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ABSTRACT 

 

Long-term studies of vegetation recovery following post-mining restoration in low productivity, high stress 

areas are limited, but essential for understanding underlying ecological processes and evaluating 

management practices.  This study’s goal was to describe temporal patterns of recovery (up to 37 years) 

in vegetation structure, floristic diversity, and composition following post-mining restoration at two sites, 

and identify potential drivers of restoration outcomes, in the nutrient-poor, seasonally dry, species-rich, 

fire-prone kwongan vegetation of southwest Western Australia. Vegetation development is progressing 

and restoration measures are within range of native reference values, but there is large variation in both 

patterns observed and restoration outcomes.  Several patterns described share similarities with post-fire 

recovery of kwongan, and post-disturbance recovery of other low productivity, high stress, fire-prone 

systems.  However, differences in some patterns between sites indicate differences in the underlying 

mechanisms of recovery.  Many management and environmental variables emerge as significant drivers 

of restoration outcomes but age, fire, and the planting of seedlings account for the largest amount of 

variation.  Adaptive management at both sites appears to be facilitating improved restoration outcomes 

over time.  Using a combination of space-for-time, plot level, and linear mixed effects modelling 

perspectives to examine patterns provides greater insights into restoration recovery than a 

chronosequence perspective alone.  This study will inform restoration practices and outcomes not only in 

kwongan but in other comparable systems also. 
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Environmental variables, fire, kwongan, management practices, mediterranean-type ecosystem, 
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IMPLICATIONS FOR PRACTICE 

 

• Many management and environmental variables affect restoration outcomes, indicating the need to 

consider factors simultaneously in further investigating mechanisms of recovery. 

• The recovery dynamics of kwongan following fire help understand recovery after restoration. The 

interval between restoration establishment and the first fire event must be actively managed. 

• Similarity of restoration patterns and drivers with other documented studies point to common 

trajectories and mechanisms, but differences between the two study sites highlight the need for 

further site-specific studies. 

• Large variation in restoration measures mirrors that of reference vegetation.   Therefore, restoration 

success may be better assessed using targets based on ranges, rather than more usual average-based 

targets.  

 

INTRODUCTION 

 

Temporal patterns of vegetation recovery in post-mining restoration need to be described and  drivers of 

restoration outcomes identified in order to assess restoration progress, evaluate management practices, 

and understand underlying ecological processes (Walker et al. 2007; Suding 2011; Mcdonald et al. 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 et al. 1999; Hobbs & Walker 

2007; Walker et al. 2007).  These have largely focused on vegetation recovery under moderate levels of 

ecological 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).  After mining 
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in such landscapes, in the absence of toxic substrates, vegetation 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 in which conditions are 

stressful and productivity low (e.g. drought affected and nutrient poor), often typical of old, stable 

landscapes (Hopper 2009; Mucina & Wardell-Johnson 2011), are generally 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 potential 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 high stress and low productivity area is southwest Western Australia (WA).  It shares 

characteristics with the other four of the world’s five mediterranean-type systems (Specht 1969; Roberts 

et al. 2001) such as summer drought, sclerophyllous evergreen vegetation and high species diversity (Dell 

et al. 1986; Cowling et al. 2004).  Of those, it is most comparable to the southwest Cape of South Africa.  

Both are differentiated from the rest by severely nutrient impoverished soils, especially high perennial 

and woody diversity (Naveh & Whittaker 1980; Hopper & Gioia 2004), and the central role of fire as a 

disturbance vector (Cowling et al. 1994; Enright et al. 2012).  Southwest WA may also draw comparison 

with the cerrado (sensu stricto) of central Brazil, which is also characterised by sclerophyllous vegetation, 

nutrient poor soils, a pronounced yearly drought and the prevalence of fire (Oliveira-Filho & Ratter 2002).    
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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 life of 

mining operations, and legislative requirements to restore native ecosystems and monitor recovery 

(Western Australian Government 1978, 1986).  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 research 

all provides local 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., double stripping of topsoil (Tacey & Glossop 1980); smoke treatments 

(Roche et al. 1997); ripping of soil profile (Commander et al. 2013).  Such 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 globally 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 plots in two mineral sand 

mines in southwest WA, provided an opportunity to describe structural, floristic and compositional 
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patterns of assisted vegetation recovery, and identify potential drivers of associated restoration 

outcomes, expanding knowledge of post-mining recovery both locally, and of high stress, low productivity 

systems internationally.  Specifically, the objectives of this study were: 

 

1. to examine patterns of how the restoration measures of species richness, species diversity, 

percentage cover, plant density, and species composition change with age, and how these are 

affected by fire; and to compare these measures to native reference vegetation; and 

2. to identify which species are contributing most to these temporal patterns; and   

3. to identify potential drivers of restoration measures from an extensive set of time, management and 

environmental variables; and 

4.  to test whether adaptive management practices have resulted in restoration outcomes for species 

diversity, percentage cover and species composition improving over time. 

 

METHODS 

 

Study sites 

Two sites were studied: the Iluka Resources Eneabba and the Tronox Management Cooljarloo mineral 

sands mines, located 280 km and 175 km north of Perth, WA, respectively.  Both sites are characterized 

by kwongan (sensu Mucina et al. 2004), a hyper-diverse vegetation type associated with undulating 

sandplains, largely comprising of shrubs but also banksia woodland such as that associated with parts of 

the Cooljarloo site.  Average yearly rainfall and temperature for Eneabba are 490 mm and 21ºC, and for 

Cooljarloo 538 mm and 20ºC (Bureau of Meteorology 2017).  Typical soil total N and total P at depths of 

0–20 cm in undisturbed vegetation are 300 mg kg-1 and 19 mg kg-1 for Eneabba (Tsakalos et al. 2018), and 

400 mg kg-1 and 13 mg kg-1 for Cooljarloo (Tsakalos et al. 2019). 
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Strip mining, a shallow and quick form of mining when compared to methods such as open-cast, 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 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).  Management practices are almost always 

implemented at time of establishment only.  At both sites, implemented management practices have 

evolved as knowledge has increased.  This has resulted in an unavoidable confounding of some 

management practices with time.   

 

Vegetation monitoring, and data collation and collection 

Permanent restoration monitoring transects (Eneabba) or plots (Cooljarloo) 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 qualified botanists 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 
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present have 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.  For further details on monitoring 

methodology refer to Supplement S1.  Henceforth transects and plots shall be collectively referred to as 

plots but note must be made that this does not imply direct comparison. 

 

Subsets of restoration and native reference monitoring plots were selected for this study (125 restoration 

and 28 native reference plots at Eneabba, 116 restoration and 18 native reference plots at Cooljarloo).  

Selected restoration plots at Eneabba are spread over 100 km2, and restoration plots at Cooljarloo over 

70 km2.  Selection of restoration 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 plots in November 2011 was also considered.  For native 

reference plots, selection was based on an equal representation of predefined kwongan vegetation sub-

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 plots were found to have been impacted by other fire events since 1976, as 

determined by review of Landsat imagery (US Geological Survey, 2017).  All native reference plots at 
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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 selected plots 

were extracted from monitoring databases and checked for consistency.  At Eneabba, 415 species were 

recorded in native reference plots and 560 in restoration plots, and at Cooljarloo 301 species were 

recorded in native reference plots and 464 in restoration plots.   

 

Data for management practices and environmental (soil and climate) variables were collated or collected 

for each restoration plot, with 41 variables summarized for the Eneabba site and 35 for Cooljarloo 

(Supplement S1: Tables S1 and S2).  Data on management practices were collated from company reports, 

protocols, aerial photography, geospatial layers, and interviews with mine site staff.  Selection of 

management practices was based on information being available for all plots at each site.  Management 

documentation differs between the two sites and accounted for the differences in management practices 

captured.  Data for soil variables for Eneabba restoration plots were collected via augering and topsoil 

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 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 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 Supplement 

S1. 
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Restoration measures 

Percentage cover, plant density, species richness and species diversity (Inverse Simpsons index (Simpson 

1949)), were calculated for each plot, for each monitoring time to illustrate patterns with age, and 

compare restoration and native reference plots at each site.  Patterns with age were illustrated using both 

space-for-time and individual plot level perspectives.  The space-for-time perspective involved using all 

data (which included many plots of different ages, each measured at different times) together, while the 

individual plot level perspective considered patterns for individual plots separately.  For each study site, 

non-metric multidimensional scaling (NMDS) was used to illustrate differences in species composition of 

all plots at each monitoring time, in order to identify general patterns of change with age, and compare 

restoration and reference plots.  To focus on trajectories of individual plots, NMDS was also performed 

for each block separately.  NMDS was chosen over other ordination methods because it better handles 

high diversity data, 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– ).  Given the expected immediate impact of fire on patterns of recovery and 

native reference vegetation, all illustrations for Eneabba highlighted plots affected by fire for 5 years post 

fire.  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.  

 

Species contributions 

To gain insight into species contributions to patterns with age, the average cover for each species was 

ranked for reference plots, and restoration plots at the main ages (those with the most monitoring points) 

of 1, 4, 7, and 10 years at both sites and additionally 15, 20 and 30+ years at Eneabba. 
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Data analyses 

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

(RStudio Team 2016).  

 

The effects of time related variables (including age and time since fire), individual management practices 

and environmental variables on univariate restoration measures for restoration plots at each site were 

tested using linear mixed effects (LME) modelling.  Only first order effects were included in the models 

due to there being insufficient plots or monitoring points for the number of possible interactive terms.  

The limitations of this approach are acknowledged.  Nested random variables for plot, within block, within 

establishment year, were included in each model.  Quadratic terms of variables were added to models to 

account for non-linearity where this improved Akaike’s information criterion (AIC).  Normality of residuals 

and homogeneity of variance were evaluated as outlined in Zuur et al. (2009), and the parameters being 

modelled transformed and or weighted variance structures used in order to meet these assumptions.    

Models were then simplified by the step-wise removal of variables based on AIC.  The use of LME 

modelling accounted for the spatial dependence among monitoring locations, while model simplification 

removes issues with correlated and co-linear driver variables, and reduces the risk of overfitting and 

spurious relationships (Zuur et al. 2009; Crawley 2013).  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 manually calculated to identify the five variables which explain the greatest amount 

of variation for each univariate restoration measure.   
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The amount of variation in species composition of restoration plots at each site explained by 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 on restoration measures for restoration plots, driver 

variables were classified into four groups (Supplement S1: Tables S1 and S2): time related variables, 

environmental variables, management practices, and random variables, the latter representing spatial 

and temporal variability and correlation, including 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.   

 

To test if adaptive management practices at each site have resulted in improving restoration outcomes 

for percentage cover, species diversity and species composition, LME modelling was used.  Only data for 

10 year old restoration plots was used, so as to control for the effect of age.  For species composition, 

Bray-Curtis dissimilarities were calculated between each restoration plot and reference plots.  The 

smallest dissimilarity values for each restoration plot were used as the composition response variable in 

the LME model.  The fixed effect of establishment year (1999–2000, 2002–2006 for Eneabba, and 2000–

2005 for Cooljarloo) was used as a proxy for changing restoration practices, and the nested random 

variables of establishment year and block included in each model.   

 

All species were included in the latter three analyses.  For further details on data analyses, including R 

packages used, refer to Supplement S1. 
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RESULTS 

 

Patterns with age and fire 

Percentage cover, species richness and species diversity at both sites, and plant density at Eneabba, are 

within range of native reference vegetation by 10 years of age (Fig. 1).  However, there is large variability 

in all univariate measures at all ages at both sites as well as in reference vegetation.  Space-for-time 

patterns of cover and diversity are similar at both sites, and also between sites, increasing and then 

plateauing with age.  Richness patterns with age, however, differ between the two sites, with Eneabba 

increasing and Cooljarloo decreasing.  Responses of Eneabba restoration plots to fire appear to be similar 

to those of native reference plots.  Space-for-time patterns for 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. 

 

While a space-for-time perspective highlights general patterns with age through the large variation at 

both sites, it obscures the pattern variation possible at the individual plot level, and, in particular, where 

individual patterns (Supplement S1: Fig. S1 to S7) contrast with general space-for-time patterns.  For 

example, the steady increase in space-for-time richness at Eneabba is not evident in the majority of plots, 

where species richness first decreases with age before increasing.  Species richness for most Cooljarloo 

plots decreases with age as per the space-for-time pattern but some do exhibit the same pattern evident 

in the Eneabba plots.  Another example, cover in older, unburnt plots at Eneabba decreases after 20 years, 

in contrast to the plateau of the space-for-time pattern.  The quantitative contribution of weed species to 

univariate restoration measures is minimal for the large majority of plots, and does not alter their 

underlying patterns with age (Supplement S1: Figs. S1 to S7). 
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Results for the effects of age and fire from linear mixed effects modelling (Supplement S1: Tables S3 and 

S4) provide a third and statistically tested perspective on univariate patterns.  The LME results for age 

(Supplement S1: Fig S8) for Cooljarloo support the observed space-for-time patterns for all univariate 

measures, both with and without the inclusion of weed species.  For Eneabba, patterns for diversity are 

the same as space-for-time patterns, while those for cover and richness are more similar to patterns 

observed in individual plots.  Density patterns appear to depend on whether weed species are included 

in models, showing an increase with age with their inclusion and a decrease without.  Patterns with time 

since fire at Eneabba match space-for-time patterns.  Positive linear and negative quadratic terms for time 

since fire result in humped shaped responses for richness and density, and a plateau for cover.  The 

exclusion of weed species makes no change to patterns with time since fire.  Time since fire was removed 

as a term from diversity models.   

 

Space-for-time species composition patterns for Eneabba (Fig. 2) reveal younger restoration plots are 

dissimilar to each other and to native reference plots.  They become more similar to native reference plots 

over time, as well as to each other.  However, this conclusion is based on a relatively small number of 

older plots that were not monitored from an early age.  In contrast to univariate measures, restoration 

plots 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 plots 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. 
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When comparing individual plots within blocks to native references (Supplement S1: Figs. S9 and S10), 

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 plots 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.   

 

Species contributions to patterns 

Species rankings by contribution to average total cover (Table 1), indicate that there are differences in the 

main contributors to cover between reference and restoration plots, regardless of age, using a space-for-

time perspective.  Some species with high contributions to reference plots are absent from restoration 

plots (e.g. Xanthorrhoea drummondii at Eneabba) and vice versa (e.g. Kunzea spp. at Cooljarloo).  Some 

species with high contributions in reference plots can become ‘over-abundant’ in restoration plots but 

their contribution appears to decrease with age.  Species unique to younger restoration plots appear to 

decrease their contribution with age or to become absent completely. 

 

Drivers of restoration measures 

LME analyses indicate many variables affect univariate restoration measures, as evidenced by the large 

number of variables remaining in all models (Supplement 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 notable 
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exceptions, such as age, fire, monitoring year, and the number of times seedlings were planted into a 

block (Table 2).   

 

The random variables (plot, block, year of establishment) account for most variation in species 

composition (highest R2 values) at both Eneabba and Cooljarloo (Supplement 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 square values and explains a comparatively high 

amount of species composition variation at both Eneabba (5.24 %) and Cooljarloo (7.03 %).  

 

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 

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.  Residual variation 

is also considerable for all measures at both sites. 

 

Adaptive management 

LME modelling shows that the effect of establishment year on percentage cover, species diversity and 

species composition at both Eneabba and Cooljarloo is not significant (p > 0.05).  However, trends with 

establishment year for species diversity and composition do indicate that restoration outcomes are 

improving with establishment year at each site (Supplement S1: Fig. S11).  Cover at Eneabba appears to 

show no trend while the trend for Cooljarloo is difficult to interpret given very high values for plots 

established in 2005 and very low values for those established in 2006. 

 

 

This article is protected by copyright. All rights reserved.



DISCUSSION 

 

Patterns of recovery at both sites indicate a maturing vegetation structure and a closer resemblance to 

native kwongan references, and have some characteristics in common with the response of kwongan 

vegetation to fire. Many variables were found to have statistically significant effects on restoration 

measures and a few, namely age, fire, and planting of seedlings, emerged as major potential drivers.  

Moreover, management practices as a whole account for large portions of variation, and adaptive 

management may be resulting in improving restoration outcomes over time.  The temporal patterns 

described, and the potential drivers identified, share similarities with those for other low productivity, 

high stress systems characterised by vegetation possessing strong fire-related adaptations.  They may thus 

provide guidance for such systems, particularly where mining and other major disturbances are prevalent, 

but restoration practice less progressed, as well as provide insight into shared mechanisms of recovery.  

Below we discuss patterns with age and fire, and some potential drivers of each restoration measure, 

followed by more general remarks. 

 

Cover 

The rapid increase in cover at both sites is similar to that documented post-mining in systems subject to 

similar restoration effort and under similar climatic conditions such as the Mediterranean Basin (Martínez-

Ruiz & Fernández-Santos 2005; Moreno-de las Heras et al. 2008), as well as in forests (Norman et al. 2006) 

and woodlands (Mounsey 2014; Brundrett et al. 2020) of southwest WA.  Experimental studies simulating 

strip mining and replacement of topsoil in the southwest Cape of South Africa (Holmes 2001) and central 

Brazil (Ferreira et al. 2015) also showed a quick return of cover.  As postulated by Prach and Hobbs (2008), 

and as documented in studies in eucalypt woodland of WA (Standish et al. 2006), the cerrado of Brazil 

(Starr et al. 2013), fynbos of South Africa (Holmes 2001), and chaparral of southern California (Stylinski & 
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Allen 1999), spontaneous recovery of cover after disturbance in low productivity, high stress systems is 

limited.  This contrasts with mesic, low stress systems across Europe and North America (Prach & 

Řehounková, 2006).  At both Eneabba and Cooljarloo, the clear increase in cover with  age, suggests that 

the combinations of management practices previously or currently implemented at these low 

productivity, high stress sites allow for the development of vegetation structure, and thus are likely 

preferable to a ‘no action’ approach.  Comparison with unrestored, post-mining vegetation would allow 

for more definite conclusions but such vegetation does not exist at either site. 

 

The decrease in cover at 20 years of age in several unburnt plots at Eneabba may indicate the natural 

senescence of certain species due to an overly long fire interval (Enright et al.  2011; Harvey et al. 2017).  

Many species in southwest WA require fire to trigger regeneration from seed, either canopy stored or 

from soil banks, 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 et al. 1998; Harvey et al. 2017), 

placing older restoration transects at the upper limit.  Such evidence, as well as patterns derived from 

LME modelling, suggest that the interval between establishment and a first fire event in restored areas 

must be actively managed.  These results are pertinent to restoration in other systems in which 

regeneration of vegetation is strongly linked to fire events (e.g. mediterranean-type ecosystems, see 

Keeley et al. 2012) or fire is required to maintain a particular vegetation structure (e.g. cerrado, see 

Durigan 2020). 

 

Similarly to fynbos and cerrado, annuals and short-lived perennials are minor components of kwongan 

vegetation other than for a brief time after fire (Beard 1984; le Maitre & Midgley 1992; Oliveira-Filho & 

Ratter 2002).  Their decreasing contribution to cover at both sites, including almost all weed species, 

indicates maturing vegetation structures.  Brundrett et al. (2020) found a similar pattern for banksia 
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woodland restored after agricultural abandonment using topsoil from undisturbed native vegetation, as 

did Ferreira at al. (2015) in topsoil studies in cerrado vegetation.  These findings are in contrast to 

comparable systems of the Mediterranean Basin where weedy annuals and short-lived perennials persist 

in restored areas (e.g. Martínez-Ruiz & Fernández-Santos 2005).  The lack of persistence of annuals and 

short-lived perennials in kwongan may be due to mechanisms hypothesised by le Maitre and Midgley 

(1992) for their decrease after fire in fynbos: reduced light and space due to increasing perennial cover, 

and a lack of sufficient nutrients in the long term.  For Eneabba and Cooljarloo, it may be that the effects 

of fertiliser application are short lived, especially since no variables related to fertiliser treatments emerge 

as notable potential drivers of cover.   In studies simulating topsoil replacement after mining in fynbos, 

Holmes (2001) found that fertiliser application increased the contribution of annual weeds to cover but 

recovery was only monitored for 3 years.  Further investigation into the mechanisms underpinning these 

findings in kwongan, fynbos and cerrado would provide valuable insights into restoration more broadly 

given the impact of annuals weeds on restoration outcomes in many other systems (Gaertner et al. 2012). 

 

The positive effect of planting seedlings, the only management practice which emerged as a notable 

potential driver of cover at Eneabba, may simply be due to the larger initial size of seedlings.  Their larger 

size may subsequently enable them to better withstand scouring by mobile sand particles during 

Eneabba’s dry, windy summers, and grazing by kangaroos and rabbits.  Planting seedlings has also been 

found to have a positive effect on cover in chaparral restoration along utility corridors (Allen et al. 2018).  

Planted seedlings may also have a facilitative ‘nursing’ effect, promoting the growth of other plants by 

improving abiotic and biotic conditions (Padilla & Pugnaire 2006), as has been documented in other high-

stress systems (Cortina et al. 2011; Passos et al. 2014).  Planting is expensive, so it is often used by 

restoration practitioners to increase the abundance of desirable species or species that do not establish 
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otherwise. The observation of planting as a potential driver of cover is therefore expected, and provides 

support for investment into this management practice. 

 

The substantial effect of monitoring year on cover, and other restoration measures, at both Eneabba and 

Cooljarloo, is likely the result of its confoundedness with age, particularly at Cooljarloo given monitoring 

and restoration establishment began at the same time.  However, it may also indicate that a time related 

variable with which monitoring year is correlated has not been captured.  This result emphasizes the need 

to include a wide range of potential driver variables when assessing long-term restoration outcomes. 

 

Plant density 

The peak in plant density shortly after establishment at Eneabba mirrors a common response to 

disturbance, such as the response of mediterranean-type ecosystems to fire, namely the mass 

germination of common and ephemeral species from the topsoil seedbank (Keeley et al. 2012), and in this 

instance, annual weeds also.  This response is likely due to topsoil movement simulating some germination 

cues, including those related to fire (Fowler et al. 2015) such as fluctuations in soil temperature, light, and 

oxygen (le Maitre & Midgley 1992).  The decrease in density over time shows a maturing vegetation 

structure, whereby many small plants perish while a few survive and mature.  The subsequent peak in 

density in response to restored areas being burnt indicates that the interval to a first fire has been long 

enough for the topsoil and canopy stored seed banks to rejuvenate sufficiently (Herath & Lamont 2009). 

It also indicates that the interval has been short enough for some seed not triggered into germinating by 

topsoil movement to still be viable, and able to germinate in response to fire specific cues such as smoke 

(Bell et al. 1993).  This result provides reassurance that restored areas can be re-integrated into local fire 

regimes. 
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Plant density appears to be driven largely by age and fire, reflecting the two peaks observed.  The only 

management practice which again emerges as a potential driver is the planting of seedlings.  The possible 

mechanisms of this have been discussed above. 

 

Species richness 

The contrast in space-for-time species richness patterns between Eneabba and Cooljarloo imply two 

different modes of recovery: relay floristics (Clements 1936) versus initial floristic composition (Egler 

1954), respectively.  A pattern of recovery similar to Cooljarloo has been found in jarrah forest restoration 

(Norman et al. 2006), with Koch (2007) concluding the system follows an initial floristic composition 

model.  Holmes and Richardson (1999) argued that the recovery of fynbos after fire followed the initial 

floristic composition model since all vegetation elements are present at the time of a fire, and that 

restoration should follow the same model, if all elements are returned.  Why this model should apply in 

restoration at Cooljarloo and not Eneabba is perhaps due to differences in precipitation and soil nutrient 

status, and hence differences in stress between the two sites.   A pattern of increasing richness has also 

been found in post-mining restoration in the Mediterranean Basin (Martínez-Ruiz & Fernández-Santos 

2005) so investigation of shared mechanisms may provide further answers.  However, transect-level and 

LME results for richness at Eneabba suggest more complex models of recovery.  Clearly, further analyses, 

particularly those focusing on the turnover of species over time, are required, as are further site-specific 

studies for low productivity, high stress, fire-prone systems given the fundamental difference in response 

within one vegetation type.   

 

Fire also emerges as a main driver for species richness.  The spike in richness in the first few years following 

fire is well documented for mediterranean-type ecosystems in general (Keeley et al, 2012) and kwongan 

vegetation in particular (Cowling et al. 2004; Enright et al. 2007; Miller et al. 2016).  Such a response is 
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indicative of a plant community resilient to disturbance, a key target of restoration.  However, the 

applicability of this result to some comparable systems such as banksia woodland and chaparral must be 

tempered given their proneness to invasion by weed species under altered local fire regimes (Keeley et 

al. 2012 and referenced therein). 

 

Planting emerges again as a main driver at Eneabba with possible mechanisms already discussed.  Further, 

particularly in more recent years, planting has focused on species which do not readily return from topsoil 

or from broadcast seed (unpublished data).  Similar to the observed effect of planting on vegetation cover, 

the effect on species richness is thus expected, and is in fact the justification for this management practice. 

 

Species diversity 

Changes in species diversity in restored areas appear to be not only due to changes in species richness but 

also to certain types of species becoming more or less dominant at particular ages.  Such a group is that 

comprising of large shrub species, such as Acacia blakelyi, Adenanthos cygnorum, Kunzea spp., which tend 

to dominate between 7 and 10 years.  These species recruit prolifically as a cohort from the soil seedbank 

before senescing after a relatively short time.  Such cohorts or successional phases have been documented 

for restoration in banksia woodland (Brundrett et al. 2020), chaparral (Mucina et al. 2017) and 

Mediterranean shrublands (Moreno-de las Heras et al. 2008), and post-fire in mediterranean-type 

ecosystems (Keeley et al. 2012).  Investigating such shifts in dominance may help explain the large 

variability in diversity observed, as well as the presence of possible alternative stable states (Westoby et 

al. 1989) in restoration outcomes. 

 

Although accounting for very small amounts of variation in diversity outcomes, management practices 

relating to fertiliser treatments emerge in the top five drivers at Eneabba while at Cooljarloo it is those 
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related to access to water.  The role of both nutrients and moisture availability in restoration have been 

documented in restoration sites globally (Prach & Řehounková, 2006), and have been found to often be 

site specific (e.g. Moreno-de las Heras et al. 2008). However, the differences in drivers between the two 

sites could also be due to differences in the data capture of numerous fertiliser related variables, 

highlighting the need for greater standardisation of management records.  

 

Species composition 

The large dissimilarity in species composition of 10 year old restoration plots at Eneabba to native 

reference vegetation, is in contrast to univariate restoration measures.  This early dissimilarity in 

composition reflects ongoing species turnover which is masked by univariate restoration measures.  The 

greater similarity of older restoration plots to each other and to native reference transects is due to 

species present at low cover or absent in younger plots.  This could be the result of longer timeframes, 

allowing more species and more individuals of species to disperse into older restored areas (e.g. through 

the return of dispersal vectors) as well as the development of abiotic (e.g. soil nutrients) and biotic (e.g. 

soil mycorrhiza) conditions favourable to establishment and persistence.  Seed dormancy and non-

viability in southwest WA species are well documented (Bell et al. 1993) but at least some techniques to 

overcome these limitations (Turner et al. 2013) have been applied to more recent restoration plots.  

Despite this, perhaps some factor present in older restoration plots has produced greater establishment 

of some species than these techniques.  Conversely, the similarity of older plots to each other is also due 

to a reduction in the abundance of disparate species dominant at young ages, and a persistence of other 

shared species. 

 

The return of burnt restoration plots to pre-fire species composition is likely due to plants in those plots 

being old enough to resprout (Herath & Lamont 2009), a key response of native vegetation to fire (Enright 
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at al. 2011).  The rebounding in species composition after fire, another well-documented characteristic of 

mediterranean-type shrublands (Keeley et al. 2012), suggests that restoration plots exhibit strong 

resistance to change in trajectory, and explains the minor role of fire as a driver of composition.  This 

raises doubts as  to the possibility of using fire to successfully change restoration trajectories in systems 

where resprouting is common, and where woody invasive species can become well established, such as 

fynbos (Holmes and Richardson 1999) or jarrah forest (Grant & Loneragan 2000).   

 

Although accounting for only a small amount of variation (R2 < 0.001), variables related to fertiliser 

treatments again emerge as potential drivers at Eneabba.  Differences in fertiliser application have been 

found to affect the species composition of jarrah forest recovery (Daws et al. 2013) through differing 

effects on plants with differing nutrient acquisition strategies.  Varying amounts of nitrogen deposition 

have been shown to shift herb and shrubs abundances, and hence composition, of chaparral recovery 

after fire (Pasquini & Vourlitis 2010).  Therefore fertiliser treatments may favour the establishment of 

certain species or functional types which would in turn affect long-term composition of kwongan 

restoration trajectories.   

 

While accounting for a small amount of variation, variables related to seeding emerge as drivers of 

composition at Cooljarloo.  For example, of the fixed effects, seeding month accounts for the greatest 

amount of variation in composition.  Similarly, Commander et al. (2013) found that timing of seed 

broadcasting had a significant effect on seedling emergence in arid land restoration after gravel 

extraction.  They also found that seed timing in turn had a second interaction with rainfall timing.  Such 

results can be applied to maximise limited seed resources in other systems with a pronounced seasonal 

drought.  
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Using multiple perspectives  

The contrasts or lack thereof, between the three perspectives used in this study, highlight the advantages 

of using multiple perspectives to assess restoration progress.  While a space-for-time perspective is useful 

to summarize large datasets, patterns for individual plots can provide information on the range of 

responses within these overall patterns.  Plot level, and LME perspectives can help to confirm space-for-

time patterns or indicate the need for more in-depth interpretation. 

 

Variation  

The large variation of all restoration measures raises questions as to the suitability of using restoration 

targets based on averages, as is commonly done in industry. Native reference vegetation is equally 

variable and acknowledging the desirability of at least some variation in restored areas is perhaps best 

achieved through defining a range or distribution of restoration targets.  

 

Large residual variation may reflect the spatial stochasticity of vegetation dynamics at both sites.  While 

management practices in total account for a large proportion of variation, and adaptive practices appear 

to improve restoration outcomes over time, substantial unexplained variation is likely to always be 

present in such a diverse vegetation type, and does not necessarily reflect negatively on restoration 

practice. 

 

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 et al. 2005; Lawley et al. 2013; Stuble et al. 2017).  The amount of variation explained by random 

variables in this study may indicate that one or more crucial potential drivers have not been captured, 

despite extensive efforts.  While the capture of additional driver variables is desirable, it is likely these will 
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prove difficult to measure (e.g. soil water availability at depth, soil microbiome, local extreme 

temperatures) or to include in analyses (e.g. seeding and planting species lists).  In addition, biotic 

variables, such as the plant-plant interactions already discussed, may need to be explicitly included in 

models to increase the explanatory power of driver analyses.  Using a plant functional type approach, 

rather than a species-based one, as a means to reduce the number of ‘species’ may also better explain 

variation, render analyses more conclusive, and provide additional insight into plant–environment 

interactions. 
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SUPPLEMENT S1. Supplementary methods and results. 
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Table 1. Species contributing ≥ 2 % to total average percentage cover for a, Eneabba and b, Cooljarloo plots for references and main ages of restoration,  shaded by  
                percentile contribution. Blanks indicate complete absence. Species names are current as of December 2019, * indicates weed species and agg.  indicates an  
               aggregate of species (see Methods for definitions).
a b
Family Species Ref 30+ 20 15 10 7 4 1 Family Species Ref 10 7 4 1
Ecdeiocoleaceae Ecdeiocolea monostachya 3.78 0.26 0.07 0.02 0.01 <0.01 <0.01 <0.01 Dilleniaceae Hibbertia hypericoides subsp. hypericoides 4.99 0.02 0.03 <0.01 <0.01
Myrtaceae Melaleuca leuopoma agg. 2.59 5.32 7.58 11.88 9.65 5.94 3.01 0.11 Proteaceae Banksia telmatiaea 3.76 1.23 0.91 0.24 0.02
Proteaceae Banksia sphaerocarpa agg. 2.56 0.26 4.58 7.81 3.75 3.31 1.30 0.04 Proteaceae Banksia attenuata 3.72 0.34 0.20 0.10 0.05
Restionaceae Chordifex sinuosus 2.22 0.09 0.16 <0.01 <0.01 <0.01 <0.01 <0.01 Myrtaceae Thryptomene mucronulata 2.54
Xanthorrhoeaceae Xanthorrhoea drummondii 1.86 Proteaceae Banksia menziesii 2.41 0.03 0.06 0.01 0.01
Dilleniaceae Hibbertia hypericoides subsp. septentrionalis 1.83 0.09 0.19 0.07 0.02 <0.01 Ericaceae Leucopogon conostephioides agg. 1.88 0.69 0.59 0.34 0.03
Cyperaceae Mesomelaena pseudostygia 1.78 0.24 0.14 <0.01 <0.01 <0.01 <0.01 Proteaceae Banksia prionotes 1.83 0.57 0.82 0.03 0.04
Myrtaceae Beaufortia elegans 1.62 0.72 0.85 1.64 2.23 1.40 1.36 0.09 Casuarinaceae Allocasuarina humilis 1.64 0.21 0.25 0.09 0.02
Fabaceae Jacksonia floribunda 1.38 0.12 0.64 1.20 0.69 0.36 0.15 0.03 Cyperaceae Mesomelaena pseudostygia 1.63 0.03 0.03 0.06 0.02
Myrtaceae Pileanthus filifolius 1.38 <0.01 0.01 Myrtaceae Regelia ciliata 1.62 1.12 0.03
Proteaceae Banksia shuttleworthiana 1.31 0.05 0.78 0.02 1.39 0.70 0.09 0.03 Proteaceae Adenanthos cygnorum subsp. cygnorum 1.38 4.08 1.30 0.94 0.05
Myrtaceae Scholtzia laxiflora agg. 1.22 0.55 0.16 0.27 0.17 0.06 0.01 <0.01 Proteaceae Conospermum stoechadis subsp. stoechadis 1.21 0.45 0.46 0.13 0.01
Proteaceae Banksia candolleana 1.19 0.18 0.02 0.01 <0.01 <0.01 <0.01 Fabaceae Jacksonia nutans 1.10 2.98 3.42 4.20 0.19
Proteaceae Conospermum triplinervium agg. 1.16 0.61 0.80 1.19 0.84 0.36 0.13 0.01 Myrtaceae Calothamnus quadrifidus 0.21 3.08 2.87 0.89 0.11
Fabaceae Acacia blakelyi 0.95 3.05 2.33 3.93 9.42 13.05 9.78 0.90 Myrtaceae Calothamnus hirsutus 0.20 2.82 0.93 1.62 0.07
Proteaceae Lambertia multiflora var. multiflora 0.90 1.99 1.81 0.81 0.36 0.35 0.14 0.01 Myrtaceae Melaleuca seriata 0.66 2.79 2.30 0.97 0.29
Myrtaceae Eremaea beaufortioides 0.81 1.82 3.04 1.41 1.89 1.36 1.81 0.03 Myrtaceae Kunzea micrantha subsp. petiolata 1.95 1.52 1.18 0.33
Proteaceae Adenanthos cygnorum subsp. cygnorum 0.23 1.59 1.29 1.98 0.69 0.36 0.20 0.01 Fabaceae Acacia sessilis 1.91 0.78 1.83 0.01
Myrtaceae Eucalyptus pleurocarpa 0.55 1.29 1.23 1.23 1.85 1.14 0.23 0.02 Myrtaceae Eremaea pauciflora 0.85 1.91 3.72 0.46 0.25
Haemodoraceae Conostylis neocymosa 0.45 0.79 0.96 0.30 0.23 0.37 0.08 0.01 Myrtaceae Eremaea beaufortioides 0.57 1.88 0.61 0.89 0.03
Proteaceae Petrophile drummondii 0.50 0.77 1.87 0.68 0.89 0.40 0.14 0.01 Myrtaceae Kunzea glabrescens 1.86 1.86 1.19 0.26
Fabaceae Jacksonia hakeoides 0.01 1.19 1.16 0.46 0.53 0.15 <0.01 Myrtaceae Beaufortia elegans 0.14 1.67 1.11 2.01 0.09
Proteaceae Banksia hookeriana 0.34 0.11 0.98 1.55 0.57 0.25 0.04 <0.01 Fabaceae Acacia pulchella 0.20 1.49 2.69 5.64 2.40
Myrtaceae Melaleuca ryeae agg. <0.01 0.11 0.07 2.80 1.85 0.35 0.21 <0.01 Fabaceae Jacksonia sternbergiana 0.02 0.66 2.68 0.40 0.10
Myrtaceae Melaleuca viminea subsp. viminea 0.14 0.10 1.72 0.64 0.04 0.13 Myrtaceae Melaleuca clavifolia 1.00 0.76 1.41 0.20 0.22
Proteaceae Banksia carlinoides 0.20 0.13 0.46 0.03 1.30 0.69 0.24 0.01 Fabaceae Daviesia podophylla 0.24 0.40 0.33 0.80 0.02
Asteraceae * Hypochaeris glabra <0.01 0.01 <0.01 0.21 0.47 0.32 0.86 0.16 Asteraceae Podotheca gnaphalioides 0.02 0.14 0.47 0.68
Fabaceae Viminaria juncea 0.39 0.17 0.01 0.15 0.70 <0.01 Poaceae Austrostipa macalpinei 0.01 0.04 0.32 0.07 0.31
Aizoaceae Carpobrotus virescens agg. <0.01 0.02 <0.01 0.01 <0.01 0.01 0.68 0.10 Dilleniaceae Hibbertia subvaginata 0.08 0.10 0.13 0.32 0.31
Poaceae * Secale cereale <0.01 0.86 Poaceae * Avena barbata agg. <0.01 <0.01 <0.01 0.22
Asteraceae * Arctotheca calendula <0.01 <0.01 <0.01 <0.01 0.06 0.07 0.07 0.67 Myrtaceae Melaleuca incana subsp. incana 0.27 0.11 0.33 0.18
Brassicaceae * Brassica tournefortii agg. 0.01 <0.01 0.01 0.04 0.35
Apiaceae Trachymene pilosa <0.01 0.04 0.05 0.36 0.46 0.22 0.16 0.31
Poaceae Austrostipa macalpinei <0.01 0.06 0.03 0.03 0.06 0.04 0.05 0.13
Poaceae Rytidosperma caespitosum agg. 0.01 <0.01 <0.01 0.05 0.08 0.02 0.10  This article is protected by copyright. All rights reserved.
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Table 2.  The amount of variance (R2) in univariate measures explained by the five potential driver 

variables (Supplement S1: Tables S1 and S2) remaining in the final LME models (Supplement 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 Supplement S1: Tables S3 and S4. 

 

  
Percentage 

cover 
Plant density Species 

richness 
Species 

diversity 
a Monitoring year 0.293 0.012 0.118 0.002 

 Age (yrs) 0.291 0.008 0.117  
 Planting (no. times planted) 0.256 0.032 0.027  
 Presence of fire  0.029 0.149 0.005 
 Time since fire (yrs)  0.026 0.094  
 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) 0.390   0.054 0.006 
 Monitoring year 0.390  0.054  
 Pre monitoring 'wetness' index (mm) 0.022  0.003 0.007 
 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 
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Figure 1. Space-for-time patterns with age (years since establishment) of percentage cover, plant density 

species richness and species diversity for Eneabba restoration plots with restoration measures compared 

against native reference plots, and for Cooljarloo restoration plots compared against native reference 

plots.  Eneabba plot area is 20 m2 and for Cooljarloo 80 m2.  For Eneabba, plots impacted by fire are 

identified and are assigned to the ‘burnt’ category for up to 5 years after fire. 
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Figure 2. Non-metric multidimensional scaling showing space-for-time species composition patterns for 

Eneabba restoration and comparison to native reference plots (20 m2), and Cooljarloo restoration and 

native reference plots (80 m2).  For Eneabba, plots are assigned to the ‘burnt’ category up to 5 years after 

fire. 
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Figure 3. Results of variation partition analyses showing the amount of variance explained by grouped 

variables (R2 values of individual fractions) for percentage cover, plant density, species richness, species 

diversity 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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