0001
Mulch (no. times applied) 2 1.9346 0.3710 43 5.2145 <0.0001
Irrigation 3.3488 0.7704 46 4.3468 0.0001 3.3504 0.7920 46 4.2303 0.0001 13.7720 2.0800 43 6.6211 <0.0001 0.5998 0.3927 43 1.5273 0.1340
Removal of Rye crop -1.7612 0.6264 46 -2.8114 0.0072 -1.2429 0.6460 46 -1.9239 0.0606 -1.3499 0.5769 43 -2.3397 0.0240 -1.0337 0.5552 43 -1.8619 0.0695
Removal of Veldt grass 2.0660 0.5058 40 4.0849 0.0002 1.9235 0.5213 40 3.6900 0.0007 0.6359 0.2827 43 2.2492 0.0297
Removal of Acacia blakelyi 0.8933 0.4866 43 1.8357 0.0733 0.8483 0.3536 43 2.3990 0.0208
Depth to hardpan (cm) 0.0062 0.0030 40 2.0202 0.0501 0.0063 0.0031 40 2.0235 0.0497 0.0029 0.0017 44 1.7216 0.0922 0.0079 0.0023 43 3.5194 0.0010
Depth to claypan (cm) -0.0032 0.0018 40 -1.7595 0.0861 -0.0032 0.0019 40 -1.7178 0.0936 -0.0181 0.0058 43 -3.1156 0.0033
Depth to claypan (cm) 2 0.0001 0.0000 43 2.7404 0.0089
Coarse fragment layer -0.8787 0.2135 40 -4.1158 0.0002 -1.0914 0.2194 40 -4.9734 <0.0001
Average clay content of top 30 cm (%) -0.0378 0.0180 40 -2.1009 0.0420 -0.0384 0.0185 40 -2.0711 0.0448 0.0331 0.0108 44 3.0671 0.0037 -0.0498 0.0138 43 -3.6174 0.0008
Average clay content of top 30 cm (%) 2

1st year winter spring rain (mm) -0.1105 0.0127 9 -8.6801 <0.0001 -0.0929 0.0131 9 -7.0740 0.0001 -0.7301 0.1059 9 -6.8953 0.0001 -0.0793 0.0120 8 -6.5865 0.0002
1st year winter spring rain (mm) 2 0.0009 0.0001 9 6.7996 0.0001
1st year summer autumn rain (mm) 0.1102 0.0138 9 7.9744 <0.0001 0.0878 0.0143 9 6.1586 0.0002 -0.1953 0.0435 9 -4.4917 0.0015 0.1573 0.0390 8 4.0375 0.0037
1st year summer autumn rain (mm) 2 0.0017 0.0003 9 5.9902 0.0002 -0.0003 0.0001 8 -2.2211 0.0571
1st winter 'wetness' index (mm) 1.9145 0.2401 9 7.9728 <0.0001 1.5563 0.2479 9 6.2786 0.0001 0.9273 0.1299 9 7.1398 0.0001 1.3974 0.2063 8 6.7741 0.0001
1st winter 'wetness' index (mm) 2 0.0106 0.0015 9 6.9498 0.0001 0.0085 0.0016 9 5.3669 0.0005 0.0078 0.0012 8 6.4122 0.0002
1st summer 'wetness' index (mm) -1.1435 0.2931 9 -3.9016 0.0036 -1.0395 0.3022 9 -3.4397 0.0074 -0.1918 0.0296 8 -6.4881 0.0002
1st summer 'wetness' index (mm) 2 -0.0029 0.0009 9 -3.2068 0.0107 -0.0028 0.0009 9 -2.9294 0.0168 0.0009 0.0001 9 6.6206 0.0001
2nd winter 'wetness' index (mm) -0.2582 0.0562 9 -4.5911 0.0013 -0.2173 0.0579 9 -3.7500 0.0046 -0.2617 0.0530 8 -4.9402 0.0011
2nd winter 'wetness' index (mm) 2 -0.0025 0.0005 9 -5.1752 0.0006 -0.0021 0.0005 9 -4.1072 0.0026 -0.0007 0.0001 9 -7.2431 <0.0001 -0.0027 0.0005 8 -5.2978 0.0007
Pre monitoring 'wetness' index (mm) 0.0126 0.0046 404 2.7288 0.0066 0.0096 0.0049 404 1.9563 0.0511 0.0091 0.0029 304 3.1587 0.0017
Pre monitoring 'wetness' index (mm) 2 -0.0006 0.0002 404 -2.8597 0.0045 -0.0004 0.0002 404 -1.8107 0.0709 0.0006 0.0001 305 4.3320 <0.0001
Length of 1st summer drought (months) 1.3991 0.1999 9 7.0002 0.0001 1.0569 0.2056 9 5.1400 0.0006 2.8387 0.3343 9 8.4925 <0.0001 1.1337 0.1559 8 7.2732 0.0001
Topsoil clay content (%) 0.8404 0.2444 40 3.4387 0.0014 0.7018 0.2510 40 2.7963 0.0079 -0.1582 0.0531 44 -2.9781 0.0047
Topsoil clay content (%) 2 -0.1277 0.0423 40 -3.0201 0.0044 -0.1068 0.0434 40 -2.4598 0.0183
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Topsoil silt content (%) 1.1036 0.3719 40 2.9676 0.0050 0.9062 0.3824 40 2.3695 0.0227 0.2759 0.1006 43 2.7426 0.0089
Topsoil silt content (%) 2 -0.3329 0.1785 40 -1.8653 0.0695 -0.2780 0.1836 40 -1.5144 0.1378
Topsoil total P content (mg / kg)
Exchangeable Na (%) -0.0654 0.0192 40 -3.4007 0.0015 -0.0558 0.0198 40 -2.8193 0.0075 -0.0631 0.0351 44 -1.7956 0.0794
Exchangeable Na (%) 2 0.0021 0.0012 44 1.6905 0.0980
Elevation (m) -0.1416 0.0365 40 -3.8779 0.0004 -0.1393 0.0376 40 -3.7099 0.0006 -0.1170 0.0328 44 -3.5685 0.0009 -0.1062 0.0305 43 -3.4790 0.0012
Elevation (m) 2 0.0007 0.0002 40 3.6005 0.0009 0.0007 0.0002 40 3.6203 0.0008 0.0006 0.0002 44 3.4608 0.0012 0.0005 0.0002 43 3.1955 0.0026

TABLE S4

Result of LME analyses for potential drivers of species richness, species diversity and percentage cover, with and without weed species, with transformations used and quadratic terms included, at Cooljarloo, with values shown for variables remaining
in final models.  White shading indicates variables included in initial models but removed in order to improve model fit via AIC. Grey shading indicates variables not included initial models (see Appendix S1: Data Analysis).

COOLJARLOO √ SPECIES RICHNESS (all species) √ SPECIES RICHNESS (na ve species) ln(x+1) SPECIES DIVERSITY (all species) ln(x+1) SPECIES DIVERSITY (native species) ln(x+1) PERCENTAGE COVER (all species) ln(x+1) PERCENTAGE COVER (native species)

FULL MODEL VARIABLES Value Std Err DF t value p value Value Std Err DF t value p value Value Std Err DF t value p value Value Std Err DF t value
p

value Value Std Err DF t value p value Value Std Err DF t value p value

Intercept -255.0638 142.7853 453 -1.7863 0.0747 -671.4022 149.1700 454 -4.5009 <0.0001 9.7951 2.1428 454 4.5711 <0.0001 111.7542 60.7791 453 1.8387 0.0666 83.1364 39.5184 453 2.1037 0.0360 340.7311 85.2676 453 3.9960 0.0001

Monitoring year 0.1254 0.0705 453 1.7782 0.0760 0.3285 0.0739 454 4.4483 <0.0001 -0.0514 0.0301 453 -1.7094 0.0881 -0.0451 0.0197 453 -2.2878 0.0226 -0.1740 0.0424 453 -4.1088 <0.0001

Age (yrs) -0.1631 0.0793 453 -2.0556 0.0404 -0.4070 0.0743 454 -5.4774 <0.0001 0.0727 0.0213 454 3.4180 0.0007 0.1402 0.0364 453 3.8468 0.0001 0.4681 0.0278 453 16.8141 <0.0001 0.6084 0.0466 453 13.0508 <0.0001

Age (yrs) 2 -0.0046 0.0032 453 -1.4650 0.1436 -0.0058 0.0019 454 -3.0965 0.0021 -0.0068 0.0018 453 -3.7275 0.0002 -0.0249 0.0018 453 -14.1873 <0.0001 -0.0257 0.0018 453 -14.6441 <0.0001

Horizon 2 material -C1OB (against C1/2OB) 0.3847 0.5047 26 0.7622 0.4528 0.0593 0.5350 28 0.1109 0.9125 1.2770 0.1967 20 6.4921 <0.0001 1.1344 0.2099 22 5.4059 <0.0001

Horizon 2 material -C2/3OB (against C1/2OB) 2.9861 0.7888 48 3.7857 0.0004 3.0113 0.8202 46 3.6716 0.0006 1.5992 0.2867 51 5.5772 <0.0001 1.4890 0.3056 51 4.8720 <0.0001

Horizon 2 material -C1tails (against C1/2OB) 0.9871 0.5124 26 1.9263 0.0651 1.0181 0.5472 28 1.8607 0.0733 1.4052 0.2197 20 6.3964 <0.0001 1.3322 0.2352 22 5.6640 <0.0001

Horizon 2 material -C2slimes (against C1/2OB) -0.2781 0.5563 48 -0.4999 0.6194 -0.6115 0.6169 46 -0.9913 0.3267 0.0360 0.2252 51 0.1598 0.8736 0.0249 0.2168 51 0.1149 0.9090

Horizon 2 material -C1mix (against C1/2OB) 1.0989 0.6773 26 1.6225 0.1168 1.0586 0.7146 28 1.4814 0.1497 1.9173 0.2771 20 6.9183 <0.0001 1.8950 0.2925 22 6.4795 <0.0001

Horizon 2 material -C2mix (against C1/2OB) 0.1094 0.6797 26 0.1610 0.8733 -0.3588 0.7160 28 -0.5011 0.6202 1.7993 0.2654 20 6.7808 <0.0001 1.6037 0.2682 22 5.9787 <0.0001

Horizon 2 material -NG (against C1/2OB) 1.3819 0.5634 26 2.4527 0.0212 1.5305 0.6137 28 2.4937 0.0188 1.7253 0.2416 20 7.1416 <0.0001 1.6269 0.2599 22 6.2589 <0.0001

Depth to water (m) -0.1217 0.0297 26 -4.1017 0.0004 -0.1485 0.0326 28 -4.5531 0.0001 -0.0160 0.0058 30 -2.7769 0.0094 -0.0171 0.0053 29 -3.2298 0.0031

Depth to water (m) 2 0.0032 0.0008 26 3.8916 0.0006 0.0037 0.0009 28 4.0676 0.0004 -0.0002 0.0001 20 -2.3315 0.0303

Ameliorant used
2nd cut depth (cm) -0.0048 0.0019 26 -2.5249 0.0180 -0.0041 0.0020 28 -2.0027 0.0550 0.0041 0.0008 20 5.2191 <0.0001 0.0025 0.0008 22 2.9606 0.0072

2nd cut DW used -1.6937 0.3188 20 -5.3130 <0.0001 -1.7240 0.3055 22 -5.6430 <0.0001

2nd cut WW used -0.2591 0.1735 26 -1.4933 0.1474 0.3234 0.1471 29 2.1986 0.0360 -0.6714 0.1361 20 -4.9340 0.0001 -0.7054 0.1270 22 -5.5546 <0.0001

2nd cut DH used 0.2419 0.1592 29 1.5197 0.1394

2nd cut WH used 1.1663 0.3728 48 3.1286 0.0030 1.0598 0.3707 46 2.8591 0.0064 0.2967 0.1951 52 1.5208 0.1344 0.2891 0.2027 54 1.4264 0.1595 -0.7330 0.2109 51 -3.4751 0.0011 -0.6094 0.2087 51 -2.9204 0.0052

2nd cut Wet used
Ripping depth (m) -4.2255 1.9370 30 -2.1815 0.0371 -5.3417 1.8530 29 -2.8827 0.0074 -0.2897 0.1274 20 -2.2736 0.0342 -0.3401 0.1693 22 -2.0092 0.0569

Ripping depth (m) 2 1.3988 0.6507 30 2.1499 0.0398 1.7684 0.6219 29 2.8435 0.0081

Dragging used -0.3626 0.2335 26 -1.5533 0.1324 -0.2812 0.1137 30 -2.4733 0.0193 -0.3141 0.1351 29 -2.3247 0.0273

1st cut age (yrs) -0.3417 0.0609 26 -5.6121 <0.0001 -0.4694 0.0730 28 -6.4327 <0.0001 -0.1468 0.0225 30 -6.5274 <0.0001 -0.0746 0.0265 29 -2.8201 0.0086 0.0470 0.0280 22 1.6806 0.1070

1st cut age (yrs) 2 0.0093 0.0030 20 3.0812 0.0059

1st cut depth (cm) 0.0368 0.0059 48 6.2884 <0.0001 0.1777 0.0550 46 3.2336 0.0023 0.0043 0.0033 52 1.2833 0.2051

1st cut depth (cm) 2 -0.0012 0.0005 46 -2.4239 0.0193

1st cut month -Feb (against Apr) 0.4778 0.1078 20 4.4334 0.0003 0.3142 0.0911 22 3.4508 0.0023

1st cut month -Mar (against Apr) -0.2260 0.0801 20 -2.8200 0.0106 -0.3142 0.0825 22 -3.8099 0.0010

1st cut month -May (against Apr) -0.2393 0.0669 51 -3.5752 0.0008 -0.3521 0.0692 51 -5.0884 <0.0001

1st cut month -Jun (against Apr) -0.0788 0.1292 51 -0.6101 0.5445 -0.1866 0.1284 51 -1.4530 0.1524

1st cut month -Oct (against Apr) -1.3978 0.2983 51 -4.6859 <0.0001 -1.0929 0.2865 51 -3.8142 0.0004

1st cut DW used -0.2474 0.1479 26 -1.6733 0.1062 -0.1661 0.0730 30 -2.2765 0.0301 -0.1905 0.0801 29 -2.3785 0.0242 1.6335 0.3173 20 5.1475 <0.0001 1.6386 0.3049 22 5.3752 <0.0001

1st cut WW used -0.1080 0.0700 30 -1.5414 0.1337 -0.5166 0.1656 29 -3.1206 0.0041 0.4516 0.1310 20 3.4468 0.0026 0.4741 0.1249 22 3.7944 0.0010

1st cut DH used -0.3155 0.1608 29 -1.9621 0.0594 -0.1408 0.0483 20 -2.9161 0.0085

1st cut WH used -0.9555 0.3861 48 -2.4750 0.0169 -1.0119 0.3903 46 -2.5925 0.0127 -0.4046 0.2103 52 -1.9237 0.0599 -0.4395 0.2179 54 -2.0173 0.0486 1.0263 0.2365 51 4.3395 0.0001 0.8659 0.2309 51 3.7501 0.0005

1st cut Wet used 0.2473 0.1106 30 2.2355 0.0330 0.2625 0.1183 29 2.2191 0.0345

1st cut Reclaimed used -0.7333 0.3303 48 -2.2204 0.0311 -0.6484 0.2863 46 -2.2646 0.0283

% fresh 1st cut used 0.0026 0.0010 20 2.7302 0.0129 0.0024 0.0010 22 2.2858 0.0323

Crop post topsoil rate (kg/ha) 0.0090 0.0042 26 2.1460 0.0414 0.0148 0.0048 28 3.0671 0.0048 -0.0048 0.0018 22 -2.6818 0.0136

High P fert used -0.5953 0.3799 30 -1.5671 0.1276
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Low P fert used 0.9209 0.4321 48 2.1311 0.0382

Fertiliser rate (kg/ha) -0.0038 0.0030 28 -1.2860 0.2090 0.0049 0.0037 30 1.3314 0.1931 -0.0019 0.0010 20 -2.0090 0.0582

Seeding vegetation type -DW (against DH) 0.0688 0.0560 20 1.2280 0.2337 0.0761 0.0553 22 1.3753 0.1829

Seeding vegetation type -WW (against DH) 0.1768 0.1003 20 1.7623 0.0933 0.2357 0.0960 22 2.4560 0.0224

Seeding vegetation type -WH (against DH) 0.2207 0.0601 20 3.6700 0.0015 0.2491 0.0606 22 4.1137 0.0005

Seeding month -Feb (against Apr) 0.1472 0.3704 48 0.3975 0.6928 0.9658 0.4689 46 2.0596 0.0451 -0.1021 0.1854 52 -0.5508 0.5841 -0.1598 0.1963 54 -0.8140 0.4192

Seeding month -Mar (against Apr) 1.1268 0.2421 48 4.6554 <0.0001 1.3316 0.2423 46 5.4953 <0.0001 0.0529 0.1158 52 0.4572 0.6495 0.1224 0.1181 54 1.0361 0.3048

Seeding month -May (against Apr) 0.3628 0.2175 26 1.6676 0.1074 0.7627 0.1884 28 4.0492 0.0004 0.1174 0.1038 30 1.1309 0.2671 0.0711 0.1053 29 0.6756 0.5046

Seeding month -Jun (against Apr) -0.2906 0.2175 26 -1.3362 0.1931 -0.1543 0.2186 28 -0.7060 0.4860 0.0253 0.0915 30 0.2765 0.7840 0.0156 0.0928 29 0.1679 0.8678

Seeding month -Jul (against Apr) -3.8243 0.7184 6 -5.3235 0.0018 -1.1430 0.8395 4 -1.3615 0.2450 -5.3234 1.3839 3 -3.8467 0.0310 -5.2186 1.4598 4 -3.5749 0.0233

Seeding month -Oct (against Apr) -2.5649 0.6015 48 -4.2642 0.0001 -2.7084 0.7545 46 -3.5897 0.0008 -0.7493 0.3387 52 -2.2121 0.0314 -0.5584 0.2972 54 -1.8791 0.0656

Tub ground mulch used -0.4626 0.2602 48 -1.7778 0.0818

Fresh mulch used 1.0404 0.4424 46 2.3517 0.0230 0.5267 0.1746 52 3.0170 0.0039 0.1456 0.1036 54 1.4060 0.1655 -0.2014 0.0951 51 -2.1183 0.0390 -0.2245 0.1556 51 -1.4431 0.1551

Mulch DW used -0.4382 0.2160 48 -2.0288 0.0480 -1.7452 0.4355 46 -4.0070 0.0002 -0.3154 0.1546 52 -2.0402 0.0464 0.2182 0.1581 51 1.3801 0.1736

Mulch WW used 1.6570 0.3701 46 4.4773 <0.0001 -0.3280 0.1792 52 -1.8301 0.0730 0.8216 0.1462 51 5.6185 <0.0001 0.4610 0.1560 51 2.9551 0.0047

Mulch DH used -2.9996 0.5570 -5.3856 <0.0001 -5.3122 0.7466 46 -7.1148 <0.0001

Mulch WH used -0.9130 0.3272 46 -2.7905 0.0076 0.2019 0.1319 54 1.5305 0.1317 -0.2860 0.1041 51 -2.7481 0.0083 -0.1969 0.1108 51 -1.7780 0.0814

Chemical soil stabiliser used 1.1878 0.3645 48 3.2584 0.0021 1.6113 0.3538 46 4.5539 <0.0001 0.5278 0.1631 52 3.2359 3.2359 0.4323 0.1600 54 2.7018 0.0092 -0.2150 0.1375 51 -1.5635 0.1241

1st year winter spring rain (mm) -0.0155 0.0063 4 -2.4711 0.0689 0.0075 0.0034 3 2.2232 0.1127 0.0052 0.0033 4 1.5575 0.1943 -0.0062 0.0023 5 -2.6741 0.0441 0.0034 0.0009 4 3.9975 0.0162

1st year summer autumn rain (mm) 0.0122 0.0052 4 2.3190 0.0812 -0.0128 0.0031 3 -4.1292 0.0258 -0.0068 0.0024 4 -2.8485 0.0465 0.0152 0.0021 5 7.3979 0.0007 -0.0311 0.0170 4 -1.8348 0.1404

1st year summer autumn rain (mm) 2 0.0001 0.0001 4 2.4808 0.0682

1st winter 'wetness' index 0.0439 0.0305 4 1.4415 0.2229 -0.0419 0.0148 3 -2.8315 0.0661 -0.0215 0.0135 4 -1.5912 0.1868 0.0390 0.0119 5 3.2834 0.0219

1st summer 'wetness' index 0.0087 0.0060 6 1.4540 0.1962 -0.0283 0.0175 4 -1.6209 0.1804 0.0484 0.0104 3 4.6420 0.0188 0.0350 0.0089 4 3.9285 0.0171 -0.0291 0.0067 5 -4.3270 0.0075 -0.0235 0.0055 4 -4.2950 0.0127

2nd winter 'wetness' index 0.0286 0.0061 6 4.7168 0.0033 0.0109 0.0045 3 2.4113 0.0949 0.0053 0.0038 4 1.4029 0.2333 -0.0171 0.0101 4 -1.7056 0.1633

Pre monitoring winter 'wetness' index 0.0039 0.0020 453 1.9583 0.0508 0.0035 0.0019 454 1.8625 0.0632 0.0019 0.0012 454 1.5703 0.1170 0.0019 0.0012 453 1.6425 0.1012 0.0040 0.0011 453 3.5368 0.0004 0.0041 0.0011 453 3.6628 0.0003

Pre monitoring winter 'wetness' index 2 -0.0001 0.0000 453 -2.5322 0.0117 -0.0001 0.0000 454 -2.9173 0.0037 -0.0001 0.0000 454 -2.6941 0.0073 -0.0001 0.0000 453 -2.7745 0.0058 0.0000 0.0000 453 -1.4786 0.1399 0.0000 0.0000 453 -1.5973 0.1109

Length of first summer drought (mths) 0.1351 0.0816 6 1.6555 0.1489 0.3495 0.1181 4 2.9610 0.0415 -0.0917 0.0599 3 -1.5299 0.2235 0.2337 0.0399 5 5.8522 0.0021 0.3362 0.0759 4 4.4314 0.0114

Elevation (m) 0.3192 0.0815 26 3.9179 0.0006 0.3934 0.0835 28 4.7088 0.0001 0.0071 0.0040 30 1.7671 0.0874 0.0082 0.0040 29 2.0292 0.0517 0.0919 0.0239 20 3.8462 0.0010 0.0831 0.0239 22 3.4744 0.0022

Elevation (m) 2 -0.0017 0.0004 26 -4.0053 0.0005 -0.0021 0.0005 28 -4.6547 0.0001 -0.0005 0.0001 20 -3.7872 0.0012 -0.0005 0.0001 22 -3.5116 0.0020
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TABLE S5

Results of permutational analysis of variance using distance matrices showing the amount of variance in species
composition explained by individual variables at Eneabba.

Variable DF Sums of Sqs Mean Sqs F. Model R2

Transect 124 115.79 0.93 4.25 0.5609
Block 72 94.70 1.32 5.47 0.4587
Year of establishment 20 52.79 2.64 8.88 0.2557
Age (years) 1 10.81 10.81 29.63 0.0524
Low P seeding fertiliser 1 7.91 7.91 21.35 0.0383
High P seeding fertiliser 1 6.36 6.36 17.04 0.0308
1st summer 'wetness' index (mm) 1 5.74 5.74 15.32 0.0278
Seeding fertiliser rate (kg / ha) 1 5.57 5.57 14.87 0.0270
Mulch (no. times applied) 1 5.30 5.30 14.13 0.0257
Seed smoking 1 5.07 5.07 13.49 0.0245
Crop post topsoil 1 5.06 5.06 13.46 0.0245
Elevation (m) 1 4.97 4.97 13.22 0.0241
Length of 1st summer drought (months) 1 4.82 4.82 12.81 0.0233
Seeding 1 4.79 4.79 12.74 0.0232
Monitoring year 1 4.61 4.61 12.25 0.0223
Agran used with seeding 1 4.45 4.45 11.80 0.0215
Presence of fire 1 4.28 4.28 11.36 0.0208
Urea used with seeding 1 4.15 4.15 11.01 0.0201
Muriate used with seeding 1 4.08 4.08 10.81 0.0198
Planting (no. times planted) 1 4.06 4.06 10.76 0.0197
Topsoil clay content (%) 1 3.90 3.90 10.31 0.0189
Time since fire (years) 1 3.79 3.79 10.02 0.0184
Exchangeable Na (%) 1 3.46 3.46 9.15 0.0168
Removal of rye crop 1 3.34 3.34 8.81 0.0162
1st winter 'wetness' index (mm) 1 3.21 3.21 8.47 0.0155
Irrigation 1 3.09 3.09 8.14 0.0150
2nd cut 1 3.03 3.03 7.98 0.0147
1st year summer autumn rain (mm) 1 2.89 2.89 7.62 0.0140
Removal of Acacia blakelyi 1 2.84 2.84 7.48 0.0138
1st year winter spring rain (mm) 1 2.75 2.75 7.24 0.0133
Removal of Veldt grass 1 2.70 2.70 7.10 0.0131
Topsoil total P content (mg / kg) 1 2.67 2.67 7.02 0.0129
Disturbed profile 1 2.64 2.64 6.94 0.0128
2nd winter 'wetness' index (mm) 1 2.46 2.46 6.45 0.0119
Depth to hardpan (cm) 1 1.60 1.60 4.18 0.0077
Coarse fragment layer 1 1.58 1.58 4.14 0.0077
Average clay content of top 30 cm (%) 1 1.50 1.50 3.93 0.0073
Depth to claypan (cm) 1 1.46 1.46 3.82 0.0071
1st cut 1 1.06 1.06 2.77 0.0051
Pre monitoring 'wetness' index (mm) 1 1.03 1.03 2.69 0.0050
Topsoil silt content (%) 1 0.47 0.47 1.22 0.0023
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TABLE S6

Results of permutational analysis of variance using distance matrices showing the amount of variance in species
composition explained by individual variables at Cooljarloo.

Variable DF Sums of Sqs Mean Sqs F. Model R2

Plot 115 119.63 1.04 8.23 0.6738
Block 72 101.04 1.40 9.19 0.5690
Year of establishment 10 31.95 3.19 12.35 0.1799
Seeding month 6 15.20 2.53 8.85 0.0856
Age (years) 1 12.49 12.49 43.27 0.0703
Horizon 2 material 7 11.96 1.71 5.84 0.0673
Seeding mix vegetation type 3 9.67 3.22 10.94 0.0544
Monitoring year 1 9.51 9.51 32.37 0.0536
Fresh mulch 1 6.35 6.35 21.20 0.0357
1st summer 'wetness' index (mm) 1 5.99 5.99 19.95 0.0337
1st cut age (years) 1 5.80 5.80 19.30 0.0326
Fresh mulch vegetation type DW 1 5.77 5.77 19.21 0.0325
Depth to water (m) 1 5.62 5.62 18.69 0.0316
1st winter 'wetness' index (mm) 1 5.27 5.27 17.50 0.0297
1st year winter spring rain (mm) 1 5.21 5.21 17.29 0.0293
1st year summer autumn rain (mm) 1 5.04 5.04 16.70 0.0284
Crop post topsoil rate (kg / ha) 1 4.88 4.88 16.16 0.0275
Ripping depth (m) 1 4.13 4.13 13.62 0.0233
2nd cut depth (cm) 1 4.08 4.08 13.45 0.0230
2nd winter 'wetness' index (mm) 1 3.66 3.66 12.06 0.0206
Fresh mulch vegetation type WH 1 3.65 3.65 12.02 0.0206
Pre monitoring 'wetness' index (mm) 1 2.92 2.92 9.55 0.0164
Dragging 1 2.89 2.89 9.47 0.0163
2nd cut vegetation type wet 1 2.88 2.88 9.43 0.0162
Length of 1st summer drought (months) 1 2.76 2.76 9.04 0.0156
High P fertiliser 1 2.49 2.49 8.14 0.0140
1st cut vegetation type WH 1 2.46 2.46 8.03 0.0138
1st cut vegetation type wet 1 2.42 2.42 7.91 0.0136
Elevation (m) 1 2.30 2.30 7.51 0.0130
1st cut vegetation type DW 1 2.26 2.26 7.36 0.0127
Chemical soil stabiliser 1 2.25 2.25 7.34 0.0127
1st cut vegetation type WW 1 2.18 2.18 7.12 0.0123
2nd cut vegetation type DW 1 2.13 2.13 6.94 0.0120
2nd cut vegetation type WH 1 2.11 2.11 6.89 0.0120
Fresh 1st cut (%) 1 2.11 2.11 6.88 0.0119
2nd cut vegetation type WW 1 2.09 2.09 6.81 0.0118
1st cut depth (cm) 1 1.94 1.94 6.32 0.0109
Ameliorant 1 1.92 1.92 6.26 0.0108
2nd cut vegetation type DH 1 1.56 1.56 5.06 0.0088
1st cut vegetation type rec 1 1.46 1.46 4.74 0.0082
1st cut vegetation type DH 1 1.45 1.45 4.71 0.0081
Low P fertiliser used 1 1.40 1.40 4.56 0.0079
Fertiliser rate (kg / ha) 1 1.36 1.36 4.42 0.0077
Fresh mulch vegetation type DH 1 1.30 1.30 4.22 0.0073
Tub ground mulch 1 1.19 1.19 3.85 0.0067
Fresh mulch vegetation type WW 1 1.05 1.05 3.42 0.0059
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CHAPTER 3

The predictability of restoration in species-rich shrubland vegetation

PREAMBLE

This chapter presents the PFT-based approach for describing patterns and identifying drivers of
kwongan vegetation recovery after mining at Eneabba and Cooljarloo, as well as the assessment of
the predictability of structural-, species- and PFT-based restoration measures.

Chapter 3 is presented as the manuscript submitted to and currently under review at Journal of
Applied Ecology.  Formatting is that specified by the journal with the following exceptions: page
numbering; references to the Chapter 2 manuscript have been changed to reference Chapter 2
directly instead of unpublished material by the authors; references to the manuscript in Appendix S4
have been changed to reference Appendix S4 directly instead of unpublished material by the authors.
Appendix S2 is the supplementary material for online publication submitted with the manuscript and
forms part of the material for the examination of Chapter 3.
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Abstract
1. A central aim of restoration ecology is predicting restoration outcomes. Based on the theory “that

variation should decrease with the number of factors constraining restoration and increase with
the specificity of the goal”, Brudvig et al. (Journal of Applied Ecology, 54, 1018–1027, (2017))
propose a hierarchy of predictability of restoration measures. Measures based on plant functional
types (PFTs) could be more predictable than species-based measures, especially in species-rich
systems, but this needs to be tested. Our objectives were thus to describe PFT-based temporal
patterns, identify potential drivers, and test the hierarchy of predictability and the place of PFT-
based measures within it, in a species-rich shrubland system.

2. Patterns of restoration progress were described for two post-mining restoration sites and
compared to those of native reference vegetation.  Potential drivers were identified from an
extensive set of time, management, and environmental variables, using linear mixed effects (LME)
modelling and permutational multivariate analysis of variance. The hierarchy of predictability was
assessed by comparing the amount of variance explained for structural, and species- and PFT-based
restoration measures.

3. Restoration at both sites is progressing, being within range of native reference values after
approximately 20 years for PFT-based functional richness and diversity, with composition at one
site approaching that of native reference vegetation.  While many variables appear to drive
patterns, no management or environmental variables emerge as major explanatory drivers. The
results of this study do not support the hierarchy of predictability, likely due to the theory’s
underlying assumptions being incorrect, and PFT-based measures did not prove more predictable
than species-based measures.

4. Synthesis and applications. While PFT-based approaches did not improve predictability over
species-based approaches, they provide complementary ways of describing patterns of recovery.
This study also demonstrates the desirability of using both space-for-time, and transect/plot level
approaches when assessing restoration progress.

KEYWORDS

Environmental variables, hierarchy of predictability, kwongan, management practices, mining, plant
functional types, Western Australia.
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INTRODUCTION

Restoration outcomes are notoriously variable. Restoration ecologists and practitioners are often
unable to explain the cause of this variation and hence, restoration outcomes are often poorly
predictable (Suding, 2011).  Thus, a central aim of restoration ecology is to develop theories and
methodologies which improve predictability (Brudvig, 2017).

One such theory is the hierarchy of predictability recently proposed by Brudvig et al. (2017). It is based
on the concept that the predictability of restoration outcomes is context dependent as well as
depending on the types of measures used to assess restoration outcomes (restoration measures).
More specifically, the authors proposed “that variation [in restoration measures] should decrease with
the number of factors constraining restoration and increase with the specificity of the goal [restoration
measure]”. The latter part of this proposition suggests that restoration measures are hierarchical,
where measures for which species are highly functionally redundant will be most predictable (e.g.,
cover), and those for which species identities and abundances are of consequence, will be least
predictable (e.g., species composition). Thus, the hierarchy of predictability for categories of
restoration measures proposed by Brudvig et al. 2017) is: structure > taxonomic diversity > functional
diversity > taxonomic composition.  Brudvig et al. (2017) encouraged testing of the hierarchy using
empirical studies, with two studies of vegetation restoration having done so to date.  The study of
Laughlin et al. (2017) supported the hierarchy, and suggested the position of functional trait-based
restoration measures within the hierarchy.  The study of Abella, Schetter, and Walters (2018) did not
support the hierarchy.  Both studies were conducted in broadly similar systems (pine forest and
grassland, and pine plantation in an open oak woodland and prairie context, respectively), with a
limited number of management and environmental predictive variables, and using specific sets of
restoration measures.  Therefore, while theoretically promising, the hierarchy needs further testing
using additional restoration measures, in different restoration systems, and with more predictive
variables.

A plant functional type (PFT) approach is one possible methodology to improve the predictability of
restoration outcomes (McIntyre, Diaz, Lavorel, & Cramer, 1999; Tozer, MacKenzie, & Simpson, 2012).
The use of PFT-based functional restoration measures, as opposed to species-based ones, reduces
dimensionality by assuming that species are interchangeable within a PFT, that is, redundant (Laliberté
et al., 2010), and should better reflect the plant-environment relationship (Rusch, Pausas, & Lepš,
2003).  PFT-based functional restoration measures therefore warrant testing within the hierarchy,
particularly since they are not addressed by Brudvig et al. (2017), Laughlin et al. (2017) or Abella et al.
(2018).

The vegetation of southwest Western Australia (WA), along with the Cape Region of South Africa, is
unique, being differentiated from other systems, including other mediterranean-type systems, by
severely nutrient impoverished soils, low but reliable rainfall (Cowling, Ojeda, Lamont, & Rundel, 2004;
Hopper & Gioia, 2004), especially high species diversity, particularly of perennial and woody elements
(Naveh & Whittaker, 1980; Hopper & Gioia, 2004), and the highly central role of fire (Cowling,
Witkowski, Milewski, & Newbey, 1994). The first part of the main proposition of Brudvig et al. (2017),
“that variation should decrease with the number of factors constraining restoration”, suggests that
restoration of such vegetation should be predictable, given that the harsh environmental conditions
should preclude most species. The legal requirement to restore and subsequently monitor native
ecosystems after mining (Western Australian Government, 1986, 1978), provides the opportunity to
study recovery of southwest WA vegetation on a long term, permanent basis. In our study of post-
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mining vegetation recovery of two such mine sites (Chapter 2), we found great variation and low
predictability in species-based restoration measures. We also found few salient drivers of these
measures, among a comprehensive set of environmental and management variables considered.
These same sites provide a ready test system for the hierarchy of predictability and the use of PFT
based functional restoration measures to assess restoration outcomes.

The availability of long term restoration monitoring data from permanent transects and plots in these
two mineral sand mines in southwest WA provided an opportunity to address the following objectives:

1. to describe temporal patterns of PFT-based functional richness, PFT-based functional diversity and
PFT-based functional composition, and to compare these to native reference vegetation;

2. to identify potential drivers of the above patterns using an extensive set of time, management,
and environmental variables; and

3. to test the hierarchy of predictability in the context of the restoration of species-rich shrubland
vegetation.

MATERIALS AND METHODS

The materials and methods used in this study are largely equivalent to those described in Chapter 2.
Equivalent methods are summarised here and additional methods described.

Study sites

The two study sites were the Iluka Resources Eneabba and the Tronox Management Cooljarloo
mineral sands mines, located 280 km and 175 km north of Perth, Western Australia, respectively.  Both
sites are characterised by kwongan, a hyper-diverse vegetation type associated with sandplains and
dominated by low shrubs.  The definition of kwongan of Mucina, Laliberté, Thiele, Dodson, and Harvey
(2014) is used here and as such encompasses banksia woodlands associated with parts of the
Cooljarloo site. Average yearly rainfall and temperature for Eneabba are 490 mm and 21º C, and for
Cooljarloo 538 mm and 20º C. Typical soil total N and total P in undisturbed vegetation are < 500 mg
kg-1 and 15‒40 mg kg-1 for Eneabba (Tsakalos et al., in press), and < 4000 mg kg-1 and 9‒18 mg kg-1 for
Cooljarloo (J. Tsakalos et al., unpublished data).

Vegetation monitoring and data collection and collation

Strip mining, a comparatively shallow and short-lived extraction process progressing along the ore
body, is employed at both sites, allowing for the staged restoration of disturbed areas throughout the
life of the mine, and hence the establishment of permanent, long term monitoring of vegetation
recovery.  Restoration broadly entails the return and stabilisation of topsoil, seeding and or planting
of native species, and the use of fertiliser treatments (Iluka Resources Ltd, 2009; Tronox Management
Pty Ltd, 2013).  A given number of transects (Eneabba site) or plots (Cooljarloo site) are established
each year in blocks, that is, areas which have undergone the same management practices. Native
reference transects and plots have also been established in dominant undisturbed vegetation types.
Transects and plots are monitored by botanical consultants on a predefined rotational schedule, with
time between monitoring periods increasing with time since establishment. At Eneabba, species
identity has been recorded from 1999 onwards, percentage cover data for each species from 2000,
and the number of plants for each species from 2004.  Species identity, percentage cover and plant
numbers for Cooljarloo have all been recorded from 1999 onwards but data on the number of plants
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of each species were discarded as they were inconsistently recorded for annual and weed species. The
monitoring area along transects is 20 m2 and in plots 80 m2.  Subsets of restoration and native
reference transects and plots from each site were chosen for this study (125 restoration and 28 native
reference transects at Eneabba, 116 restoration and 18 native reference plots at Cooljarloo). At
Eneabba, 560 species were recorded in restoration transects and 415 species in native reference
transects, and at Cooljarloo 464 species in restoration plots and 301 species in native reference plots.
Details on strip mining, restoration techniques, monitoring methodology, and subset selection are
described in Chapter 2.

Qualitative traits which capture the response at species level to the major vegetation stresses and
disturbance of native reference vegetation at both sites (limited water availability, low soil nutrient
status, and fire), were selected.  These were scored for all species in the subsetted restoration
monitoring data of each site (in addition to species from regional vegetation mapping plots), using
taxonomic literature, inspection of specimens of the Western Australian Herbarium, and expert
knowledge. Clustering analyses were applied to the resulting species x trait matrix to derive plant
functional types (PFTs).  For full details on database inclusions, trait selection, and classification
methodology refer to Appendix S4.  Species entries in the monitoring data were assigned the
corresponding PFT (Appendix S2: Table S1). Genus or family level entries were not removed so as to
avoid a disproportionate effect on younger restoration, and were assigned to the PFT most frequent
for that genus or family in the same transect or plot, or block.  PFTs were used for all pattern and
driver analyses.

Management practices and environmental variables data were collated or calculated for each
restoration transect and plot, with 41 variables summarised for the Eneabba site and 35 for the
Cooljarloo site (Appendix S2: Tables S2 and S3).  Data on management practices were collated from
in-house reporting, in-house protocols, aerial photography, in-house geospatial layers, and interviews
with mine site staff.  Soil data for Eneabba restoration transects were collected via augering and top
soil sampling in November and December 2015. Soil profile data for Cooljarloo restoration plots were
based on the pit fill material classification system employed by mine site management (Tronox
Management Pty Ltd, 2013).  No soil data could be collected for native reference transects and plots.
Climate variables for Eneabba were calculated using data from the Eneabba weather station (Bureau
of Meteorology, 2017).  Climate variables for Cooljarloo were calculated from data recorded on-site
by a commercial-standard, automated weather station.  Elevation for each restoration transect and
plot was determined from the SRTM 1-ARC second Digital Elevation Model (Farr et al., 2007).  For
further details on management practices and environmental variables refer to Chapter 2.

Data analysis

All analyses were done in the R 3.3 statistical platform (R Core Team, 2017) in RStudio version 1.0.136
(RStudio Team, 2016), using the metaMDS, adonis and varpart functions in the package vegan
(Oksanen et al., 2017) and the lme function in the package nlme (Pinheiro, Bates, DebRoy, Sarkar, & R
Core Team, 2017).

PFT-based functional richness and functional diversity were calculated for each transect and plot, for
each monitoring time.  Inverse Simpsons was used for functional diversity calculations (Simpson,
1949).  For each site, non-metric multidimensional scaling (NMDS) was used to illustrate differences
in PFT-based functional composition of all transects and plots at each monitoring time, in order to
identify general changes with age, and compare restoration and reference transects and plots.  In
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order to focus on trajectories of individual transects and plots, NMDS analyses were also performed
for each block separately.  Calculations were performed using all species and using native (not weed)
species only.  The recognition of a species as a native or a weed (introduced to WA) species follows
the Western Australian Herbarium (1998– ).  For full details of these analyses refer to equivalent
methodology in Chapter 2.

The effect of time (and time-related variables), individual management practices, and environmental
variables on functional richness and functional diversity patterns of restoration transects and plots
were tested using linear mixed effects (LME) modelling. This same modelling was also used to test for
patterns with age. Only first order effects were included in models.  Nested random effects of transect
or plot, within block, within establishment year, were included in each model. Normality and
homogeneity of residual variance were evaluated as outlined in Zuur, Ieno, Walker, Saveliev, and
Smith (2009), and the parameters being modelled transformed and or weighted variance structures
used in order to meet these assumptions.  Quadratic terms of variables were added to models where
this improved model fit (evaluated using Akaike’s information criterion, AIC).  Models were then
refined by the step-wise removal of non-significant variables in order from largest p-value, again using
AIC to evaluate when the best model was reached. LME analyses were performed with all species and
with native species only. The variance (R2) explained individually by each variable remaining in the
final LME models was calculated in order to identify the five variables which explain the greatest
amount of variation. The amount of variation in functional composition explained by time, individual
management practices, and environmental variables was assessed by obtaining R2 values from
sequential testing via permutational multivariate analysis of variance of distance matrices.  In order
to summarise the effects of potential drivers, variables were classified into four groups (Appendix S2:
Tables S2 and S3): time related variables, environmental variables, management practices, and
random variables, including transect or plot, block, and establishment year.  Variance partitioning was
then used to derive the total and individual fractions of variance explained by each group for
functional richness, diversity (based on linear regression) and composition (based on distance-based
redundancy analysis).  All species were included in the latter two analyses. For full details of potential
driver analyses methodology refer to equivalent methodology in Chapter 2.

Restoration measures, belonging to the four categories of predictability defined by Brudvig et al.
(2017) (Table 1), were assessed for predictability for each site.  Values for cover, plant density, species
richness, and species diversity for each transect and plot at each monitoring time, were taken from
Chapter 2. Values for the two MDS axes of species composition at each site were taken from species
composition NMDS in Chapter 2.  Values for functional richness and diversity are as for functional
pattern calculations in this study, and the two MDS axes of functional composition taken from
functional composition NMDS. Values for all restoration measures are inclusive of native and weed
species. Given the lack of coverage of functional composition measures by Brudvig et al. (2017),
functional MDS axis 1 and MDS axis 2 were tentatively placed into the only category addressing
composition, taxonomic composition. Given the lower specificity of functional composition and
hence, its theoretically higher predictability, functional MDS axis 1 and MDS axis 2 were placed above
species MDS axis 1 and MDS axis 2.

The predictability of restoration measures were assessed by LME modelling and subsequent
partitioning of variance, using the approach of Laughlin et al. (2017).  The unrefined LME models from
driver analyses in this study and Chapter 2 were used to assess cover, plant density, species richness,
species diversity, functional richness and functional diversity. Equivalent methodology was used to
derive LME models for functional and species composition measures. Modelling for all measures was
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based on the same number of transects/plots and monitoring times, except for Eneabba plant density,
monitoring data for which was only from 2004 onwards and modelling is therefore, for fewer transects
and monitoring times.  The amount of variance accounted for by fixed and random effects, and
residual variation, were calculated for each restoration measure from each LME model.  The amount
of variance accounted for by fixed effects was used to comment on the hierarchy of predictability.

TABLE 1 Restoration measures assessed for predictability and their assignment to the categories of
the Brudvig et al. (2017) hierarchy of predictability

Hierarchy of predictability Restoration measures
Physical structure Cover (% cover / transect or plot)

Plant density (no. plants / transect or plot)
Taxonomic diversity Species richness (no. species / transect or plot)

Species diversity (Inverse Simpsons / transect or plot)
Functional diversity Functional richness (no. PFTs / transect or plot)

Functional diversity (Inverse Simpson / transect or plot)
Taxonomic composition Functional MDS axis 1

Functional MDS axis 2
Species MDS axis 1
Species MDS axis 2

RESULTS

Patterns

Using a space-for-time approach, functional richness and functional diversity for Eneabba are within
range of native reference transects after approximately 20 years, although the means of each measure
are lower (Fig. 1). Functional richness appears to increase with age and then plateau while there
appears to be no pattern with age for functional diversity (Fig. 1). Responses of functional richness
and diversity to fire entail an increase followed by a decrease, a pattern supported by LME modelling
for both measures (Appendix S2: Table S4). For Cooljarloo, both functional richness and functional
diversity measures are within range of and have similar means to native reference plots from two
years of age, and there appears to be no subsequent pattern with age for either (Fig. 1).

While a space-for-time approach can highlight average patterns through the large variation at both
sites, it can be difficult to interpret where there is no clear average pattern, and can obscure the
pattern variation possible at the individual transect and plot level (Appendix S2: Fig. S1 to S4.2).  For
many Eneabba transects, functional richness increases with age.  However, several transects show an
initial decrease before increasing again, resulting in a ‘tick’ pattern, others increase and then decrease
with age, and some simply decrease. The fitted LME model for functional richness (Appendix S2: Table
S4) shows a linear increase with age. Functional diversity patterns are variable, with transects
increasing and decreasing equally with age.  The fitted LME model for functional diversity (Appendix
S2: Table S4) shows an accelerating increase with age.  For Cooljarloo plots, functional richness
patterns with age are variable.  The fitted LME model for functional richness (Appendix S2: Table S5)
shows a linear increase with age. Functional diversity patterns for many plots show a decrease or an
increase followed by a decrease with age but others show an increase or erratic response. The fitted
LME model for functional diversity (Appendix S2: Table S5) shows an accelerating decrease with age.
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The quantitative contribution of weed species to functional richness and diversity at both sites is
minimal, shows little change over time for all transects and plots, and hence, does not alter the
underlying pattern of each measure (Appendix S2: Figs S1 to S4.2).

FIGURE 1 Space-for-time patterns of functional richness and functional diversity over time (age in
years since establishment) for Eneabba restoration transects compared against native reference
transects, and for Cooljarloo restoration plots compared against native reference plots. Transect area
is 20 m2 and for plots 80 m2.  For Eneabba, transects impacted by fire are identified and are assigned
to the ‘burnt’ category for 5 years after fire.

Space-for-time functional composition patterns for Eneabba (Fig. 2), reveal that younger restoration
transects are mostly dissimilar to each other and to native transects. Nevertheless, they become more
similar to these over time, as well as to each other, and by 20 years appear highly similar to reference
vegetation.  However, this conclusion is based on a relatively small number of older transects, that
were not monitored from an early age. Response to fire seems to be short-lived.  The few burnt
outliers are mostly transects one or two years after fire, whereas those three and four years after fire
fit with the overall age pattern. For Cooljarloo, many native reference plots are similar to each other
but several are less so (Fig. 2). Older restoration plots appear to be as dissimilar to each other as
younger plots but restoration seems to have an overall trajectory.  However, similarly to Eneabba at
a comparable age, it is as yet unclear if this trajectory is towards native reference plots.  For both sites,
functional composition patterns without weed species differed little from those with all species
included and hence, are not presented.
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FIGURE 2 Non-metric multidimensional scaling showing space-for-time functional composition
patterns for Eneabba restoration and native reference transects (20 m2), and Cooljarloo restoration
and native reference plots (80 m2).  For Eneabba, transects are assigned to the ‘burnt’ category up to
5 years after fire.

When comparing individual transects and plots within blocks to native references (Appendix S2: Figs
S5 and S6), functional trajectories at both sites are highly variable and often non-linear. For Eneabba,
most are directed towards native references.  The greatest change in functional composition over time
for most transects occurs at younger ages.  There is less change in functional composition between
monitoring points at older ages even when affected by fire, with the trajectories of burnt transects
returning to a functional composition similar to that prior to burning.  However, this result is also
based on relatively few old transects that were not monitored from an early age.  For Cooljarloo, the
functional trajectories of few plots are directed towards native references, with several directed away
from native references.  Within blocks, transects and plots generally have similar functional
trajectories.

Potential drivers

LME analyses indicate that many variables affect restoration measures (Appendix S2: Tables S4 and
S5), but that no management or environmental variables emerge as dominant drivers at either site
(Table 2). The omission of weed species from analyses makes limited difference to the variables
remaining in the final models but does have a more pronounced and varied impact on effect sizes and
significance values. The random variables of transect or plot, and block account for most variation in
functional composition (highest R2 values) at Eneabba and Cooljarloo (Appendix S2: Tables S6 and S7).

The third random variable, year of establishment, accounts for the third highest amount of variation
at Eneabba and fourth at Cooljarloo.  However, the low mean square values due to high degrees of
freedom for these variables mean these results must be interpreted with caution. Of the fixed effects,
age has the highest mean squared and explains a relatively high amount of functional composition
variation at both sites. Variance partitioning of functional richness, diversity and composition using
grouped variables (Fig. 3) reveals that random variables account for the greatest portion of variation,
both overall and on their own, except for Cooljarloo functional composition where time variables have
the highest individual fraction.  Management practices and environmental variables explain notable
total fractions of variation at both sites, but the amount that they uniquely explain is low.
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TABLE 2 The five potential driver variables (see Appendix S2: Tables S2 and S3 for full description of
drivers) remaining in the final LME models (see Appendix S2: Tables S4 and S5) which explain the
greatest amount of variance (R2) for functional richness and diversity at a, Eneabba and b, Cooljarloo.
Values for all restoration measures other than Eneabba species richness are for transformed data, as
presented in Appendix S2: Tables S4 and S5.

Functional richness R2 Functional diversity R2

a Presence of fire 0.105 Monitoring year 0.001
Monitoring year 0.073 Pre-monitoring 'wetness' index (mm) 0.001
Time since fire (yrs) 0.071 Removal of Acacia blakelyi <0.001
Age (yrs) 0.070 Length of 1st summer drought (months) <0.001
Planting (no. times planted) 0.027 Crop post topsoil <0.001

b Age (yrs) 0.006 2nd cut vegetation type (dry heath) <0.001
Monitoring year 0.006 Fertiliser rate (kg / ha) <0.001
1st cut vegetation type (dry heath) <0.001 High P fertiliser <0.001
Fresh mulch vegetation type (dry woodland) <0.001 2nd cut vegetation type (wet) <0.001
1st cut vegetation type (wet woodland) <0.001 1st cut vegetation type (restoration) <0.001

FIGURE 3 Results of variation partition analyses showing the amount of variance explained by grouped
variables (adjusted R2 values of individual fractions) for functional richness, functional diversity and
functional composition for Eneabba and Cooljarloo.  Values less than 0.01 are not shown.  The value
below each group label indicates the total variance explained by each group (total adjusted R2 values).
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Hierarchy of predictability

Results of variance partitioning of LME models at both sites do not support the hierarchy of
predictability of physical structure > taxonomic diversity > functional diversity > taxonomic
composition proposed by Brudvig et al. (2017) (Fig. 4), as determined by the amount of variance
accounted for by fixed effects. Within categories, restoration measures notably differ in predictability.
For most restoration measures, considerable proportions of variance are accounted for by random
variables or are not accounted for at all.

FIGURE 4 Proportion of variance of restoration measures explained by 1) fixed effects of time,
management, and environmental variables, 2) random effects of transect or plot, block, and year of
establishment, and 3) residual variance for a, Eneabba and b, Cooljarloo, arranged in decreasing order
of predictability by category (PS = physical structure, TD = taxonomic diversity, FD = functional
diversity, TC = taxonomic composition) as hypothesized by Brudvig et al. (2017). *Eneabba plant
density results are for monitoring data from 2004 onwards only.

DISCUSSION

Hierarchy of predictability

The lack of support by this study for the hierarchy of predictability is likely due to the theory’s
underlying assumptions being incorrect. Brudvig et al. (2017) argued that decreasing specificity of
restoration measures (that is, as species identities become less consequential) should decrease
variability and hence, increase predictability.  This is not necessarily so; for example, plant density at
Eneabba is highly variable and poorly predictable, regardless of whether density numbers are the
result of one species or several. Conversely, active maintenance during restoration of kwongan
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species through topsoil seed banks, seeding, planting, and mulching, may arguably increase the
predictability of more specific measures such as species composition. The inference that all possible
restoration measures within a category should be more predictable than all possible restoration
measures in a less predictable category is thus, in turn, also unsound.

Brudvig et al. (2017) also argued that variation should decrease, and hence predictability increase,
with the number of factors constraining restoration (e.g. harsh environmental conditions). However,
in vegetation such as kwongan which is subject to severe stresses such as seasonal drought and
extremely low fertility, these factors are unlikely to constrain restoration, as species are already
adapted to them. Consequently, predictability of restoration measures is not necessarily increased by
these factors. In fact, such conditions are thought to be partly responsible for the high species
diversity of kwongan (Hopper & Gioia, 2004); this high diversity itself makes restoration less
predictable.

In restoration studies, limitations of data collection mean the same set of variables are used in
attempting to predict all restoration measures.  However, different measures may be optimally
predicted by different sets of variables.  Even in a study such as this, where an extensive number of
variables have been captured, it is possible that important predictor variables are missing and thus
each measure has not been optimally modelled.

That both this study and Abella et al. (2018) did no support the hierarchy but Laughlin et al. (2017)
did, may be due to the higher diversity of the former study systems as compared to the latter.  It may
also be due to their more extreme restoration scenarios (post-mining and post-agriculture/-
plantation, respectively) as compared to Laughlin et al. (2017) (post-fire exclusion in native
vegetation). This suggests that the hierarchy of predictability may be sensitive to both factors and
hence, would appear more context dependent than suggested by Brudvig et al. (2017).

More fundamentally, there is an underlying assumption in deriving the hierarchy of predictability from
the theory “that variation should decrease with the number of factors constraining restoration and
increase with the specificity of the goal” (Brudvig et al., 2017): that higher variability equates to lower
predictability. The relationship between variability and predictability is actually complex and depends
on what predictors are available and the definition or measure of predictability that is employed.
Specifically, it may be misleading to use variance partitioning and R2 values indicating the proportion
of total variance explained as measures of predictability. A restoration measure with very low total
variability will be highly predictable in absolute terms, but R2 values could well be low if the variance
explained is also low. We have followed the established methodology of using variance partitioning
and R2 values for compatibility with previous studies on the hierarchy of predictability (Laughlin et al.,
2017; Abella et al., 2018) but alternative methods such as calculating mean percentage error (to avoid
the problem with R2 being about proportion of variance explained rather than errors in prediction)
using cross validation (to avoid the dependence issue) may better identify a hierarchy.

Finally, the lack of support by this study and Abella et al. (2018) for the hierarchy may be due to the
theory proposed by Brudvig et al. (2017) being in fact not hierarchical but holarchical.  The underlying
assumption that categories of restoration measures are able to be ranked is questionable.  Each
category and indeed, each restoration measure, is both a whole and a part of a system.
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Potential drivers

This study supports the findings of other restoration studies (e.g. Řehounková & Prach, 2006; Grman,
Bassett, & Brudvig, 2013; Standish et al., 2015; Chapter 2), where statistically significant effects of
drivers were found yet predictability of restoration patterns remains poor. Also similarly to other
restoration studies (e.g. Stuble, Fick, & Young, 2017; Chapter 2), random variables representing
temporal and spatial variability and correlation account for a large proportion of variation in
restoration measures.  These results suggest that a) one or more major driver variables have not been
captured; b) analyses which are able to incorporate interactive terms are needed; c) management and
environmental gradients at each site are too shallow, or d) driver variables are inherently confounded
(Chapter 2).  Irrespectively, this study indicates a large degree of spatial stochasticity in the vegetation
dynamics at both sites, re-enforcing equivalent species-based conclusions of Chapter 2.

The lack of major drivers and the importance of random effects could also be due to the PFT approach
itself, which has not proved more effective than a species-based approach at identifying drivers of
restoration measures. Perhaps the approach has not reduced the dimensionality of the monitoring
data sets sufficiently (compared to a species-based approach) for drivers to emerge, suggesting an
even more reductive approach is needed. Additionally, traits upon which PFTs are based were
selected to capture major stresses and disturbances of native kwongan vegetation, with the
assumption that these were the same for areas under restoration.  Perhaps this assumption is
erroneous and a different set of traits is needed to capture the unique stresses of restored vegetation.
This raises an interesting conundrum as to how to functionally assess restoration against native
reference vegetation if they are indeed subject to different stresses.

Patterns

Restoration at Eneabba and Cooljarloo is progressing and becoming, from a PFT perspective, more
similar to native reference vegetation. At Eneabba, increasing functional richness, coupled with
increasing functional diversity, indicate a maturing vegetation characterised by an increasing number
of PFTs becoming established and more evenly represented.  This complements species richness and
diversity patterns for the site (Chapter 2). However, that more time is needed for univariate functional
measures to be in range of native reference vegetation (~ 20 years) than for species-based ones (~ 10
years) (Chapter 2), indicates that PFTs consisting of only a few species, may take decades to establish,
whether through immigration or in situ propagules. These PFTs likely consist of recalcitrant species
(those which do not readily germinate from topsoil, mulch or sown seed, and are difficult to
propagate), a well-documented characteristic of kwongan vegetation (Bell, Plummer, & Taylor, 1993).
The presence of recalcitrant PFTs in older transects (those established earlier in the restoration
programme) may also be due to a factor inherent to these transects, such as an uncaptured
management practice, and could indicate that these PFTs have been present from younger ages.
However, further interpretation is not possible given the lack of permanent monitoring of older
transects at a young age. At Cooljarloo, restoration plots are within range of native reference
vegetation for functional richness and diversity from a young age, indicating that many PFTs are
present and are evenly represented, from shortly after establishment. However, the pattern of
increasing functional richness is in contrast to the pattern of decreasing species richness (Chapter 2),
indicating that older plots have a greater number of PFTs with fewer species per PFT. The concurrent
pattern of decreasing functional diversity suggests that certain PFTs are becoming more dominant.
The contrast of increasing species diversity (Chapter 2) may indicate an evenness of species within
those more dominant PFTs. However, the large variation in both space-for-time values and
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transect/plot level patterns for univariate measures at both sites means patterns must be interpreted
cautiously. Clarification could be achieved through the investigation of species and functional
turnover through time.

The spikes in functional richness and diversity in the four years after fire in restoration transects at
Eneabba, indicate a response to fire similar to native reference vegetation, that is, mass germination
of annuals and fire ephemerals (Enright, Mosner, Miller, Johnson, & Lamont, 2007; Miller, Stevens, &
Rokich, 2016).  The rebounding of functional composition after fire indicates that older restoration
transects at least, are resistant to changes in trajectory.  Functional responses of restoration transects
to fire reinforce equivalent species-based responses (Chapter 2).

The increasing similarity in functional composition of younger restoration transects at Eneabba
suggests an early turnover in PFTs, reinforcing functional univariate patterns. The greater similarity
of older restoration transects to each other and to native reference transects may be due to shared
PFTs which are missing in younger restoration. In combination with equivalent species composition
results (Chapter 2), this suggests that there are species in older restoration which are functionally
distinct to those in younger restoration. These late-phase species / PFTs could be the result of longer
timeframes allowing for additional dispersal into older restored areas or the development of abiotic
and biotic conditions favourable to establishment. The trajectories of individual transects indicate
that progress towards native vegetation composition is complex and non-linear but overall supports
space-for-time results.

The dissimilarity in functional composition of native reference plots to each other and to restoration
plots at Cooljarloo, emphasises concerns raised in Chapter 2 with regards to the appropriateness of
reference plots. However, the use of a PFT approach has yielded clearer results than a species-based
approach. Several floristically dissimilar native reference plots are functionally more similar but still
dissimilar to restoration plots, thus emphasising that the overall trajectory is not yet approaching
reference vegetation. This result, in combination with the comparatively young age of restoration
plots, makes it difficult to comment on this trajectory, but a PFT approach does emphasise the
consistent presence of PFTs which may be exclusive to restoration and native reference plots,
respectively.

That weeds have little quantitative effect on all functional patterns presented is due to the
comparatively few weed species present, belonging to several PFTs but being mostly annuals which
contribute little to cover. This again supports equivalent species-based results (Chapter 2), contrasting
the many restoration studies in which weeds have been found to impact restoration outcomes
(Walker & del Moral, 2003; Gaertner, Holmes, & Richardson, 2012).

Implications for management and further research

This study raises two questions for the assessment of restoration: which restoration measures should
be used to assess progress, and is a space-for-time approach an acceptable alternative to a
transect/plot level approach? Different restoration measures inform different aspects of restoration
progress, and as such, multiple measures should be used in assessing restoration outcomes
(Mcdonald, Gann, Jonson, & Dixon, 2016). This study has shown that a PFT approach is
complementary to a species-based approach. Restoration patterns and variation therein, can depend
upon whether a space-for-time or transect/plot level approach is taken (Abella et al., 2017; Chapter
2). While variation can hinder predictability and interpretability, restoring the variation present in the
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reference landscape is often an aim of restoration (Suding, 2011; Brudvig et al., 2017).  As such, it is
preferable to use both methods so as to address multiple restoration aims as well as help clarify
restoration progress.

The interpretation of functional restoration patterns and their potential drivers in this study suggests
further avenues of research. Descriptions of successional patterns detailing floristic and functional
turnover are required.  To further the investigation of identifying major drivers as well as improving
the predictability of restoration outcomes, a plant functional trait based approach is required. Such
an approach would utilise the most fundamental information relevant to the interpretation of plant-
environment interactions.
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APPENDIX S2: SUPPLEMENTARY METHODS AND RESULTS

TABLE S1
Plant functional types used in this study with member species from Eneabba and Cooljarloo restoration (E R and C R respectively) and native reference transects and plots (E N, C N).  Species
names are current as of October 2017 and * indicates species introduced to Western Australia (weed species) (WAH 1998 - ).  PFTs are those from an earlier classification than the final one
presented in Appendix S4.

SPECIES
E
N

E
R

C
N

C
R SPECIES

E
N

E
R

C
N

C
R

Woody rhizobial-mychorrhizal seeders Jacksonia hakeoides x x x x
Acacia alata x Jacksonia lehmannii x x
Acacia auronitens x x x x Mirbelia spinosa x x x
Acacia blakelyi x x x Sphaerolobium drummondii x
Acacia drewiana subsp. drewiana x Sphaerolobium gracile x x
Acacia pulchella x x Sphaerolobium linophyllum x x x
Acacia pulchella var. glaberrima x x x x Sphaerolobium macranthum x
Acacia saligna subsp. lindleyi ms x x x Sphaerolobium medium x
Acacia spathulifolia x Viminaria juncea x x x
Acacia sphacelata subsp. sphacelata x
Acacia sphacelata subsp. verticillata x x Woody rhizobial-mychorrhizal resprouters
Acacia stenoptera x x Acacia barbinervis subsp. borealis x x
Allocasuarina campestris x Acacia huegelii x
Aotus procumbens x Acacia lasiocarpa x x
Bossiaea eriocarpa x x Acacia lasiocarpa var. lasiocarpa x x x
Cristonia biloba x x x Acacia lasiocarpa var. sedifolia x
Daviesia preissii x x Acacia latipes subsp. latipes x x
Gastrolobium capitatum x x Acacia rostellifera x
Gastrolobium linearifolium x x x Acacia sessilis x
Gastrolobium plicatum x x Allocasuarina humilis x x x x
Gastrolobium spinosum x x Allocasuarina microstachya x x x
Gompholobium knightianum x x x x Allocasuarina thuyoides x
Gompholobium muticum x x Aotus gracillima x
Gompholobium pungens x x Casuarina obesa x
Gompholobium shuttleworthii x x Daviesia angulata x
Gompholobium tomentosum x x x x Daviesia chapmanii x x
Gyrostemon racemiger x x Daviesia daphnoides x
Gyrostemon subnudus x Daviesia decurrens subsp. decurrens x x x
Jacksonia carduacea x Daviesia divaricata subsp. divaricata x x x x
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Daviesia epiphyllum x Hemiphora bartlingii x x x
Daviesia hakeoides subsp. hakeoides x x Kennedia prostrata x x
Daviesia hakeoides subsp. subnuda x x Lechenaultia biloba x x x
Daviesia incrassata subsp. incrassata x x Lechenaultia linarioides x
Daviesia longifolia x Lechenaultia stenosepala x x x
Daviesia nudiflora subsp. hirtella x x x x Logania spermacocea x x x
Daviesia nudiflora subsp. nudiflora x x Macarthuria apetala x x
Daviesia pedunculata x x Macarthuria australis x x x x
Daviesia physodes x x x Microcorys sp. Coomallo (L. Haegi 2677) x
Daviesia podophylla x x x x Muehlenbeckia adpressa x
Daviesia triflora x x x Pimelea suaveolens subsp. suaveolens x
Gastrolobium nervosum x x Pimelea sulphurea x x x
Gastrolobium oxylobioides x x Scaevola canescens x x x x
Gompholobium confertum x x Stylidium crossocephalum x x x x
Hovea stricta x x Thysanotus dichotomus x x x
Isotropis cuneifolia subsp. cuneifolia x x x x Thysanotus spiniger x x x
Jacksonia angulata x
Jacksonia floribunda x x x x Annual mycorrhizal herbs
Jacksonia nutans x x x Actinotus leucocephalus x x
Jacksonia restioides x * Aira caryophyllea subsp. caryophyllea x x
Jacksonia sternbergiana x x x * Aira cupaniana x
Labichea lanceolata subsp. lanceolata x * Arctotheca calendula x x x
Labichea punctata x Austrostipa macalpinei x x x x
Macrozamia fraseri x * Avena barbata x x
Mirbelia trichocalyx x x * Avena fatua x

* Avena sativa x x
Mycorrhizal resprouting subshrubs Blennospora drummondii x
Acanthocarpus preissii x x * Brachypodium distachyon x
Acanthocarpus sp. Ajana (C.A. Gardner 8596) x Brachyscome iberidifolia x
Borya sphaerocephala x x * Briza maxima x x
Comesperma calymega x x x * Briza minor x
Comesperma ciliatum x * Bromus diandrus x x
Comesperma confertum x x * Centaurium erythraea x x
Comesperma drummondii x * Centaurium tenuiflorum x
Comesperma rhadinocarpum x x * Conyza sumatrensis x
Dampiera linearis x x x x Cotula cotuloides x
Dampiera spicigera x x Daucus glochidiatus x x x
Glischrocaryon angustifolium x * Dittrichia graveolens x x
Glischrocaryon aureum x x * Ehrharta longiflora x x
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* Erodium botrys x x Poranthera microphylla x x x x
* Erodium cicutarium x Pterochaeta paniculata x x x x

Erodium cygnorum x x Quinetia urvillei x x
Gnephosis drummondii x x Rhodanthe chlorocephala subsp. rosea x
Gnephosis tenuissima x x x Rhodanthe citrina x
Goodenia berardiana x * Secale cereale x
Goodenia micrantha x Senecio pinnatifolius x
Helichrysum luteoalbum x x x Siloxerus filifolius x

* Hordeum sp. x Siloxerus humifusus x x
Hyalosperma cotula x x * Solanum nigrum x x
Hyalosperma demissum x * Sonchus oleraceus x x
Hydrocotyle alata x Stylidium calcaratum x x
Hydrocotyle callicarpa x Stylidium inundatum x

* Hypochaeris glabra x x x x * Symphyotrichum squamatum x x
Hypolaena exsulca x x Trachymene pilosa x x x x
Hypolaena pubescens x * Ursinia anthemoides subsp. anthemoides x x x x
Isotoma hypocrateriformis x * Vellereophyton dealbatum x x
Isotoma pusilla x * Vulpia fasciculata x
Lachnagrostis sp. x * Vulpia muralis x x x

* Lagurus ovatus x * Vulpia myuros forma megalura x x x
Levenhookia dubia x x * Vulpia myuros forma myuros x x x
Levenhookia octomaculata x * Wahlenbergia capensis x x x
Levenhookia pusilla x x x Wahlenbergia gracilenta x
Levenhookia stipitata x x x x Wahlenbergia preissii x x x
Lobelia heterophylla x Wahlenbergia tumidifructa x
Lobelia rarifolia x x x Waitzia acuminata var. albicans x

* Lolium rigidum x x Waitzia suaveolens x x
* Lysimachia arvensis x x x
* Lythrum hyssopifolia x Woody nutrient miners
* Monoculus monstrosus x Adenanthos cygnorum subsp. cygnorum x x x x
* Monopsis debilis var. depressa x x Adenanthos drummondii x x

Ornduffia albiflora x Banksia attenuata x x x x
* Parapholis incurva x Banksia bipinnatifida subsp. multifida x
* Pentameris airoides subsp. airoides x x x Banksia candolleana x x x

Phyllangium divergens x Banksia carlinoides x x x
Podolepis capillaris x Banksia chamaephyton x
Podotheca angustifolia x x x Banksia cypholoba x
Podotheca gnaphalioides x x x Banksia dallanneyi subsp. media x x
Pogonolepis stricta x x Banksia dallanneyi var. dallanneyi x x x x



72

Banksia glaucifolia x x Grevillea thyrsoides subsp. thyrsoides x
Banksia grandis x Grevillea uniformis x
Banksia hookeriana x x Grevillea vestita x
Banksia ilicifolia x Hakea anadenia x
Banksia kippistiana x x Hakea auriculata x x
Banksia lanata x x Hakea candolleana x x
Banksia leptophylla x Hakea conchifolia x x x
Banksia leptophylla var. melletica x x Hakea costata x x x x
Banksia littoralis x x Hakea eneabba x x
Banksia menziesii x x x x Hakea flabellifolia x x x
Banksia nivea x x Hakea gilbertii x x
Banksia nivea subsp. nivea x x x x Hakea incrassata x x x x
Banksia platycarpa x Hakea lissocarpha x x x
Banksia prionotes x x x Hakea neurophylla x
Banksia sessilis x x Hakea obliqua subsp. parviflora x x x
Banksia sessilis var. flabellifolia x Hakea petiolaris subsp. trichophylla x
Banksia shuttleworthiana x x x Hakea polyanthema x x
Banksia sphaerocarpa var. sphaerocarpa x x Hakea preissii x
Banksia telmatiaea x x Hakea prostrata x x
Banksia tortifolia x x x x Hakea psilorrhyncha x x x x
Banksia tridentata x x Hakea ruscifolia x x x x
Banksia vestita x Hakea scoparia subsp. scoparia x
Calectasia narragara x x Hakea smilacifolia x x x
Calectasia palustris x Hakea stenocarpa x x
Conospermum crassinervium x x x x Hakea trifurcata x x x
Conospermum incurvum x x x Hakea varia x x x
Conospermum stoechadis subsp. stoechadis x x x Isopogon adenanthoides x
Conospermum triplinervium x x x Isopogon asper x
Conospermum unilaterale x x Isopogon divergens x
Conospermum wycherleyi subsp. glabrum x x Isopogon dubius x
Conospermum wycherleyi subsp. wycherleyi x x Isopogon linearis x x
Grevillea biformis subsp. cymbiformis x x Isopogon panduratus subsp. palustris x x
Grevillea eriostachya x x Isopogon teretifolius subsp. teretifolius x
Grevillea exposita x Isopogon tridens x x
Grevillea integrifolia x x Lambertia multiflora var. multiflora x x
Grevillea polybotrya x x Persoonia acicularis x x
Grevillea rudis x Persoonia filiformis x
Grevillea shuttleworthiana subsp. canarina x x x Petrophile brevifolia x x x x
Grevillea synapheae x Petrophile chrysantha x x
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Petrophile drummondii x x x x Lomandra suaveolens x
Petrophile linearis x x x x Lyginia barbata x x x x
Petrophile macrostachya x x x x Lyginia imberbis x x x x
Petrophile megalostegia x x Microlaena stipoides x
Petrophile recurva x x x x Neurachne alopecuroidea x x x x
Petrophile rigida x x Opercularia vaginata x x x x
Petrophile scabriuscula x x x x Patersonia drummondii x x
Petrophile seminuda x x Patersonia juncea x
Petrophile serruriae x x Patersonia occidentalis x x
Petrophile shuttleworthiana x x Patersonia rudis subsp. rudis x
Petrophile striata x Platysace xerophila x x x
Stirlingia abrotanoides x x x * Romulea rosea x x
Stirlingia latifolia x x x x Rytidosperma acerosum x x
Strangea cynanchicarpa x Rytidosperma caespitosum x x
Synaphea spinulosa subsp. spinulosa x x x x Rytidosperma occidentale x x
Xylomelum angustifolium x x x Rytidosperma setaceum x

Samolus repens x
Perennial mycorrhizal non-woody resprouters Sowerbaea laxiflora x x x
Alexgeorgea nitens x x x x Stylidium adpressum x x x
Alexgeorgea subterranea x Stylidium carnosum x
Amphipogon caricinus x Stylidium cygnorum x x x
Amphipogon debilis x x x Stylidium dichotomum x x x x
Amphipogon turbinatus x x x x Stylidium elongatum x x
Arnocrinum gracillimum x Stylidium flagellum x x
Arnocrinum preissii x x x x Stylidium kalbarriense x x x
Austrostipa elegantissima x x Stylidium petiolare x
Austrostipa flavescens x x x Stylidium piliferum x x
Burchardia congesta x x x x Stylidium repens x x x x
Centella asiatica x Stylidium rigidulum x x x x
Corynotheca micrantha var. micrantha x Thysanotus arbuscula x x

* Ehrharta calycina x Thysanotus manglesianus x x x x
* Lolium perenne x Thysanotus multifllorus x x

Lomandra caespitosa x x x Thysanotus patersonii x
Lomandra collina x x Thysanotus rectantherus x
Lomandra hastilis x x x Thysanotus sparteus x x
Lomandra hermaphrodita x x Thysanotus teretifolius x x x x
Lomandra micrantha subsp. micrantha x x x x Thysanotus thyrsoideus x x x
Lomandra preissii x x x x Thysanotus triandrus x x x
Lomandra sericea x x x Tricoryne elatior x x x
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Tricoryne sp. Eneabba (E.A. Griffin 1200) x Conostylis resinosa x
Tricoryne tenella x x Conostylis setigera x
Tripterococcus brunonis x x x x Conostylis teretifolia subsp. teretifolia x x x x
Xanthosia huegelii x x x x Cyathochaeta avenacea x x

Cyperus gymnocaulos x
Nutrient mining herbs Dasypogon obliquifolius x x x
Anarthria humilis x Desmocladus asper x x x
Anarthria polyphylla x Desmocladus elongatus x x
Anigozanthos humilis x Desmocladus fasciculatus x x
Anigozanthos humilis subsp. humilis x x x x Desmocladus flexuosus x x
Anigozanthos manglesii x x x Desmocladus lateriflorus x x x
Anigozanthos pulcherrimus x x x Desmocladus nodatus x
Anigozanthos viridis x Desmocladus parthenicus x
Anigozanthos viridis subsp. Cataby (S.D. Hopper 1786) x Desmocladus semiplanus x x
Baumea articulata x Desmocladus virgatus x x x
Baumea juncea x Ecdeiocolea monostachya x x x x
Blancoa canescens x x x x Ficinia nodosa x x
Caustis dioica x x x x Gahnia trifida x x
Chaetanthus aristatus x x x Georgeantha hexandra x x
Chordifex reseminans x Haemodorum discolor x
Chordifex sinuosus x x x x Haemodorum loratum x x
Conostylis aculeata x x Haemodorum simulans x
Conostylis aculeata subsp. breviflora x x Haemodorum spicatum x x
Conostylis aculeata subsp. bromelioides x Haemodorum venosum x
Conostylis aculeata subsp. rhipidion x Hopkinsia anoectocolea x
Conostylis aculeata subsp. spinuligera x x Hypolaena exsulca x
Conostylis androstemma x x Juncus caespiticius x
Conostylis angustifolia x x Juncus kraussii subsp. australiensis x
Conostylis aurea x x x x Juncus pallidus x
Conostylis candicans x x x Lepidobolus chaetocephalus x x x x
Conostylis candicans subsp. candicans x Lepidobolus preissianus subsp. preissianus x x x x
Conostylis canteriata x x Lepidobolus quadratus x x
Conostylis crassinerva x x Lepidosperma aff. apricola x x
Conostylis crassinerva subsp. absens x x x x Lepidosperma costale x x
Conostylis festucacea x Lepidosperma longitudinale x
Conostylis hiemalis x Lepidosperma pubisquameum x x
Conostylis juncea x x Lepidosperma scabrum x x
Conostylis neocymosa x x Lepidosperma sp. 'Northern sandplains' x x
Conostylis prolifera x Lepidosperma squamatum x x x x
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Lepidosperma tenue x Leucopogon glaucifolius x
Lepidosperma tenue sens. lat. x Leucopogon leptanthus x x
Macropidia fuliginosa x Leucopogon oliganthus x
Meeboldina cana x Leucopogon prolatus x x
Mesomelaena pseudostygia x x x x Leucopogon sp. Coujinup (M.A. Burgman 1085) x
Mesomelaena stygia subsp. deflexa x x Leucopogon sp. Northern ciliate (R. Davis 3393) x
Mesomelaena stygia subsp. stygia x Leucopogon stenophyllus x x
Mesomelaena tetragona x x x x Styphelia ciliosa x x
Phlebocarya ciliata x x Styphelia filamentosa x
Phlebocarya filifolia x x x Styphelia filifolia x

* Schismus barbatus x
Schoenus andrewsii x x Ericoid resprouting shrubs and subshrubs
Schoenus brevisetis x x x x Andersonia heterophylla x x x x
Schoenus caespititius x Astroloma glaucescens x
Schoenus clandestinus x x x x Astroloma microdonta x
Schoenus curvifolius x x x x Astroloma oblongifolium x
Schoenus efoliatus x Astroloma pallidum x
Schoenus griffinianus x x x Astroloma stomarrhena x x x
Schoenus insolitus x x Astroloma xerophyllum x x x x
Schoenus latitans x x Conostephium pendulum x x
Schoenus pedicellatus x x x x Conostephium preissii x x x x
Schoenus pleiostemoneus x x x x Leucopogon conostephioides x x x
Schoenus rigens x x x x Leucopogon oldfieldii x x
Schoenus sp. A3 ciliate sheaths (K.R. Newbey 9402) x x Leucopogon planifolius x
Schoenus sp. Eneabba (F. Obbens & C. Godden I154) x x Leucopogon sprengelioides x
Schoenus subfascicularis x x Lysinema pentapetalum x x x x
Schoenus subflavus subsp. subflavus x x
Schoenus unispiculatus x x x x Mycorrhizal woody seeders
Tetraria microcarpa x x Babingtonia camphorosmae x
Tetraria octandra x x x Babingtonia grandiflora x x x x
Tribonanthes australis x Boronia coerulescens x
Tricostularia neesii x x Boronia ramosa subsp. anethifolia x x x x

Callitris acuminata x x
Ericoid re-seeding shrubs and subshrubs Callitris pyramidalis x x x
Andersonia lehmanniana subsp. lehmanniana x x Calytrix angulata x x x
Astroloma glaucescens x x x x Calytrix aurea x x
Conostephium magnum x Calytrix superba x
Conostephium minus x Conothamnus trinervis x x
Leucopogon cochlearifolius x Cryptandra intermedia x
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Cryptandra myriantha x x x Nuytsia floribunda x x
Cryptandra nutans x Olax benthamiana x x
Cryptandra pungens x Olax scalariformis x x x x
Cryptandra scoparia x
Darwinia neildiana x x x Perennial mycorrhizal non-woody resprouters
Darwinia pinifolia x Austrostipa hemipogon x x
Dodonaea ericoides x x Austrostipa mollis x
Dodonaea pinifolia x Austrostipa nitida x
Geleznowia verrucosa x x Austrostipa scabra x
Hemiandra linearis x x Austrostipa tenuifolia x x
Hemiandra pungens x x x x Austrostipa variabilis x x
Hemiandra sp. Eneabba (H. Demarz 3687) x x * Cotula coronopifolia x
Kunzea glabrescens x Hensmania stoniella x x x
Kunzea micrantha subsp. petiolata x x x Hensmania turbinata x x
Leptospermum oligandrum x x Johnsonia pubescens subsp. pubescens x x x x
Olearia axillaris x Lagenophora huegelii x
Philotheca pinoides x Laxmannia omnifertilis x x
Philotheca spicata x x x x Laxmannia ramosa subsp. ramosa x x
Phyllanthus calycinus x Laxmannia sessiliflora x x x
Pimelea microcephala x Laxmannia sessiliflora subsp. australis x x
Stachystemon axillaris x x x Laxmannia sessiliflora subsp. drummondii x x
Stenanthemum humile x Laxmannia squarrosa x
Stenanthemum notiale subsp. chamelum x x Monotaxis bracteata x x
Stenanthemum notiale subsp. notiale x * Oxalis sp. x
Verticordia argentea x x Stackhousia dielsii x
Verticordia aurea x x Stackhousia monogyna x x x x
Verticordia blepharophylla x x Stylidium araeophyllum x x
Verticordia drummondii x Stylidium bicolor x x
Verticordia fragrans x Stylidium diuroides x x x
Verticordia lindleyi subsp. lindleyi x Stylidium diuroides subsp. diuroides x x x
Verticordia monadelpha var. monadelpha x x Stylidium diuroides subsp. paucifoliatum x x
Verticordia muelleriana subsp. muelleriana x Stylidium drummondianum x x
Verticordia nobilis x x x Stylidium maitlandianum x x x x
Verticordia plumosa var. brachyphylla x x Stylidium neurophyllum x
Verticordia serrata var. ciliata x x Stylidium purpureum x x x

Stylidium spiciforme x
Woody root hemi-parasites Vittadinia dissecta var. hirta x
Exocarpos aphyllus x
Leptomeria empetriformis x
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Annual herbs Beaufortia elegans x x x x
Aphelia cyperoides x Beaufortia squarrosa x x

* Brassica tournefortii x x Calothamnus blepharospermus x
Centrolepis aristata x x Calothamnus hirsutus x x x x
Centrolepis drummondiana x x Calothamnus longissimus x
Centrolepis mutica x Calothamnus quadrifidus x x
Centrolepis pilosa x x Calothamnus quadrifidus subsp. angustifolius x x
Centrolepis polygyna x x Calothamnus sanguineus x x x x

* Cyperus tenellus x x Calothamnus torulosus x x
* Diplotaxis muralis x x Calytrix chrysantha x
* Dischisma arenarium x Calytrix depressa x x
* Dischisma capitatum x Calytrix flavescens x x x x

Isolepis cernua var. setiformis x x Calytrix fraseri x x
Isolepis congrua x x Calytrix leschenaultii x x

* Isolepis hystrix x x Calytrix sapphirina x x
Isolepis marginata x x x x Chamelaucium uncinatum x

* Juncus bufonius x x x Comesperma acerosum x x
* Juncus capitatus x Corymbia calophylla x
* Polycarpon tetraphyllum x Darwinia sanguinea x x

Ptilotus polystachyus x x x Darwinia speciosa x x
* Raphanus raphanistrum x Eremaea asterocarpa x x x x

Schoenus humilis x Eremaea asterocarpa subsp. asterocarpa x x
Schoenus nanus x x x Eremaea asterocarpa subsp. histoclada x
Schoenus odontocarpus x Eremaea beaufortioides x x x
Schoenus sculptus x Eremaea beaufortioides var. beaufortioides x x x x
Spergularia marina x Eremaea beaufortioides var. lachnosanthe x
Spergularia rubra x Eremaea beaufortioides var. microphylla x x
Triglochin mucronata x Eremaea ectadioclada x x

* Zaluzianskya divaricata x Eremaea pauciflora x x x
Eremaea pauciflora var. lonchophylla x

Perennial mycorrhizal C4 grass Eremaea pauciflora var. pauciflora x x
Aristida holathera var. holathera x Eremaea purpurea x

* Cynodon dactylon x x Eremaea violacea x x
* Eragrostis curvula x Eremaea violacea subsp. violacea x x
* Eragrostis dielsii x Eremaea x codonocarpa x

Eucalyptus accedens x
Mycorrhizal woody resprouters Eucalyptus drummondii x
Astartea scoparia x Eucalyptus aff. incrassata x
Beaufortia bracteosa x x Eucalyptus macrocarpa x x
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Eucalyptus macrocarpa subsp. elachantha x x Melaleuca preissiana x x x
Eucalyptus macrocarpa subsp. macrocarpa x x Melaleuca radula x
Eucalyptus pleurocarpa x x Melaleuca rhaphiophylla x x x
Eucalyptus rudis x x Melaleuca ryeae x x
Eucalyptus todtiana x x x x Melaleuca seriata x x x x
Hibbertia acerosa x x Melaleuca systena x x x x
Hibbertia aurea x x x Melaleuca teretifolia x x
Hibbertia crassifolia x x x x Melaleuca thyoides x
Hibbertia huegelii x x x x Melaleuca trichophylla x x x
Hibbertia hypericoides subsp. hypericoides x x x x Melaleuca urceolaris x x
Hibbertia hypericoides subsp. septentrionalis x x Melaleuca viminea subsp. viminea x x x
Hibbertia leucocrossa x Melaleuca zonalis x x
Hibbertia polystachya x Opercularia spermacocea x x x x
Hibbertia racemosa x x Pericalymma ellipticum x x
Hibbertia sericosepala x x Phymatocarpus porphyrocephalus x x
Hibbertia spicata subsp. spicata x x Pileanthus filifolius x x x x
Hibbertia subvaginata x x x x Pimelea floribunda x x x
Hypocalymma angustifolium x x Pimelea imbricata var. piligera x x x
Hypocalymma gardneri x x Pityrodia hemigenioides x x
Hypocalymma sp. Nambung (R. Spjut & R. Smith s.n. 22/09/1992) x Quoya verbascina x
Hypocalymma xanthopetalum x x x x Regelia ciliata x x x x
Lachnostachys eriobotrya x x Scholtzia involucrata x x x x
Lasiopetalum drummondii x x x Scholtzia laxiflora x x x x
Lasiopetalum lineare x x x Scholtzia parviflora x x
Leptospermum erubescens x x Scholtzia sp. Eneabba (S. Maley 8) x x
Leptospermum spinescens x x x x Scholtzia sp. Winchester (C. Chapman s.n. Perth 05625386) x x
Marianthus erubescens x Scholtzia sp. Wongonderrah (M.E. & M.R. Trudgen MET 12000) x x
Melaleuca acutifolia x x x Stenanthemum sublineare x
Melaleuca amydra x x Thomasia sp. x
Melaleuca aspalathoides x x Thryptomene hyporhytis x
Melaleuca brevifolia x x Thryptomene mucronulata x x
Melaleuca ciliosa x x Verticordia aurea x
Melaleuca clavifolia x x x Verticordia chrysanthella x
Melaleuca concreta x x Verticordia densiflora x x
Melaleuca hamulosa x Verticordia densiflora var. cespitosa x
Melaleuca incana subsp. incana x Verticordia densiflora var. densiflora x x x x
Melaleuca lateritia x x Verticordia grandis x x x
Melaleuca leuropoma x x x Verticordia ovalifolia x x x
Melaleuca platycalyx x x Verticordia pennigera x x x
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Annual root parasites Drosera leucoblasta x x
* Parentucellia latifolia x x Drosera macrantha x

Drosera menziesii x x
Mycorrhizal seeding subshrubs Drosera menziesii subsp. menziesii x x x x
Beyeria gardneri x Drosera menziesii subsp. penicillaris x
Beyeria sp. x Drosera menziesii subsp. thysanosepala x x
Dampiera carinata x x x Drosera miniata x x
Dampiera juncea x x Drosera minutiflora x x
Dampiera oligophylla x x x Drosera paleacea x
Euphorbiaceae sp. x Drosera pallida x x
Gonocarpus cordiger x x Drosera parvula x x
Gonocarpus pithyoides x x x Drosera porrecta x x
Goodenia coerulea x x x x Drosera spilos x
Goodenia pulchella subsp. Coastal Plain A (M. Hislop 634) x Drosera stolonifera x x x
Goodenia trichophylla x x
Lechenaultia floribunda x x x Orchidaceous perennial herbs
Lechenaultia hirsuta x Caladenia flava subsp. flava x x x x
Monotaxis grandiflora var. grandiflora x x x Caladenia radialis x
Ricinocarpos undulatus x * Disa bracteata x
Scaevola glandulifera x Elythranthera brunonis x
Scaevola lanceolata x x x Leporella fimbriata x
Scaevola phlebopetala x x x x Microtis media subsp. media x x
Scaevola repens x Paracaleana nigrita x
Scaevola repens var. angustifolia x Pterostylis sanguinea x
Scaevola repens var. repens x x Pterostylis vittata x x
Stylidium divaricatum x x Pyrorchis nigricans x
Tersonia cyathiflora x x x Thelymitra sp. x
Verreauxia reinwardtii x x x x
Xanthosia ciliata x x Annual facultative CAM succulent herbs

Calandrinia brevipedata x
Carnivorous herbs Calandrinia corrigioloides x x
Drosera barbigera x x Calandrinia eremaea x
Drosera bulbosa subsp. bulbosa x x Calandrinia granulifera x
Drosera echinoblastus x Calandrinia polypetala x
Drosera eneabba x x x x Calandrinia sp. Kenwick (G.J. Keighery 10905) x x
Drosera erythrorhiza x x x x
Drosera gigantea x Perennial CAM succulent herbs
Drosera glanduligera x x x * Carpobrotus edulis x
Drosera humilis x Carpobrotus modestus x
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Carpobrotus virescens x x * Medicago sp. x
* Ornithopus compressus x

Perennial non-woody stem hemi-parasites * Ornithopus sativus x
Cassytha aurea x x x x * Trifolium arvense var. arvense x x
Cassytha aurea var. aurea x * Trifolium campestre x x
Cassytha aurea var. hirta x x * Trifolium dubium x
Cassytha flava x x x x * Trifolium hirtum x
Cassytha glabella x x x x * Trifolium subterraneum x
Cassytha pomiformis x x
Cassytha racemosa x Perennial non-woody root parasite resprouter

* Orobanche minor x x x
Annual CAM succulent herbs
Crassula closiana x Mycorrhizal grass trees
Crassula colorata x x x x Xanthorrhoea drummondii x x
Crassula colorata var. acuminata x x Xanthorrhoea preissii x x
Crassula colorata var. colorata x x
Crassula decumbens var. decumbens x Succulent C4 shrubs
Crassula exserta x Tecticornia indica subsp. bidens x

Non-woody stem parasite
* Cuscuta sp. x

Perennial herbs
* Echium plantagineum x x

Frankenia pauciflora x
Persicaria prostrata x x
Ptilotus drummondii x
Ptilotus manglesii x
Ptilotus stirlingii subsp. stirlingii x

* Rumex acetosella x

Annual mychorrhizal C4 herbs
* Polypogon monspeliensis x x
* Rumex hypogaeus x

Annual rhizobial-mychorrhizal herbs
* Lotus angustissimus x
* Lotus subbiflorus x x
* Lupinus cosentinii x x
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TABLE S2

Variables used for LME and permutational multivariate analysis of variance analyses, and their group assignment for
variance partitioning analyses, for drivers of functional restoration measures at Eneabba (see Materials and Methods).

VARIABLE GROUP EXPLANATION
Year of establishment Random Calendar year in which restoration was created
Block Random An area of restoration subjected to uniform management practices
Transect Random A monitoring unit within a block
Monitoring year Time Calendar year of monitoring
Age (years) Time Number of years since establishment
Time since fire (years) Time Number of years since burnt in the Nov 2011 fire
Presence of fire Management Whether or not a restoration transect was burnt in the Nov 2011 fire
Disturbed profile Environmental Whether or not the soil profile beneath the topsoil has been disturbed

1st cut Management Whether or not the topmost part of the topsoil removed and stockpiled
before mining was used in restoration

2nd cut Management Whether or not the lower part of the topsoil removed and stockpiled
before mining was used in restoration

Crop post topsoil Management Whether or not a stabilisation crop was sown after application of topsoil

Seeding Management Whether or not a native species seed mix was applied after application of
topsoil

High P seeding fertiliser Management Whether or not a fertiliser with a high phosphorus content was used with
native seed mix

Low P seeding fertiliser Management Whether or not a fertiliser with a low phosphorus content was used with
native seed mix

Muriate used with seeding Management Whether or not a potassium chloride fertiliser was used with native seed
mix

Agran used with seeding Management Whether or not an ammonium nitrate fertiliser was used with native seed
mix

Urea used with seeding Management Whether or not a diamide based nitrogen fertiliser was used with native
seed mix

Seeding fertiliser rate (kg / ha) Management The total amount of all fertilisers used with native seeding mix
Seed smoking Management Whether or not native seed mix was smoke treated

Planting (no. times planted) Management The number of times a restored area had a suite of native species seedlings
planted into it

Mulch (no. times applied) Management The number of times a restored area had mulch derived from native
vegetation applied to it

Irrigation Management Whether or not restoration was irrigated

Removal of Rye crop Management Whether or not the stabilisation crop Secale sereale was sprayed out with
herbicide after the first year if used post topsoil application

Removal of Veldt grass Management Whether or not the invasive introduced species Ehrharta calycina was
actively removed

Removal of A. blakleyi Management Whether or not the invasive native species Acacia blakelyi was actively
removed

Depth to hardpan (cm) Environmental Depth at which augering of the soil profile ceased due to hardness

Depth to claypan (cm) Environmental
Depth of the shallowest layer in the augered soil profile to record a field
textured clay content greater than 25 %, using the soil triangle in McDonald
& Isbell (2009)

Coarse fragment layer Environmental Whether or not a layer with percentage of coarse fragments (McDonald &
Isbell, 2009) greater than 25 % was recorded in the augered soil profile

Average clay content of top 30 cm (%) Environmental The averaged field textured clay content, using the soil triangle in
McDonald & Isbell (2009), for the top 30 cm of the augered profile

1st year winter spring rain (mm) Environmental Total rainfall from July to December in order to account for restoration
activities ending in June.

1st year summer autumn rain (mm) Environmental Total rainfall from January to June
1st winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December (Chapter 2)
1st summer 'wetness' index (mm) Environmental Average ‘wetness’ from January to June (Chapter 2)
2nd winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December (Chapter 2)
Pre monitoring 'wetness' index (mm) Environmental Average ‘wetness’ from July to September (Chapter 2)

Length of 1st summer drought (months) Environmental Number of months in a row which recorded a ‘wetness’ index value in the
lowest quartile of monthly indices for all establishment years (Chapter 2)

Topsoil clay content (%) Environmental Percentage clay fraction of topsoil as determined by particle size analysis
(Bowman & Hutka, 2002)
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Topsoil silt content (%) Environmental Percentage silt fraction of topsoil as determined by particle size analysis
(Bowman & Hutka, 2002)

Topsoil total P content (mg / kg) Environmental Total phosphorus content as determined by Kjeldahl digestion with
colourimetric determination (Rayment & Lyons, 2011)

Exchangeable Na (%) Environmental

Exchangeable sodium percentage (ESP) as calculated from exchangeable Na
and the effective cation exchange capacity (ECEC), the sum of exchangeable
basic and acidic cations, determined from NH4Cl extraction (bases) and KCl
extraction (acids), followed by inductively coupled plasma atomic emission
spectroscopy (ICPAES) (Rayment & Lyons, 2011)

Elevation (m) Environmental Meters above sea level at which transect is located

TABLE S3

Variables used for LME and permutational multivariate analysis of variance analyses, and their group assignment for
variance partitioning analyses, for drivers of functional restoration measures at Cooljarloo (see Materials and
Methods).

VARIABLE GROUP EXPLANATION
Year of establishment Random Calendar year in which restoration was created
Block Random An area of restoration subjected to uniform management practices
Plot Random A monitoring unit within a block
Monitoring year Time Calendar year of monitoring
Age (years) Time Number of years since establishment

Horizon 2 material Environmental

Majority type of material 50 cm to 100 cm below surface of the soil profile:
Class 1 overburden, Class 1/2 overburden, Class 2/3 overburden, Class 1
tails, Class 2 slimes, Class 1 mix (OB and tails), Class 2 mix (OB and tails),
natural ground profile (Chapter 2)

Depth to water (m) Environmental Depth to groundwater as measured by on site water bore monitoring
Ameliorant Management Whether or not a soil ameliorant was added in soil profile reconstruction
2nd cut depth (cm) Management Depth at which 2nd cut (Table S2) was applied

2nd cut vegetation type Management
Whether or not 2nd cut (Table S2) was stripped from each of the following
vegetation types: dry woodland (DW), wet woodland (WW), dry heath (DH),
wet heath (WH), ‘wet’

Ripping depth (m) Management The depth of the tine used to till the landform or topsoil

Dragging Management Whether or not the mounds created by ripping were smoothed out by drag
bar

1st cut age (years) Management Number of years which 1st cut (Table S2) was stockpiled prior to application
1st cut depth (cm) Management Depth at which 1st cut (Table S2) was applied

1st cut month Management Month in which 1st cut (Table S2) was applied: February, March, April, May,
June, October

1st cut vegetation type Management
Whether or not 1st cut (Table S2) was stripped from each of the following
vegetation types: dry woodland (DW), wet woodland (WW), dry heath (DH),
wet heath (WH), ‘wet’, restoration

Fresh 1st cut (%) Management Percentage by total volume of 1st cut (Table S2) applied which has not been
stockpiled at all or not been stockpiled through the first winter

Crop post topsoil rate (kg seed / ha) Management Rate at which a stabilisation crop was sown after application of topsoil
High P fertiliser Management Whether or not a fertiliser with a high phosphorus content was used
Low P fertiliser Management Whether or not a fertiliser with a low phosphorus content was used
Fertiliser rate (kg / ha) Management The amount of fertiliser used

Seed mix vegetation type Management The vegetation type upon which native seed mix composition was based:
dry woodland (DW), wet woodland (WW), dry heath (DH), wet heath (WH)

Seeding month Management Month in which native seed mix was applied: February, March, April, May,
June, July, October

Tub ground mulch Management Whether or not mulch derived from woody native vegetation, stockpiled
and chipped was used after application of topsoil

Fresh mulch Management Whether or not mulch derived from all native vegetation and not stockpiled
was used after application of topsoil

Fresh mulch vegetation type Management
Whether or not fresh mulch was derived from each of the following
vegetation types: dry woodland (DW), wet woodland (WW), dry heath (DH)
or wet heath (WH)

Chemical soil stabiliser Management Whether or not a chemical soil stabiliser was used after application of
topsoil
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1st year winter spring rain (mm) Environmental Total rainfall from July to December in order to account for restoration
activities ending in June.

1st year summer autumn rain (mm) Environmental Total rainfall from January to June
1st winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December (Chapter 2)
1st summer 'wetness' index (mm) Environmental Average ‘wetness’ from January to June (Chapter 2)
2nd winter 'wetness' index (mm) Environmental Average ‘wetness’ from July to December (Chapter 2)
Pre monitoring 'wetness' index (mm) Environmental Average ‘wetness’ from July to September (Chapter 2)

Length of 1st summer drought (months) Environmental Number of months in a row which recorded a ‘wetness’ index value in the
lowest quartile of monthly indices for all establishment years (Chapter 2)

Elevation (m) Environmental Meters above sea level at which plot is located

TABLE S2 and S3 References

Bowman, G. M., & Hutka, J. (2002). Particle Size Analysis. In N. McKenzie, K. Coughlan, & H. Cresswell (Eds.), Soil
physical measurement and interpretation for land evaluation (pp. 294– 315). Collingwood, Australia: CSIRO
Publishing.

McDonald, R., & Isbell, R. (2009). Soil Profile. In CSIRO Publishing (Ed.), Australian soil and land survey field handbook
(3rd ed., pp. 147–204). Collingwood, Australia: CSIRO Publishing.

Rayment, G. E., & Lyons, D. J. (2011). Soil chemical methods - Australasia. Collingwood, Australia: CSIRO Publishing.



84

FIGURE S1

Number of PFTs recorded at Eneabba at each monitoring time for each transect by year of establishment showing
total (native and weed species - see Materials and Methods for definitions) and native (native species only) richness.
Transects are assigned to the ‘burnt’ category for 5 years post-fire.
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FIGURE S2

Number of PFTs recorded at Cooljarloo at each monitoring time for each plot by year of establishment showing total
(native and weed species - see Materials and Methods for definitions) and native (native species only) richness.
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FIGURE S3.1

Functional diversity recorded At Eneabba at each monitoring time for each transect by year of establishment showing
total (native and weed species - see methods for definitions) diversity. Transects are assigned to the ‘burnt’ category
for 5 years post-fire. Diversity index is Inverse Simpsons.
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FIGURE S3.2

Functional diversity recorded at Eneabba at each monitoring time for each transect by year of establishment showing
native (native species only - see methods for definition) diversity. Transects are assigned to the ‘burnt’ category for 5
years post-fire. Diversity index is Inverse Simpson.
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FIGURE S4.1

Functional diversity recorded at Cooljarloo at each monitoring time for each plot by year of establishment showing
total (native and weed species - see methods for definitions) diversity. Diversity index is Inverse Simpsons.
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FIGURE S4.2

Functional diversity recorded at Cooljarloo at each monitoring time for each plot by year of establishment showing
native (native species only - see methods for definition) diversity. Diversity index is Inverse Simpsons.
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FIGURE S5

Non-metric multidimensional scaling showing functional composition trajectories of restoration transects at Eneabba
per block by year of establishment against composition of all native reference transects. Transects are assigned to the
‘burnt’ category for 5 years post-fire.
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FIGURE S6

Non-metric multidimensional scaling showing functional composition trajectories of restoration plots at Cooljarloo per
block by year of establishment against composition of all native reference plots.
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TABLE S4

Result of LME analyses for potential drivers of PFT-based functional richness and functional diversity, with and without weed species (see Materials and Methods for definitions), with transformations used and quadratic terms included, at
Eneabba, with values shown for variables remaining in final models. White shading indicates variables included in initial models but removed in order to improve model fit via AIC. Grey shading indicates variables not included in initial models
(Chapter 2).

ENEABBA FUNCTIONAL RICHNESS (all species) FUNCTIONAL RICHNESS (native species only) ln(x+1) FUNCTIONAL DIVERSITY (all species) ln(x+1) FUNCTIONAL DIVERSITY (native species only)
FULL MODEL VARIABLES Value Std.Error DF t-value p-value Value Std.Error DF t-value p-value Value Std.Error DF t-value p-value Value Std.Error DF t-value p-value
Intercept 46608.1174 18578.8203 431 2.5087 0.0125 49171.7211 17909.4176 431 2.7456 0.0063 8505.1358 1904.9694 404 4.4647 < 0.0001 6927.9641 1794.9902 406 3.8596 0.0001

Monitoring year -46.3910 18.5167 431 -2.5054 0.0126 -48.9766 17.8494 431 -2.7439 0.0063 -8.4570 1.8975 404 -4.4569 < 0.0001 -6.8817 1.7878 406 -3.8492 0.0001

Monitoring year 2 0.0116 0.0046 431 2.5049 0.0126 0.0122 0.0044 431 2.7442 0.0063 0.0021 0.0005 404 4.4506 < 0.0001 0.0017 0.0004 406 3.8402 0.0001

Age (years) 0.1044 0.0577 431 1.8073 0.0714 0.1388 0.0599 431 2.3179 0.0209

Age (years) 2 0.0002 0.0001 404 3.2075 0.0014 0.0003 0.0001 406 4.5844 < 0.0001

Time since fire (years) 4.2630 1.3780 431 3.0937 0.0021 3.8657 1.3267 431 2.9138 0.0038 0.2715 0.0913 404 2.9743 0.0031 0.2028 0.0794 406 2.5535 0.0110

Time since fire (years) 2 -0.8438 0.2816 431 -2.9964 0.0029 -0.7595 0.2711 431 -2.8017 0.0053 -0.0549 0.0189 404 -2.8982 0.0040 -0.0379 0.0161 406 -2.3573 0.0189

Presence of fire -6.1918 3.4880 431 -1.7752 0.0766 -5.4468 3.3550 431 -1.6235 0.1052 -0.5058 0.2424 404 -2.0861 0.0376 -0.2565 0.1999 406 -1.2831 0.2002

Disturbed profile

1st cut used

2nd cut used 1.0223 0.4905 44 2.0844 0.0430 1.0979 0.5222 45 2.1024 0.0411

Crop post topsoil -0.2317 0.0671 44 -3.4503 0.0012 -0.1074 0.0612 44 -1.7542 0.0864

Seeding 5.3810 2.2588 44 2.3822 0.0216 8.9426 1.8268 45 4.8951 < 0.0001 0.8480 0.1476 44 5.7450 < 0.0001 1.2868 0.2131 44 6.0382 < 0.0001

High P seeding fertiliser -7.2728 2.7397 44 -2.6546 0.0110 -11.5223 2.2179 45 -5.1952 < 0.0001 -0.6568 0.1531 44 -4.2888 0.0001

Low P seeding fertiliser -3.8502 0.6686 12 -5.7589 0.0001 -4.4578 0.6963 13 -6.4025 < 0.0001

Muriate used with seeding -2.2568 1.4547 44 -1.5513 0.1280 -0.2510 0.1092 44 -2.2982 0.0264

Agran used with seeding 0.2993 0.0777 44 3.8514 0.0004 0.2704 0.0730 44 3.7044 0.0006

Urea used with seeding 6.1654 2.7130 12 2.2726 0.0422 9.9834 2.1893 13 4.5602 0.0005 0.7455 0.2299 14 3.2423 0.0059 1.3942 0.3100 14 4.4971 0.0005

Seeding fertiliser rate (kg / ha) -0.0061 0.0015 14 -4.0813 0.0011 -0.0061 0.0013 14 -4.6216 0.0004

Seed smoking -5.4100 2.3926 44 -2.2611 0.0287 -9.2820 1.9046 45 -4.8734 < 0.0001 -0.6660 0.1420 44 -4.6888 < 0.0001 -1.1418 0.2135 44 -5.3479 < 0.0001

Planting (no. times planted) 1.4786 0.3774 431 3.9182 0.0001 1.4798 0.3728 431 3.9694 0.0001 -0.0771 0.0392 404 -1.9678 0.0498 -0.0431 0.0201 406 -2.1493 0.0322

Planting (no. times planted) 2 -0.6101 0.1830 431 -3.3341 0.0009 -0.7022 0.1651 431 -4.2541 < 0.0001 0.0333 0.0136 404 2.4474 0.0148

Mulch (no. times applied) -0.9510 0.3766 44 -2.5249 0.0153 -0.8616 0.3826 45 -2.2519 0.0293 -0.1461 0.0320 44 -4.5645 < 0.0001 -0.1255 0.0287 44 -4.3780 0.0001

Irrigation 7.8970 1.4726 44 5.3624 < 0.0001 8.4194 1.5742 45 5.3485 < 0.0001 0.4492 0.0974 44 4.6130 < 0.0001 0.5900 0.1012 44 5.8299 < 0.0001

Removal of Rye crop

Removal of Veldt grass

Removal of Acacia blakelyi 2.4737 0.5025 44 4.9225 < 0.0001 2.3591 0.5556 45 4.2457 0.0001 0.1539 0.0514 44 2.9962 0.0045 0.1326 0.0523 44 2.5347 0.0149

Depth to hardpan (cm) -0.0082 0.0034 45 -2.4323 0.0190 -0.0107 0.0037 43 -2.8967 0.0059 -0.0006 0.0003 45 -1.6067 0.1151 -0.0006 0.0003 46 -1.8270 0.0742

Depth to claypan (cm)

Average clay content of top 30 cm (%)

Average clay content of top 30 cm (%) 2 -0.0016 0.0005 45 -3.4601 0.0012 -0.0012 0.0005 43 -2.6269 0.0119 -0.0001 0.0000 45 -2.3411 0.0237 -0.0001 0.0000 46 -1.7024 0.0954

Coarse fragment layer -0.5272 0.3416 43 -1.5437 0.1300

1st year winter spring rain (mm) -0.0203 0.0105 12 -1.9372 0.0766 -0.0235 0.0106 13 -2.2254 0.0444 -0.0006 0.0003 14 -1.8849 0.0804

1st year summer autumn rain (mm) 0.0009 0.0005 14 1.9021 0.0779

1st winter 'wetness' index (mm) 0.4060 0.1613 12 2.5173 0.0270 0.1252 0.0549 13 2.2787 0.0402

1st winter 'wetness' index (mm) 2 0.0025 0.0012 12 1.9992 0.0687

1st summer 'wetness' index (mm) 0.1038 0.0275 12 3.7745 0.0027

1st summer 'wetness' index (mm) 2 -0.0003 0.0001 13 -3.6091 0.0032

2nd winter 'wetness' index (mm) 0.0648 0.0144 12 4.5062 0.0007 0.0663 0.0147 13 4.5139 0.0006 0.0021 0.0012 14 1.6981 0.1116 0.0044 0.0012 14 3.7129 0.0023

Pre monitoring 'wetness' index (mm) 0.0212 0.0067 431 3.1660 0.0017 0.0220 0.0065 431 3.3984 0.0007 0.0009 0.0006 404 1.4157 0.1576

Length of 1st summer drought (months) 0.3723 0.2338 12 1.5929 0.1372 0.6444 0.2283 13 2.8221 0.0144 -0.3261 0.1408 14 -2.3155 0.0363 -0.5605 0.1070 14 -5.2363 0.0001

Length of 1st summer drought (months) 2 0.0442 0.0196 14 2.2529 0.0408 0.0821 0.0151 14 5.4441 0.0001
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Topsoil clay content (%) -0.1882 0.1344 45 -1.3997 0.1685 -0.2859 0.1379 43 -2.0732 0.0442 -0.0429 0.0127 45 -3.3714 0.0015 -0.0359 0.0116 46 -3.0944 0.0034

Topsoil silt content (%) 1.1613 0.5835 45 1.9900 0.0527 1.3126 0.5780 43 2.2710 0.0282 0.0943 0.0571 46 1.6526 0.1052

Topsoil silt content (%) 2 -0.4577 0.2722 45 -1.6813 0.0996 -0.4870 0.2668 43 -1.8253 0.0749 -0.0200 0.0098 45 -2.0353 0.0477 -0.0555 0.0256 46 -2.1717 0.0351

Topsoil total P content (mg / kg) 0.0096 0.0040 45 2.4085 0.0202 0.0104 0.0043 43 2.4153 0.0200 0.0013 0.0004 45 3.1897 0.0026

Topsoil total P content (mg / kg) 2 0.0000 0.0000 45 -3.1054 0.0033 0.0000 0.0000 43 -2.9542 0.0051 0.0000 0.0000 45 -3.0616 0.0037

Exchangeable Na (%) -0.0067 0.0029 46 -2.3163 0.0251

Elevation (m) 0.0113 0.0079 43 1.4428 0.1563 -0.0019 0.0008 45 -2.4168 0.0198

TABLE S5

Result of LME analyses for potential drivers PFT-based functional richness and functional diversity, with and without weed species (see Materials and Methods for definitions), with transformations used and quadratic terms included, at
Cooljarloo, with values shown for variables remaining in final models. White shading indicates variables included in initial models but removed in order to improve model fit via AIC. Grey shading indicates variables not included initial models
(Chapter 2).

COOLJARLOO FUNCTIONAL RICHNESS (all species) FUNCTIONAL RICHNESS (native species only) ln(x+1) FUNCTIONAL DIVERSITY (all species) ln(x+1) FUNCTIONAL DIVERSITY (native species only)
FULL MODEL VARIABLES Value Std.Error DF t-value p-value Value Std.Error DF t-value p-value Value Std.Error DF t-value p-value Value Std.Error DF t-value p-value
Intercept 1302.0407 474.2099 455 2.7457 0.0063 1406.9680 501.9306 454 2.8031 0.0053 2.4018 0.3113 456 7.7143 <0.0001 2.4363 0.3116 456 7.8186 <0.0001

Monitoring year -0.6096 0.2292 455 -2.6595 0.0081 -0.6454 0.2429 454 -2.6568 0.0082

Age (years) 0.5667 0.2308 455 2.4560 0.0144 0.7735 0.2595 454 2.9809 0.0030

Age (years) 2 -0.0139 0.0076 454 -1.8241 0.0688 -0.0011 0.0002 456 -5.0990 <0.0001 -0.0011 0.0002 456 -4.8671 <0.0001

Horizon 2 material -C1OB (against C1/2OB) 0.6688 1.0970 21 0.6097 0.5486 -0.0250 1.0447 20 -0.0240 0.9811 0.0751 0.1446 23 0.5192 0.6086 0.0622 0.1448 23 0.4292 0.6718

Horizon 2 material -C2/3OB (against C1/2OB) 5.9977 1.5727 48 3.8135 0.0004 5.5499 1.5423 48 3.5983 0.0008 0.7172 0.2288 50 3.1341 0.0029 0.7179 0.2293 50 3.1305 0.0029

Horizon 2 material -C1tails (against C1/2OB) 3.6035 1.0531 21 3.4218 0.0026 3.3856 1.0409 20 3.2525 0.0040 0.2077 0.1599 23 1.2989 0.2069 0.1934 0.1601 23 1.2078 0.2394

Horizon 2 material -C2slimes (against C1/2OB) -0.3122 1.3059 48 -0.2391 0.8121 -1.3410 1.2661 48 -1.0592 0.2948 0.1018 0.1796 50 0.5670 0.5732 0.0893 0.1799 50 0.4967 0.6216

Horizon 2 material -C1mix (against C1/2OB) 3.0589 1.5000 21 2.0392 0.0542 2.5496 1.4734 20 1.7305 0.0989 0.1412 0.2120 23 0.6663 0.5118 0.1339 0.2121 23 0.6310 0.5342

Horizon 2 material -C2mix (against C1/2OB) 2.5215 1.4988 21 1.6824 0.1073 0.8808 1.4202 20 0.6202 0.5421 0.1645 0.1952 23 0.8430 0.4079 0.0999 0.1953 23 0.5117 0.6138

Horizon 2 material -NG (against C1/2OB) 5.6252 1.1811 21 4.7627 0.0001 5.6204 1.1828 20 4.7517 0.0001 0.1882 0.1769 23 1.0639 0.2984 0.1827 0.1771 23 1.0314 0.3131

Depth to water (m) -0.2098 0.0620 21 -3.3862 0.0028 -0.2357 0.0638 20 -3.6912 0.0014 -0.0209 0.0068 23 -3.0567 0.0056 -0.0209 0.0069 23 -3.0497 0.0057

Depth to water (m) 2 0.0062 0.0016 21 3.8025 0.0010 0.0068 0.0017 20 4.0932 0.0006 0.0005 0.0002 23 2.3897 0.0254 0.0005 0.0002 23 2.3555 0.0274

Ameliorant 1.0224 0.4302 21 2.3766 0.0271 1.0581 0.4259 20 2.4843 0.0220

2nd cut depth (cm) -0.0014 0.0006 23 -2.4808 0.0209 -0.0014 0.0006 23 -2.4188 0.0239

2nd cut vegetation type DW

2nd cut vegetation type WW -1.9741 0.5820 21 -3.3917 0.0028 -1.5332 0.5830 20 -2.6298 0.0161 0.2190 0.1119 23 1.9563 0.0627 0.2105 0.1120 23 1.8784 0.0731

2nd cut vegetation type DH 0.0977 0.0422 23 2.3136 0.0300 0.0949 0.0423 23 2.2452 0.0347

2nd cut vegetation type WH 2.2746 0.8712 48 2.6110 0.0120 2.0867 0.8570 48 2.4350 0.0187 0.2406 0.1267 50 1.8985 0.0634 0.2133 0.1267 50 1.6830 0.0986

2nd cut vegetation type Wet -0.3807 0.1461 23 -2.6064 0.0158 -0.3747 0.1463 23 -2.5607 0.0175

Ripping depth (m) -43.1100 10.1610 21 -4.2427 0.0004 -48.7580 10.5043 20 -4.6417 0.0002

Ripping depth (m) 2 13.0789 3.2202 21 4.0616 0.0006 15.0561 3.3066 20 4.5534 0.0002

Dragging

1st cut age (years) -0.6239 0.1422 21 -4.3860 0.0003 -0.6526 0.1435 20 -4.5490 0.0002 -0.1668 0.0571 23 -2.9206 0.0077 -0.1646 0.0571 23 -2.8820 0.0084

1st cut age (years) 2 0.0122 0.0071 23 1.7098 0.1008 0.0117 0.0071 23 1.6368 0.1153

1st cut depth (cm) 0.4839 0.1175 48 4.1196 0.0001 0.5191 0.1204 48 4.3126 0.0001 0.0026 0.0018 50 1.4868 0.1433 0.0025 0.0018 50 1.4455 0.1546

1st cut depth (cm) 2 -0.0035 0.0011 48 -3.2788 0.0019 -0.0039 0.0011 48 -3.5501 0.0009

1st cut month -Feb (against Apr) -0.0424 0.0526 23 -0.8064 0.4283 -0.0315 0.0526 23 -0.5991 0.5549

1st cut month -Mar (against Apr) 0.0172 0.0544 23 0.3169 0.7542 0.0209 0.0545 23 0.3834 0.7049

1st cut month -May (against Apr) -0.1173 0.0565 50 -2.0750 0.0432 -0.1103 0.0566 50 -1.9513 0.0566

1st cut month -Jun (against Apr) 0.0379 0.0935 50 0.4055 0.6869 0.0350 0.0935 50 0.3737 0.7102

1st cut month -Oct (against Apr) -0.5009 0.2113 50 -2.3705 0.0217 -0.5112 0.2116 50 -2.4162 0.0194

1st cut vegetation type DW 0.8292 0.3186 21 2.6028 0.0166 0.7249 0.3220 20 2.2511 0.0358
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1st cut vegetation type WW 1.2509 0.6207 21 2.0153 0.0568 0.6815 0.6182 20 1.1024 0.2834 -0.1578 0.0944 23 -1.6717 0.1081 -0.1553 0.0944 23 -1.6438 0.1138

1st cut vegetation type DH -0.6045 0.2734 21 -2.2112 0.0383 -0.6466 0.2797 20 -2.3121 0.0315

1st cut vegetation type WH -2.2056 0.9148 48 -2.4110 0.0198 -2.2466 0.9021 48 -2.4903 0.0163 -0.3558 0.1298 50 -2.7399 0.0085 -0.3347 0.1299 50 -2.5769 0.0130

1st cut vegetation type Wet 0.3375 0.1308 23 2.5793 0.0168 0.3376 0.1311 23 2.5748 0.0169

1st cut vegetation type rec -1.3787 0.7706 48 -1.7892 0.0799 -1.8653 0.7775 48 -2.3990 0.0204 0.2358 0.1161 50 2.0318 0.0475 0.2223 0.1161 50 1.9141 0.0613

Fresh 1st cut (%) -0.0014 0.0010 23 -1.4431 0.1625 -0.0014 0.0010 23 -1.4002 0.1748

Crop post topsoil rate (kg/ha) 0.6613 0.1040 21 6.3595 <0.0001 0.5168 0.1183 20 4.3697 0.0003

Crop post topsoil rate (kg/ha) 2 -0.0071 0.0012 21 -6.0307 <0.0001 -0.0055 0.0013 20 -4.1329 0.0005

High P fertiliser 3.4111 2.1443 20 1.5908 0.1273 0.3714 0.1195 23 3.1077 0.0050 0.3735 0.1196 23 3.1215 0.0048

Low P fertiliser -0.2649 0.1424 50 -1.8599 0.0688 -0.2579 0.1423 50 -1.8124 0.0759

Fertiliser rate (kg/ha) -0.1165 0.0180 21 -6.4586 <0.0001 -0.1291 0.0236 20 -5.4597 <0.0001 -0.0028 0.0009 23 -3.1280 0.0047 -0.0029 0.0009 23 -3.2041 0.0039

Seed mix vegetation type -DW (against DH)

Seed mix vegetation type -WW (against DH)

Seed mix vegetation type -WH (against DH)

Seeding month -Feb (against Apr) 2.8510 0.9033 48 3.1560 0.0028 2.9520 0.8751 48 3.3732 0.0015

Seeding month -Mar (against Apr) 1.6815 0.4564 48 3.6846 0.0006 1.9659 0.4717 48 4.1678 0.0001

Seeding month -May (against Apr) 2.0385 0.4111 21 4.9587 0.0001 1.9279 0.4105 20 4.6969 0.0001

Seeding month -Jun (against Apr) -0.0470 0.4122 21 -0.1140 0.9103 -0.0404 0.3980 20 -0.1014 0.9202

Seeding month -Jul (against Apr) 130.4583 24.8929 4 5.2408 0.0063 86.6985 31.9976 4 2.7095 0.0536

Seeding month -Oct (against Apr) -6.9340 1.5249 48 -4.5473 <0.0001 -8.8253 1.7924 48 -4.9237 <0.0001

Tub ground mulch

Fresh mulch

Fresh mulch vegetation type DW -4.0236 0.5643 48 -7.1304 <0.0001 -4.1401 0.5449 48 -7.5980 <0.0001

Fresh mulch vegetation type WW 5.0433 0.8847 48 5.7008 <0.0001 5.2637 0.8866 48 5.9370 <0.0001

Fresh mulch vegetation type DH -8.1570 1.3314 48 -6.1266 <0.0001 -8.5576 1.3920 48 -6.1479 <0.0001 -0.7142 0.1542 50 -4.6311 <0.0001 -0.7250 0.1545 50 -4.6925 <0.0001

Fresh mulch vegetation type WH -1.7160 0.5661 48 -3.0314 0.0039 -2.2471 0.6201 48 -3.6235 0.0007 -0.2231 0.0651 50 -3.4259 0.0012 -0.2279 0.0652 50 -3.4971 0.0010

Chemical soil stabiliser

1st year winter spring rain (mm) -0.4807 0.1377 4 -3.4921 0.0251 -0.6218 0.1584 4 -3.9262 0.0172

1st year winter spring rain (mm) 2 0.0007 0.0002 4 3.6083 0.0226 0.0009 0.0002 4 4.0806 0.0151

1st year summer autumn rain (mm) 0.0117 0.0052 4 2.2344 0.0892

1st winter 'wetness' index (mm) -0.2819 0.0816 4 -3.4545 0.0259 -0.1537 0.0737 4 -2.0858 0.1053 0.0084 0.0026 7 3.2803 0.0135 0.0086 0.0026 7 3.3823 0.0117

1st summer 'wetness' index (mm)

2nd winter 'wetness' index (mm) 0.1877 0.0504 4 3.7211 0.0205 0.2210 0.0506 4 4.3647 0.0120 0.0070 0.0019 7 3.6725 0.0079 0.0071 0.0019 7 3.7218 0.0074

Pre monitoring 'wetness' index (mm)

Pre monitoring 'wetness' index (mm) 2 0.0001 0.0000 455 1.4934 0.1360 0.0001 <0.0001 454 1.4764 0.1405 <0.0001 <0.0001 456 -1.5583 0.1198 <0.0001 <0.0001 456 -1.8816 0.0605

Length of 1st summer drought (months) -0.5087 0.3052 4 -1.6669 0.1709 0.0526 0.0178 7 2.9525 0.0213 0.0502 0.0178 7 2.8118 0.0261

Elevation (m) 0.5511 0.1595 21 3.4541 0.0024 0.5758 0.1626 20 3.5412 0.0020

Elevation (m) 2 -0.0031 0.0008 21 -3.6197 0.0016 -0.0032 0.0009 20 -3.7227 0.0013
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TABLE S6

Results of permutational analysis of variance using distance matrices showing the amount of variance in functional
composition explained by individual variables at Eneabba.

Variable DF Sums of Sqs Mean Sqs F. Model R2

Transect 124 72.11 0.58 3.43 0.5071
Block 72 63.29 0.88 5.18 0.4450
Year of establishment 20 41.49 2.07 10.65 0.2917
Age (years) 1 19.86 19.86 87.00 0.1396
Low P seeding fertiliser 1 11.79 11.79 48.47 0.0829
1st summer 'wetness' index (mm) 1 8.75 8.75 35.15 0.0615
High P seeding fertiliser 1 8.04 8.04 32.10 0.0565
Mulch (no. times applied) 1 7.46 7.46 29.67 0.0524
Seed smoking 1 6.99 6.99 27.71 0.0492
Length of 1st summer drought (months) 1 6.55 6.55 25.89 0.0461
Topsoil clay content (%) 1 6.04 6.04 23.79 0.0425
Planting (no. times planted) 1 5.54 5.54 21.74 0.0390
Seeding fertiliser rate (kg / ha) 1 5.07 5.07 19.82 0.0357
Agran used with seeding 1 4.67 4.67 18.21 0.0329
Monitoring year 1 4.60 4.60 17.91 0.0323
Seeding 1 4.00 4.00 15.49 0.0281
1st year summer autumn rain (mm) 1 3.86 3.86 14.96 0.0272
Removal of Rye crop 1 3.82 3.82 14.80 0.0269
Removal of A. blakleyi 1 3.67 3.67 14.20 0.0258
2nd cut 1 3.59 3.59 13.88 0.0252
Presence of fire 1 3.51 3.51 13.55 0.0247
Muriate used with seeding 1 3.44 3.44 13.27 0.0242
Crop post topsoil 1 3.30 3.30 12.71 0.0232
Elevation (m) 1 3.17 3.17 12.23 0.0223
Time since fire (years) 1 3.05 3.05 11.73 0.0214
Topsoil total P content (mg / kg) 1 2.87 2.87 11.06 0.0202
Urea used with seeding 1 2.78 2.78 10.70 0.0196
Irrigation 1 2.59 2.59 9.95 0.0182
1st winter 'wetness' index (mm) 1 2.51 2.51 9.61 0.0176
Disturbed profile 1 2.04 2.04 7.80 0.0143
2nd winter 'wetness' index (mm) 1 1.99 1.99 7.62 0.0140
Coarse fragment layer 1 1.89 1.89 7.23 0.0133
1st year winter spring rain (mm) 1 1.44 1.44 5.50 0.0102
Removal of Veldt grass 1 1.23 1.23 4.69 0.0087
Average clay content of top 30 cm (%) 1 1.23 1.23 4.67 0.0086
1st cut 1 1.20 1.20 4.55 0.0084
Depth to hardpan (cm) 1 1.12 1.12 4.24 0.0078
Exchangeable Na (%) 1 1.05 1.05 3.98 0.0074
Depth to claypan (cm) 1 0.79 0.79 2.99 0.0055
Pre monitoring 'wetness' index (mm) 1 0.76 0.76 2.87 0.0053
Topsoil silt content (%) 1 0.18 0.18 0.67 0.0012
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TABLE S7

Results of permutational analysis of variance using distance matrices showing the amount of variance in functional
composition explained by individual variables at Cooljarloo.

Variable DF Sums of Sqs Mean Sqs F.Model R2

Plot 115 56.70 0.49 5.03 0.5583
Block 72 49.92 0.69 6.73 0.4915
Age (years) 1 17.56 17.56 119.58 0.1729
Year of establishment 10 17.04 1.70 11.35 0.1678
Monitoring year 1 9.89 9.89 61.72 0.0974
Seeding month 6 9.66 1.61 9.93 0.0951
Horizon 2 material 7 5.15 0.74 4.32 0.0507
Seeding mix vegetation type 3 5.07 1.69 9.98 0.0499
1st summer 'wetness' index (mm) 1 4.43 4.43 26.06 0.0436
1st year summer autumn rain (mm) 1 4.16 4.16 24.41 0.0409
1st winter 'wetness' index (mm) 1 3.72 3.72 21.76 0.0366
1st year winter spring rain (mm) 1 3.53 3.53 20.58 0.0347
Pre monitoring 'wetness' index (mm) 1 3.48 3.48 20.29 0.0342
Depth to water (m) 1 3.47 3.47 20.26 0.0342
1st cut age (years) 1 3.06 3.06 17.78 0.0301
Fresh mulch 1 2.92 2.92 16.93 0.0288
2nd winter 'wetness' index (mm) 1 2.60 2.60 15.03 0.0256
Crop post topsoil rate (kg / ha) 1 2.59 2.59 14.97 0.0255
Ripping depth (m) 1 2.30 2.30 13.24 0.0226
Fresh mulch vegetation type WH 1 2.16 2.16 12.42 0.0212
High P fertiliser 1 2.02 2.02 11.63 0.0199
Dragging 1 1.78 1.78 10.18 0.0175
Chemical soil stabiliser 1 1.62 1.62 9.29 0.0160
Fresh mulch vegetation type DW 1 1.51 1.51 8.63 0.0149
1st cut vegetation type WH 1 1.43 1.43 8.19 0.0141
Ameliorant 1 1.42 1.42 8.12 0.0140
Fresh 1st cut (%) 1 1.38 1.38 7.86 0.0136
Elevation (m) 1 1.10 1.10 6.27 0.0108
2nd cut vegetation type WH 1 1.07 1.07 6.10 0.0106
2nd cut depth (cm) 1 1.04 1.04 5.94 0.0103
2nd cut vegetation type wet 1 1.03 1.03 5.84 0.0101
1st cut vegetation type rec 1 0.91 0.91 5.18 0.0090
1st cut vegetation type wet 1 0.89 0.89 5.05 0.0087
Low P fertiliser used 1 0.85 0.85 4.85 0.0084
2nd cut vegetation type WW 1 0.83 0.83 4.71 0.0082
1st cut vegetation type WW 1 0.76 0.76 4.33 0.0075
2nd cut vegetation type DW 1 0.74 0.74 4.22 0.0073
Fresh mulch vegetation type WW 1 0.74 0.74 4.20 0.0073
1st cut vegetation type DW 1 0.73 0.73 4.14 0.0072
1st cut depth (cm) 1 0.72 0.72 4.11 0.0071
Tub ground mulch 1 0.68 0.68 3.85 0.0067
Fertiliser rate (kg / ha) 1 0.67 0.67 3.79 0.0066
Fresh mulch vegetation type DH 1 0.63 0.63 3.57 0.0062
Length of 1st summer drought (months) 1 0.60 0.60 3.42 0.0059
2nd cut vegetation type DH 1 0.56 0.56 3.16 0.0055
1st cut vegetation type DH 1 0.55 0.55 3.12 0.0054
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CHAPTER 4

Using functional traits does not improve the predictability of species-rich shrubland restoration

PREAMBLE

This chapter presents the AWM trait-based approach for describing patterns and identifying drivers
of kwongan vegetation recovery after mining at Eneabba and Cooljarloo, as well as the assessment of
the predictability of AWM trait-based measures against that of structural-, species- and PFT-based
restoration measures.

Chapter 4 is presented as the manuscript intended for submission to Functional Ecology.  Formatting
is that specified by the journal with the following exceptions: page numbering; references to Chapter
2 and Chapter 3 manuscripts have been changed to reference Chapters 2 and 3 directly instead of
unpublished material by the authors; references to the manuscript in Appendix S4 have been changed
to reference Appendix S4 directly instead of unpublished material by the authors. Appendix S3 is the
supplementary material for online publication intended for submission with the manuscript and forms
part of the material for the examination of Chapter 4.




