
98

Using functional traits does not improve the predictability of species-rich shrubland restoration
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Abstract
1. Understanding and predicting how different drivers affect patterns of vegetation recovery is

necessary to achieve desired restoration outcomes. From a functional ecology perspective, plant
functional trait-based restoration measures, such as abundance weighted mean (AWM) trait
proportions, may be easier to understand and predict than species-based measures, because they
represent direct plant-environment relationships and account for species redundancy.  However,
Laughlin et al. (Journal of Applied Ecology, 54, 1058–1069, (2017)) found that AWM trait-based
measures were less predictable than structure-, species diversity-, and functional diversity index-
based measures. Clearly, the usefulness of AWM trait-based restoration measures requires further
testing.

2. AWM trait-based patterns of vegetation recovery were described for two post-mining restoration
sites in species-rich shrublands 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
predictability of AWM trait-based restoration measures was compared to that of structural,
species-, and plant functional type (PFT)-based restoration measures using the amount of variance
that could be explained for each.

3. Patterns indicate a similar successional progression towards native references at both sites, with
increasing woodiness and resprouting ability (as fire response), and a shift from a dominance of
symbiotic nutrient acquisition strategies towards root-exudate-based strategies.

4. While many variables appear to drive AWM trait-based patterns, no management or
environmental variables emerge as major explanatory drivers. AWM trait-based measures did not
prove consistently more or less predictable than structural-, species- or PFT-based measures.
Therefore, neither the findings of Laughlin et al. (op cit.), nor the theory that AWM trait-based
measure should be more predictable than species-based measures are supported.

5. An AWM trait-based approach can inform which functional aspects of the kwongan vegetation are
over- or under-represented in restored vegetation.  An AWM trait-based approach also allows for
generalisations of patterns beyond the local level and thus broadens the application of findings to
other restoration sites. Greater understanding of trait-based patterns and drivers of vegetation
recovery will require determining to what extent patterns are explained by changes in species
turnover, as opposed to shifts in abundances only.
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INTRODUCTION

Identifying and understanding patterns and drivers of vegetation recovery is necessary to achieve
desired restoration outcomes. Abundance weighted mean (AWM) plant functional traits have been
used successfully to describe ecological patterns of recovery (e.g., Prach, Pyšek, & Šmilauer, 1997;
Helsen, Hermey, & Honnay, 2012) as they relate directly to plant-environment relationships.  In
species-rich systems in particular, an AWM trait-based approach also reduces the dimensionality of
species x site data and removes redundancy where species can be considered ecologically equivalent.
Theoretically, such an approach allows for better identification of drivers of recovery, and improved
predictability, over approaches based on species, plant functional types (PFT), and functional diversity
indices (Schleuter, Daufresne, Massol, & Argillier, 2010).

Brudvig et al. (2017) considered different measures used to assess restoration outcomes (restoration
measures) and argued that measures for which species are highly functionally redundant should be
more predictable than measures for which species identities and abundances are of consequence.
Based on this, they proposed a hierarchy of predictability of restoration measures (structure > species
richness > functional diversity > community composition (cf. Laughlin et al., 2017). Laughlin et al.
(2017) empirically tested and found support for the hierarchy, and also placed AWM trait-based
measures within it. They found AWM trait-based measures to be less predictable than measures
based on functional diversity indices but more predictable than community composition. Laughlin et
al. (2017) argued that the reduced predictability of AWM trait-based measures in comparison to
species-based measures is because “different combinations of species abundances can produce the
same trait-based metrics”. This logic does not follow the proposition of Brudvig et al. (2017), and
appears to imply that AWM trait-based measure should be more predictable than species-based
measures. The predictability of AWM trait-based measures therefore, requires further empirical
testing, as encouraged by Laughlin et al. (2017).

Structural-, species- and PFT-based studies of long term, landscape-scale, post-mining restoration of
two sites in species-rich, nutrient poor shrublands (Chapters 2 and 3) found variable patterns of
recovery, and few salient drivers of restoration measures, among a comprehensive set of
environmental and management variables considered. They also found low predictability of many
restoration measures, and did not find support for the hierarchy of Brudvig et al. (2017) (Chapter 3).
These same sites, mineral sand mines in southwestern Western Australia, provide a ready test system
for using an AWM trait-based approach to explore vegetation recovery, as well as testing its
predictability. The particular objectives were:

1. to describe temporal patterns of AWM trait-based restoration measures, 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 predictability of AWM trait-based restoration measures as compared to structure-,
species- and PFT-based restoration measures.

METHODS

The materials and methods used in this study are largely equivalent to those described in Chapters 2
and 3. Equivalent methods are summarised and additional methods described.
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Study sites

The two study sites were the Iluka Resources and the Tronox Management mineral sands mines,
located at Eneabba and Cooljarloo, 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 used here (Mucina, Laliberté, Thiele,
Dodson, & Harvey, 2014) includes banksia woodlands associated with parts of the Cooljarloo site.
Both sites experience a dry mediterranean climate of hot, dry summers, and cool, wet winters.
Average yearly rainfall and temperature for Eneabba are 490 mm and 21° C, and for Cooljarloo 538
mm and 20° C (Bureau of Meteorology, 2017). Soils at both sites are highly weathered and severely
nutrient impoverished (Bettenay, 1984). 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., 2018), 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, an extraction process progressing along the near-surface 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 number of
permanent 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. Species richness data for Eneabba were
recorded from the year 1999 onwards, percentage cover data from 2000, and plant density data from
2004.  Species richness, percentage cover and plant density data for Cooljarloo were recorded from
1999 onwards but plant density data were discarded as the numbers of annual and weed species were
inconsistently recorded. 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.

Four qualitative functional traits were selected for this study (Table 1) from the 12 used to define PFTs
in Appendix 4. These traits 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, fire).  Trait states were assigned using taxonomic literature, inspection of specimens of the
Western Australian Herbarium, and expert knowledge. For full details on the assignment of trait states
refer to Appendix S4. Genus or family level entries were not removed so as to avoid a disproportionate
effect on younger restoration; rather their covers were reassigned to all the identified species in that
genus or family in the same transect or plot, or block, based on the observed proportions of cover for
those identified species.
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TABLE 1 Plant functional traits and states used in this study, and their definition.

Functional
trait Trait state Trait state

abbreviation Trait state definition

Fire response* Resprouter Resp Plant able to recover from epicormic buds after
fire

Seeder Seed Plant only able to recover from seed after fire
Longevity* Annual Ann Life cycle completed in one or two years

Perennial Per Life cycle completed in more than two years
Woodiness* Woody throughout W. all Plant woody throughout

No woodiness W. none No portion of plant woody
Woody at base only W. base Plant woody at base only
Pseudo woody W. pseudo Stem ‘woodiness’ achieved by means other than

secondary thickening (e.g., cycads,
Xanthorrhoea, Kingia)

Nutrient
acquisition
strategy**

Miner Miner Root structures present which exude
compounds to assist nutrient acquisition,
including cluster, dauciform, capillaroid, and
sand-binding roots

Symbiotic association Sym Any type of symbiotic root-fungal/bacterial
association

Nitrogen fixer N fix Any type of N2-fixing root association
No symbiotic
association

No sym No symbiotic rhizospheric nutrient acquisition
strategy documented

*Fire response, longevity and woodiness trait states are mutually exclusive.  **Nutrient acquisition
strategy states of symbiotic association and no symbiotic association are mutually exclusive, with
nitrogen fixer a subset of symbiotic association. Miner can also be any of the other three nutrient
acquisition strategy states.

Data on potential drivers, including management practices and environmental variables, were
collected for each restoration transect and plot, with 41 variables summarised for the Eneabba site
and 35 for the Cooljarloo site (Appendix S3: 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.  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, envfit, 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).
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The abundance weighted mean (AWM) proportions of each trait state were calculated by summing
the cover for species with the trait state and dividing this by the total cover for each transect or plot,
for each monitoring time. The effect of time (age, monitoring year, time since fire), individual
management practices, and environmental variables on resulting AWM trait state patterns of
restoration transects and plots were tested using linear mixed effects (LME) modelling. AWM trait

states proportions were logit transformed (log ) before analysis to help ensure data met model
assumptions. Normality and homogeneity of residual variance were further evaluated as outlined in
Zuur, Ieno, Walker, Saveliev, and Smith (2009), and weighted variance structures used where
necessary to account for heterogeneity of variance. Only first order effects could be included in
models, due to the large number of potential explanatory variables.  Nested random effects of
transect or plot, within block, within establishment year, were included in each model. 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 variables, again
using AIC to evaluate whether removal improved the model. The five variables which explained the
greatest amount of variation in the final LME models were identified by calculating R2. The trait state
pseudo woody was excluded from LME analyses due to its absence from or very low abundance in
most restoration transects and plots.

For each site, non-metric multidimensional scaling (NMDS) on Euclidean dissimilarities derived from
AWM trait state proportions data was used to illustrate differences in AWM trait state composition of
all transects and plots at each monitoring time, to identify general changes in composition with age,
and compare restoration and reference transects and plots. For traits where states are mutually
exclusive and thus proportions sum to 1 (see Table 1), one trait state from each (seeder, perennial,
pseudo woody, no symbiotic association) was omitted to avoid overweighting. Vectors of the trait
states used were fitted to the NMDS ordination using the R envfit function. To focus on trajectories
of individual transects and plots, NMDS analyses were also performed for each block separately. The
amount of variation in AWM trait state 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 the same distance matrices used for NMDS.

To summarise the effects of potential drivers, variables were classified into four groups (Appendix S3:
Tables S1 and S2): 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 each
AWM trait state and composition. For further details on all driver analyses methodology refer to
equivalent methodology in Chapter 2.

The predictability of restoration measures was assessed by LME modelling and subsequent
partitioning of variance, using the approach taken by Laughlin et al. (2017) and Abella, Schetter, and
Walters (2018).  The unrefined LME models from driver analyses in this study were used to assess
AWM trait state measures. Equivalent methodology was used to derive LME models for AWM trait
state composition measures. The amounts of variance accounted for by fixed and random effects,
and residual variation, were calculated for each AWM trait-based restoration measure from each LME
model. Results for the predictability of cover, plant density, species richness, species diversity and
species composition have been taken from Chapter 2, and for PFT-based functional richness,
functional diversity and functional composition from Chapter 3. Modelling for all measures was based
on the same number of transects or plots and monitoring times, except for Eneabba plant density.
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Plant density at Eneabba was only recorded from 2004 onwards and therefore, modelling is for fewer
transects and monitoring times. Restoration measures were assigned to the categories of
predictability originally defined by Brudvig et al. (2017), and amended by Laughlin et al. (2017) (Table
2). Following Laughlin et al. (2017) and Abella et al. (2018), the amount of variance accounted for by
fixed effects was used to comment on the hierarchy of predictability.

TABLE 2 Restoration measures assessed for predictability and their assignment to the categories of
the Brudvig et al. (2017) hierarchy of predictability, and the category of ‘average functional traits’ as
added by Laughlin et al. (2017).

Hierarchy of predictability category Restoration measure
Physical structure Cover

Plant density
Taxonomic diversity Species richness

Species diversity
Functional diversity Functional richness

Functional diversity
Average functional traits AWM resprouter

AWM annual
AWM woody throughout
AWM no woodiness
AWM woody at base only
AWM miner
AWM symbiotic association
AWM nitrogen fixer
AWM no symbiotic association

Community composition Trait MDS axis 1
Trait MDS axis 2
Functional MDS axis 1
Functional MDS axis 2
Species MDS axis 1
Species MDS axis 2

RESULTS

Patterns

Using a space-for-time approach, there are clear patterns in the proportions of AWM trait states for
fire response, longevity, woodiness, and nutrient acquisition strategy over time (age in years since
establishment), with both sites demonstrating similar patterns and approaching native references (Fig.
1).  The exception at both sites is pseudo woody; this trait state is missing from almost all restoration
transects and plots at all ages and thus is not shown in Fig. 1.  However, it is present in notable
proportions at several reference transects and plots.  At Eneabba, the proportions of AWM trait states
for woodiness require 5 to 10 years to be comparable to references transects, those for fire response
and longevity 10 to 15 years, and for nutrient acquisition up to 20 years.  At Cooljarloo, AWM trait
state proportions for woodiness are comparable to native reference plots by 5 years, those for fire
response and longevity by 10 years, and for nutrient acquisition are not yet so (at 10 years). The
range of proportions of AWM for most trait states in the first 10 years is larger at Eneabba than at
Cooljarloo. At the individual transect and plot level (Appendix S3: Figs S1 to S8), proportions for all
AWM trait states show mostly consistent patterns over time which are largely in agreement with
space-for-time results.  LME analyses support space-for-time and transect/plot level results (Appendix
S3: Tables S3 and S4).
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FIGURE 1 Space-for-time patterns of abundance weighted mean traits state proportions (for trait state
abbreviations see Table 1) over time (age in years since establishment) for a, Eneabba restoration
transects (blue) compared against native reference transects (black), and b, for Cooljarloo restoration
plots (blue) compared against native reference plots (black). Transect area is 20 m2 and plot area 80
m2.  For Eneabba, transects impacted by fire (red) are identified and are designated as ‘burnt’ for 5
years after fire.
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At Eneabba, responses of restoration transects to fire appear to be broadly similar to those of native
reference transects for all AWM traits states when using a space-for-time approach.  A transect level
approach however, shows that the responses to fire of several AWM trait states (e.g., resprouter) are
mixed (Appendix S3: Figs S1 to S4).  LME modelling shows that fire is removed from the models for
several trait states (Appendix S3: Table S3).

A space-for-time approach shows AWM trait state composition of restoration transects and plots is
approaching that of native references by 10 to 15 years of age (Fig. 2).  A similar pattern is evident at
both sites. Younger restoration transects and plots are dissimilar to each other and to native
references but become more similar to each other and to native references over time.  However, at
Eneabba, this conclusion is based on a relatively small number of old transects that were not
monitored from a young age. Restoration transects and plots progress from proportionally annual,
non-woody systems to increasingly woody and resprouting ones, and shift from a dominance of
symbiotic nutrient acquisition strategies towards root-exudate based and non-specialised strategies.
However, restoration transects and plots from 1 to 3 years of age are highly variable, and can have
low proportions of annual, and high proportions of nitrogen fixer and symbiotic association trait
states. Miner and resprouter at Eneabba, and miner at Cooljarloo, are the trait states which
differentiate reference vegetation. The fitted vectors indicate that not all resprouters nor miners in
native vegetation are woody throughout, especially at Eneabba, but they are more likely to be so in
restored vegetation.

FIGURE 2 Non-metric multidimensional scaling showing space-for-time abundance weighted mean
trait state composition patterns for a, Eneabba restoration and native reference transects (20 m2), and
b, Cooljarloo restoration and native reference plots (80 m2). Vectors indicate fitted linear relationships
with trait state AWM values. For Eneabba, transects impacted by fire are identified and are designated
as ‘burnt’ for 5 years after fire.

At Eneabba, AWM trait state composition patterns with fire are mixed. Burnt outliers in Fig. 2 are
mostly transects at one or two years after fire, however transects three and four years after fire fit in
with the overall age pattern.  At a transect level, the trajectories of old burnt transects show a return
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to a trait state composition similar to that prior to burning whereas younger burnt transects do not
do so as yet (Appendix S3: Fig S9).

When comparing individual transects and plots within blocks to native references (Appendix S3: Figs.
S9 and S10), AWM trait state composition trajectories at both sites match with the patterns
demonstrated by the space-for-time approach.   Again, the two sites show a similar pattern, with this
pattern more obvious at Eneabba.  There is less change in trait state composition between monitoring
points at older ages even when affected by fire.  For Eneabba however, this result is also based on
relatively few old transects that were not monitored from an early age.  Within blocks, transects and
plots generally have similar trajectories.

Drivers

TABLE 3 The amount of variance (R2) in abundance weighted means proportions of traits states (see
Table 1) explained by the five potential driver variables (see Appendix S3: Tables S1 and S2) remaining
in the final LME models (see Appendix S3: Tables S3 and S4) which explain the greatest amount of
variance for each trait state at a, Eneabba, and b, Cooljarloo.

Abundance weighted mean trait state restoration measure
Driver variables Resp Ann W. all W. none W. base Miner Sym N. fix No sym

a Monitoring year 0.098 0.182 0.187 0.001 0.044 0.001 0.016 0.001
Age (yrs) 0.065 0.096 0.182 0.186 0.044 0.015
Planting (no. times planted) 0.036 0.085 0.122 0.122 0.006 < 0.001 0.035
Pre monitoring 'wetness' index (mm) 0.008 0.005 0.013 0.015 0.001 < 0.001
Presence of fire 0.001 0.009 0.008
Time since fire (yrs) 0.019 0.005
Depth to claypan (cm) 0.002 0.003
Average clay content of top 30 cm (%) < 0.001 < 0.001
Topsoil clay content (%) 0.002
Topsoil silt content (%) < 0.001
Topsoil total P content (mg / kg) < 0.001
Depth to hardpan (cm) < 0.001
Seeding < 0.001
Urea used with seeding < 0.001
Mulch (no. times applied) < 0.001
1st winter 'wetness' index (mm) < 0.001
Irrigation < 0.001

b Monitoring year 0.226 0.287 0.327 0.292 0.115 0.108 0.117 0.051 0.117
Age (yrs) 0.226 0.287 0.327 0.292 0.117 0.051 0.117
Pre monitoring 'wetness' index (mm) 0.052 0.051 0.002 0.024 0.024 0.007 0.024
High P fertiliser 0.001 < 0.001 < 0.001 < 0.001 < 0.001
1st winter 'wetness' index (mm) < 0.001 < 0.001 < 0.001 < 0.001
1st year winter spring rain (mm) < 0.001 < 0.001
Fertiliser rate (kg / ha) < 0.001 < 0.001
1st cut vegetation type DH < 0.001 < 0.001
2nd cut vegetation type DH < 0.001 < 0.001
Depth to water (m) < 0.001
Ripping depth (m) < 0.001
Dragging < 0.001
Fresh mulch vegetation type WW < 0.001
Fresh mulch vegetation type DH < 0.001



107

LME analyses indicate that many variables affect AWM trait-based measures (Appendix S3: Tables S3
and S4), but that no management or environmental variables emerge as dominant drivers at either
site (Table 3).  Age and monitoring year explain a comparatively large proportion of variance of all
AWM trait state proportions at Cooljarloo and for woodiness states at Eneabba.

FIGURE 3 Results of variation partition analyses showing the amount of variance explained by grouped
variables (adjusted R2 values of individual fractions) for abundance weighted means of nutrient
acquisition trait states at a, Eneabba, and b, 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). Variation partitioning results for fire response, longevity and woodiness are presented in
Appendix S3: Fig. S11.

The random variables of transect/plot, block and year of establishment account for most variation in
AWM trait state composition (highest R2 values) at Eneabba and Cooljarloo (Appendix S1: Tables S5
and S6). 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 trait state composition variation at both sites.
Variance partitioning of proportions of AWM trait states and composition using grouped variables (Fig.
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3, Appendix S3: Fig. S11) reveals random variables account for the greatest portion of variation, both
overall and on their own, except for woody throughout at Cooljarloo for which time variables have the
highest individual fraction.  Management practices and environmental variables explain notable total
fractions of variation at both sites, but the amount they uniquely explain is low. A comparatively high
proportion of variation for proportions of several trait states at both sites is explained by the
interaction of random variables and management practices (Fig. 3, Appendix S3: Fig. S11).

Predictability of AWM trait-based restoration measures

Results of variance partitioning of LME models at both sites (Fig. 4) show that AWM trait-based
restoration measures are variable in predictability, being both less or more predictable than structure-
, species- or PFT-based measures. Annual and woody throughout are the most predictable trait states
at both sites. Nutrient acquisition strategy trait state measures are more predictable at Cooljarloo
than at Eneabba.

FIGURE 4 Variance partitions of restoration measures of 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, AF = average
functional traits, CC = taxonomic composition) as hypothesised by Brudvig et al. (2017) and reported
by Laughlin et al. (2017).  *Eneabba plant density results are for data from 2004 onwards only.
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DISCUSSION

Patterns

Restoration transects at Eneabba and plots at Cooljarloo exhibit a similar successional progression
towards native references, with woody plants taking the place of annuals, an increasing ability to
resprout after fire, and a shift from a dominance of symbiotic nutrient acquisition strategies towards
strategies based on altered rhizosphere chemistry. However, the high variability in the proportions of
fire response, longevity and woodiness AWM trait states at a young age indicates that the initial
successional phase is also variable.  Successional progression may entail all trait states being present
from a young age, with subsequent changes in their AWM being due to shifts in species abundances
only (initial floristic composition; Egler, 1954) or new species and new trait states becoming
established over time (relay floristics; Clements, 1936). In either case, our results indicate that
vegetation recovery involves phases which, while perhaps ‘undesirable’ in themselves (many annual
herbs, dominance of symbiotic/nitrogen fixing strategies) given their lack of similarity to native
references, may actually represent natural succession processes for these sites. The prominence of
annuals shortly after disturbance is a well-known phenomenon (Grime, 1977). Several restoration
studies have also found vegetation recovery phases at intermediate ages in which nitrogen fixing
species, in particular Acacia spp., are prominent (Lubke, Avis, & Moll, 1996; Norman et al., 2006, Ngugi
& Neldner, 2015). Symbiotic/nitrogen fixer species are often seeders, and will therefore tend to have
large soil seedbanks at both sites. They are more likely to respond to disturbance such as soil
movement by germinating in greater numbers, as well as exhibiting faster growth than other
species/strategies (Bellairs & Bell, 1993).

Changes in AWM trait state proportions over time may indicate that soil conditions in restoration
transects and plots also change over time. The large proportions of annual and no woodiness trait
states in the first few years after establishment may be due to annual herbs being able to establish
and grow quickly, taking advantage of nutrients from fertiliser application. The persistence of a small
proportion of annual and no woodiness trait states in restoration transects and plots to 10 years of
age is in contrast to native reference vegetation, and may indicate the medium-term maintenance of
pools of elevated nutrients perhaps around larger, woodier plants, or small-scale soil perturbation due
to animal activity or mortality of larger plants. The change in the dominance of nutrient acquisition
strategies may be due to changes over time in soil phosphorus. For example, as readily available forms
of phosphorus from fertiliser application decrease (immobilised or leached), proportions of the miner
nutrient acquisition strategy increase because they can acquire immobilised phosphorus through root
exudates (Lambers, Raven, Shaver, & Smith, 2008).  Changes in soil nutrients could in turn be affected
by the establishment and death of plants with particular traits. An increase in the proportion of
nitrogen fixer strategy would result in increased soil nitrogen and conversely, its decrease to a
decrease in nitrogen. Investigation into changes in soil conditions, and the role of plant-soil feedbacks
over time at the transect and plot level would aid in the interpretation of patterns of recovery.

That certain trait states present in reference vegetation are missing from restored vegetation or are
in smaller proportions in younger restoration transects and plots than in older ones, may indicate that
certain trait states and probably certain species require a long time to establish and grow in restored
vegetation. For example, species characterised as pseudo woody, such as those of the genera
Xanthorrhoea and Kingia, which grow extremely slowly (Lamont & Downes, 1979), are iconic
components of certain types of kwongan vegetation at both sites and yet are notably absent from
almost all restoration transects and plots. At Eneabba, the higher proportion of miner and resprouter
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trait states in older transects and reference vegetation is likely to be partly due to slow growing species
with these traits, such as many species of Banksia, attaining maturity. In native reference vegetation
in particular, the higher proportion of these traits are also likely due to the presence of sedge and rush
species, which are difficult to return to restored areas (Meney & Dixon, 1988; Koch, 2007) due to their
poor seed set and viability (Bell, Plummer, & Taylor, 1993). At Cooljarloo, older plots and reference
vegetation have lower proportions of the resprouter trait state than at Eneabba.  This could be due to
the cover of resprouters in restoration plots still being small due to their younger age.  Alternatively,
since at least some reference vegetation plots at Cooljarloo have a lower proportion of the resprouter
strategy and conversely, higher proportions of seeder strategy, this may indicate kwongan vegetation
types associated with wetter, less fire-prone conditions.

At Eneabba, the differences between AWM trait state composition after fire of younger and older
restoration transects is likely due to the greater proportion of the resprouter trait state, and the
capacity of older and larger resprouter plants to resprout (Herath & Lamont, 2009).  This allows for a
faster return to pre-fire composition, a key response of native reference vegetation to fire (Bell,
Hopkins & Pate, 1984; Bell, 2001). Resprouter plants in younger restoration transects are smaller and
more likely to be killed by fire. The spikes in annual and woody at base only trait states in restoration
transects in the four years after fire, further reflect a response 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 similarity in AWM trait patterns described using space-for-time, transect/plot level, and statistical
methods, and the similarity in patterns between the two sites, is stronger than for species- and PFT-
based patterns (Chapters 2 and 3). This reflects the more fundamental plant-environment
relationships depicted by an AWM trait approach, and the removal of the redundancy involved when
using species and, to a lesser extent, PFT identities as well as the resulting reduction in dimensionality
of species x site data.

Potential drivers

That no management practices or environmental variables were found to be salient drivers of AWM
trait-based measures, supports similar species- and PFT-based results (Chapters 2 and 3). Also
similarly to species- and PFT-based results, random variables representing temporal and spatial
variability and correlation account for a large proportion of variation in AWM trait-based restoration
measures.  These results suggest that a) one or more major driver variables have not been captured;
b) driver variables have interactive effects which could not be accounted for in this study; c)
environmental gradients and gradients created by management practices at each site are too shallow,
or d) driver variables are inherently confounded (Chapter 2).  Irrespectively, this study indicates a large
degree of spatial and temporal stochasticity in the vegetation dynamics at both sites.

The lack of identified major drivers and the importance of random effects may indicate that the AWM
trait approach is not more effective than a species- or PFT-based approach at predicting restoration
trajectories.  Traits 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 not entirely correct.  This raises an interesting conundrum as to how to functionally
assess restoration against native reference vegetation if they are indeed subject to different stresses.
Additionally, other factors influencing vegetation dynamics such as priority effects (in the form of
topsoil propagules, seeding and planting lists), plant-plant, plant-animal, and plant-microbe
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interactions, germination triggers, soil erosion and soil compaction, or extreme weather events, and
the traits associated with responses to these, may be important to consider in the prediction of
restoration outcomes.

The notable effect of age on several AWM trait-based restoration measures at both sites implies that
management practices are creating conditions which allow for at least partial recovery of vegetation
over time.  The smaller effect of age at Eneabba is likely due the larger variation of proportions of
AWM trait states, particularly in the first 10 years. This in turn, is likely a result of a greater number
of changes in management practices due to the longer time frame. The notable effect of monitoring
year at Cooljarloo 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.

Predictability of AWM trait-based restoration measures

AWM trait-based restoration measures are not uniformly more or less predictable than structural-,
species- or PFT-based measures, perhaps due to the traits selected not being optimally predicted by
the explanatory variables selected for this study. Even in a study such as this, where an extensive
number of variables have been captured, it is possible that the hierarchy of Laughlin et al. (2017)
(physical structure > taxonomic diversity > functional diversity > average functional traits > community
composition) is not evident because important predictor variables are missing. Differences to the
findings of Laughlin et al. (2017) may also be due to management practices at both Eneabba and
Cooljarloo being almost entirely aimed at the re-establishment of vegetation, with no (or little)
ongoing management, while the study of Laughlin et al. (2017) includes management practices that
relate to ongoing intervention through time (recurrent prescribed burning). The latter may result in a
stronger effect of management practices, and hence greater predictability, of AWM trait-based
restoration outcomes. Additionally, residual portions of the variation in AWM trait-based restoration
measures may be due to stochastic processes such as priority effects, particularly at a young age when
variation is greatest.

The high predictability of annual and woody throughout trait states at both sites supports the patterns
of recovery described and the importance of age for cover, in that management practices and time
are allowing for the return of shrubland vegetation. The greater predictability of nutrient acquisition
strategy trait states at Cooljarloo may be due to the shorter timeframe involved and thus, less turnover
in trait states over time, and or fewer changes in management practices.

CONCLUSIONS

An AWM trait-based approach is complementary to describing species and PFT-based patterns of
vegetation recovery and can better inform the successional progression of restored species-rich
shrublands. The effect of deviation from average successional phases on restoration measures needs
to be investigated.  Particularly in species-rich systems, where species-level analysis is challenging, a
trait-based approach can inform what aspects of species ecologies make it easy or difficult for them
to establish. A trait-based approach allows for generalisations of patterns at the regional level and
thus broadens the application of findings to other restoration sites. The difficulty in identifying long
term drivers may be resolved by an experimental approach, in particular one capturing changes in
environmental conditions (e.g., soil nutrients) over time at the transect and plot level, or developing
analyses which include the effect of additional management practices (e.g., seeding and planting lists).
However, the importance of stochastic processes and hence, unaccounted-for-variation may have to
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be accepted and incorporated into management plans and restoration targets. Interpretation of both
AWM trait-based patterns and drivers of vegetation recovery would facilitated by the analysis of
species and PFT profiles and turnover over time.
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APPENDIX S3: SUPPLEMENTARY METHODS AND RESULTS

TABLE S1

Variables used for LME and permutational multivariate analysis of variance analyses, and their group assignment for
variance partitioning analyses, for drivers of AWM trait state restoration measures at Eneabba (see 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 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 stabilisation 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. 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)
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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)

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 phosphorous 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 S2

Variables used for LME and permutational multivariate analysis of variance analyses, and their group assignment for
variance partitioning analyses, for drivers of AWM trait state restoration measures at Cooljarloo (see 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 S1) was applied

2nd cut vegetation type Management
Whether or not 2nd cut (Table S1) 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 (Table S1) was stockpiled prior to application
1st cut depth (cm) Management Depth at which 1st cut (Table S1) was applied

1st cut vegetation type Management
Whether or not 1st cut (Table S1) 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 S1) 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 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)
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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 (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 S1 and S2 References
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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.
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FIGURE S1

Fire response trait patterns at Eneabba shown as the abundance weighted mean proportion of resprouter recorded at
each monitoring time for each transect by year of establishment (for definition of resprouter see Methods). Transects
impacted by fire are identified and are designated as ‘burnt’ for 5 years after fire.
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FIGURE S2

Longevity response trait patterns at Eneabba shown as the abundance weighted mean proportion of annual recorded
at each monitoring time for each transect by year of establishment (for definition of annual see Methods).  Transects
impacted by fire are identified and are designated as ‘burnt’ for 5 years after fire.
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FIGURE S3

Woodiness response trait patterns at Eneabba shown as the abundance weighted mean proportion of trait states at
each monitoring time for each transect by year of establishment (for definition of trait states see Methods).
Woodiness trait states are mutually exclusive. Transects impacted by fire are identified and are designated as ‘burnt’
for 5 years after fire.
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FIGURE S4

Nutrient acquisition strategy response trait patterns at Eneabba shown as the abundance weighted mean proportions
of trait states at each monitoring time for each transect by year of establishment (for definition of trait states see
Methods). Nutrient acquisition strategy trait states of symbiotic association and no symbiotic association are mutually
exclusive, with nitrogen fixer a subset of symbiotic association. Miner can also be any of the other three states.
Transects impacted by fire are identified and are designated as ‘burnt’ for 5 years after fire.
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FIGURE S5

Fire response trait patterns at Cooljarloo shown as the abundance weighted mean proportion of resprouter recorded
at each monitoring time for each plot by year of establishment (for definition of resprouter see Methods).
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FIGURE S6

Longevity response trait patterns at Cooljarloo shown as the abundance weighted mean proportion of annual recorded
at each monitoring time for each plot by year of establishment (for definition of annual see Methods).
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FIGURE S7

Woodiness response trait patterns at Cooljarloo shown as the abundance weighted mean proportion of trait states at
each monitoring time for each plot by year of establishment (for definition of trait states see Methods). Woodiness
trait states are mutually exclusive.
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FIGURE S8

Nutrient acquisition strategy response trait patterns at Cooljarloo shown as the abundance weighted mean proportion
of trait states at each monitoring time for each plot by year of establishment (for definition of trait states see Methods).
Nutrient acquisition strategy trait states of symbiotic association and no symbiotic association are mutually exclusive,
with nitrogen fixer a subset of symbiotic association. Miner can also be any of the other three states.
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FIGURE S9

Non-metric multidimensional scaling showing trait state composition trajectories of restoration transects at Eneabba
per block by year of establishment against composition of all native reference transects. Transects impacted by fire
are identified and are designated as ‘burnt’ for 5 years after fire.
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FIGURE S10

Non-metric multidimensional scaling showing trait state 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 functional trait state AWM restoration measures, 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 model but removed in order to improve model fit via AIC.  Grey shading indicates variables not included in initial models (Chapter 2).

ENEABBA logit AWM RESPROUTER logit AWM ANNUAL logit AWM WOODY THROUGHOUT logit AWM WOODY AT BASE ONLY logit AWM NO WOODINESS
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 Value Std.Error DF t-value p-value
Intercept -12.2276 5.5048 407 -2.2213 0.0269 -364.3049 ######## 404 -3.4694 0.0006 -314.3451 60.3418 406 -5.2094 <0.0001 335.2442 59.7542 409 5.6104 <0.0001 23058.1947 14518.2369 406 1.5882 0.1130
Monitoring year 0.1822 0.0519 404 3.5114 0.0005 0.1673 0.0306 406 5.4696 <0.0001 -0.1686 0.0295 409 -5.7088 <0.0001 -23.2261 14.4730 406 -1.6048 0.1093
Monitoring year2 0.0058 0.0036 406 1.6072 0.1088
Age (years) 0.2444 0.0206 407 11.8806 <0.0001 -0.6886 0.0581 404 -11.8540 <0.0001 0.3014 0.0349 406 8.6322 <0.0001 -0.5144 0.1012 406 -5.0850 <0.0001
Age (years)2 -0.0060 0.0006 407 -10.2236 <0.0001 0.0108 0.0010 404 11.2159 <0.0001 -0.0093 0.0008 406 -11.8050 <0.0001 0.0100 0.0008 406 12.5943 <0.0001
Time since fire (years) 3.8228 0.6457 409 5.9204 <0.0001
Time since fire (years)2 -0.2232 0.0374 404 -5.9757 <0.0001 -0.6523 0.0870 409 -7.5014 <0.0001
Presence of fire -4.9980 1.1608 404 -4.3058 <0.0001 -0.8893 0.2881 406 -3.0870 0.0022
Disturbed profile -0.4120 0.2759 46 -1.4933 0.1422 0.5055 0.2987 44 1.6920 0.0977 -0.4022 0.2648 43 -1.5189 0.1361 0.4001 0.2830 40 1.4139 0.1651
1st cut used -0.9650 0.5702 44 -1.6925 0.0976 -1.0630 0.5117 45 -2.0772 0.0435 3.5613 1.1234 43 3.1702 0.0028
2nd cut used 0.6795 0.3172 44 2.1427 0.0377 1.1212 0.6821 43 1.6438 0.1075 0.5380 0.3816 42 1.4099 0.1659
Crop post topsoil 1.1358 0.5550 44 2.0465 0.0467 1.7873 0.6758 44 2.6448 0.0113 -0.8964 0.3841 45 -2.3335 0.0242 -3.6435 1.1547 43 -3.1554 0.0029 2.5131 0.7420 42 3.3869 0.0015
Seeding -5.5425 1.2127 44 -4.5703 <0.0001 -18.1044 4.2086 44 -4.3018 0.0001 11.5815 4.0635 43 2.8501 0.0067 -26.5527 11.0421 42 -2.4047 0.0207
High P seeding fertiliser 3.2565 1.3853 44 2.3507 0.0233 10.6405 2.7006 44 3.9401 0.0003 -4.4859 2.6713 43 -1.6793 0.1003 13.7145 6.5337 42 2.0990 0.0419
Low P seeding fertiliser 2.1030 1.2318 14 1.7073 0.1098 -6.1291 0.8548 15 -7.1706 <0.0001 3.3241 1.4094 9 2.3585 0.0427
Muriate used with seeding -7.4533 1.5267 44 -4.8818 <0.0001 5.1651 0.8525 45 6.0586 <0.0001 -13.4580 4.3676 42 -3.0813 0.0036
Agran used with seeding -1.5174 0.6447 45 -2.3535 0.0230 4.3218 1.2732 43 3.3945 0.0015 1.3967 0.7892 42 1.7696 0.0840
Urea used with seeding -3.1396 1.4575 12 -2.1541 0.0523 -21.1271 5.4958 14 -3.8442 0.0018 13.4893 6.0202 13 2.2407 0.0431 -33.4510 14.2765 9 -2.3431 0.0438
Seeding fertiliser rate (kg / ha) 0.0862 0.0231 14 3.7293 0.0022 -0.0587 0.0256 13 -2.2953 0.0390 0.1357 0.0547 9 2.4786 0.0351
Seed smoking 2.8753 1.1804 44 2.4360 0.0190 19.2684 4.3316 44 4.4483 0.0001 -0.9750 0.2308 45 -4.2249 0.0001 -12.8547 4.0465 43 -3.1767 0.0028 27.5379 11.2064 42 2.4573 0.0182
Planting (no. times planted) -0.3004 0.2171 407 -1.3836 0.1672 -1.0695 0.3234 404 -3.3066 0.0010 0.4622 0.1363 406 3.3918 0.0008 0.4785 0.2862 409 1.6717 0.0953 -0.5900 0.1704 406 -3.4635 0.0006

Planting (no. times planted)2 0.2043 0.0834 407 2.4488 0.0148 0.2530 0.1449 404 1.7454 0.0817
Mulch (no. times applied) 7.0924 1.4155 44 5.0104 <0.0001 -4.8861 0.8684 45 -5.6265 <0.0001 -2.1357 0.5253 43 -4.0657 0.0002 14.0876 3.8074 42 3.7001 0.0006

Mulch (no. times applied)2 -0.8701 0.1773 44 -4.9064 <0.0001 0.5553 0.1151 45 4.8261 <0.0001 -1.6073 0.4522 42 -3.5547 0.0010
Irrigation -2.8584 0.8427 44 -3.3920 0.0015 -1.7592 1.1445 44 -1.5372 0.1314 6.2653 2.0139 43 3.1111 0.0033 -5.5985 2.0563 42 -2.7226 0.0094
Removal of Rye crop 1.0194 0.4495 44 2.2679 0.0283
Removal of Veldt grass 0.7110 0.3784 43 1.8788 0.0671 -0.6488 0.3919 40 -1.6554 0.1057
Removal of A. blakelyi
Depth to hardpan (cm) -0.0102 0.0027 46 -3.7361 0.0005 0.0704 0.0205 44 3.4305 0.0013 -0.0518 0.0161 43 -3.2256 0.0024 0.0085 0.0055 44 1.5519 0.1278 0.0498 0.0179 40 2.7804 0.0082

Depth to hardpan (cm)2 -0.0003 0.0001 44 -3.6153 0.0008 0.0002 0.0001 43 3.3817 0.0015 -0.0002 0.0001 40 -2.9255 0.0056
Depth to claypan (cm) 0.0048 0.0024 44 1.9560 0.0568 -0.0036 0.0017 43 -2.1323 0.0387 0.0039 0.0022 40 1.7465 0.0884

Depth to claypan (cm)2

Coarse fragment layer -0.3752 0.2292 46 -1.6368 0.1085 -0.7419 0.2263 43 -3.2777 0.0021 0.6710 0.2441 40 2.7488 0.0089
Average clay content of top 30 cm (%) 0.0362 0.0212 44 1.7025 0.0957 0.0860 0.0538 40 1.5991 0.1177
Average clay content of top 30 cm (%)2 -0.0024 0.0011 40 -2.2123 0.0327
1st year winter spring rain (mm) 0.1813 0.0428 12 4.2374 0.0012 0.0075 0.0032 14 2.3232 0.0357 -0.0261 0.0066 15 -3.9477 0.0013 0.0139 0.0052 13 2.6713 0.0192 0.0454 0.0153 9 2.9751 0.0156
1st year winter spring rain (mm)2 -0.0003 0.0001 12 -4.3588 0.0009
1st year summer autumn rain (mm) 0.0772 0.0233 12 3.3127 0.0062 0.0327 0.0082 13 3.9942 0.0015 -0.0354 0.0181 9 -1.9502 0.0829
1st year summer autumn rain (mm)2 -0.0005 0.0001 12 -4.9809 0.0003
1st winter 'wetness' index (mm) -0.1148 0.0503 12 -2.2810 0.0416 0.1122 0.0302 15 3.7100 0.0021 -0.7104 0.2453 9 -2.8959 0.0177
1st winter 'wetness' index (mm)2 -0.0045 0.0017 9 -2.7432 0.0227
1st summer 'wetness' index (mm) 0.1673 0.0391 12 4.2800 0.0011 -2.1256 0.8795 9 -2.4168 0.0388
1st summer 'wetness' index (mm)2 -0.0069 0.0029 9 -2.4021 0.0398
2nd winter 'wetness' index (mm) 0.0556 0.0113 14 4.9126 0.0002 -0.0446 0.0096 15 -4.6231 0.0003 0.1270 0.0213 13 5.9506 <0.0001 0.0471 0.0119 9 3.9513 0.0033
Pre monitoring 'wetness' index (mm) -0.0161 0.0047 407 -3.4062 0.0007 0.0203 0.0077 404 2.6289 0.0089 -0.0085 0.0061 406 -1.3901 0.1653 0.0130 0.0068 406 1.9137 0.0564
Pre monitoring 'wetness' index (mm)2 0.0009 0.0002 407 4.2538 <0.0001 -0.0011 0.0004 404 -3.1433 0.0018 0.0006 0.0003 406 2.2453 0.0253 -0.0008 0.0003 406 -2.6128 0.0093
Length of 1st summer drought (months) -0.9699 0.2226 12 -4.3578 0.0009 0.8138 0.2062 14 3.9461 0.0015 -0.7035 0.1515 15 -4.6431 0.0003 -13.7068 2.0826 13 -6.5814 <0.0001 0.6911 0.2498 9 2.7668 0.0219
Length of 1st summer drought (months)2 2.0947 0.3007 13 6.9655 <0.0001
Topsoil clay content (%) -0.2813 0.1036 44 -2.7142 0.0095 0.2361 0.0815 43 2.8961 0.0059 -0.4797 0.1897 44 -2.5282 0.0151 -0.1548 0.0971 40 -1.5935 0.1189
Topsoil clay content (%)2

Topsoil silt content (%) 1.5825 0.8535 44 1.8541 0.0704
Topsoil silt content (%)2 -0.6328 0.3982 44 -1.5892 0.1192
Topsoil total P content (mg / kg) 0.0027 0.0010 43 2.7791 0.0081 -0.0080 0.0020 44 -3.9715 0.0003 -0.0020 0.0011 40 -1.8560 0.0708
Topsoil total P content (mg / kg)2

Exchangeable Na (%) 0.1163 0.0234 46 4.9663 <0.0001 0.0821 0.0500 44 1.6406 0.1080
Exchangeable Na (%)2

Elevation (m) 0.1161 0.0422 46 2.7549 0.0084 -0.1157 0.0445 44 -2.6004 0.0126 0.0237 0.0051 43 4.6419 <0.0001 0.2092 0.0868 44 2.4099 0.0202 -0.1374 0.0521 40 -2.6358 0.0119
Elevation (m)2 -0.0006 0.0002 46 -2.6466 0.0111 0.0004 0.0003 44 1.7200 0.0925 -0.0009 0.0005 44 -1.8551 0.0703 0.0006 0.0003 40 2.0185 0.0503
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TABLE S4 (continued)

ENEABBA logit AWM MINER logit AWM SYMBIOTIC ASSOCIATION logit AWM NITROGEN FIXER logit AWM NO  SYMBIOTIC ASSOCIATION
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 12568.8145 7644.0778 405 1.6443 0.1009 ########### 6271.0051 406 -3.0031 0.0028 -216.8646 90.6797 406 -2.3915 0.0172 26731.6694 6347.1426 406 4.2116 <0.0001
Monitoring year -12.4108 7.6157 405 -1.6296 0.1040 18.7459 6.2464 406 3.0011 0.0029 0.1792 0.0420 406 4.2722 <0.0001 -26.5676 6.3244 406 -4.2008 <0.0001
Monitoring year2 0.0031 0.0019 405 1.6156 0.1070 -0.0046 0.0016 406 -2.9848 0.0030 0.0066 0.0016 406 4.1780 <0.0001
Age (years) 0.3632 0.0296 405 12.2639 <0.0001 -0.2082 0.0274 406 -7.5857 <0.0001 -0.1455 0.0472 406 -3.0796 0.0022 0.2478 0.0255 406 9.7009 <0.0001
Age (years)2 -0.0066 0.0004 405 -14.7128 <0.0001 0.0028 0.0004 406 7.5664 <0.0001 -0.0010 0.0006 406 -1.7394 0.0827 -0.0027 0.0004 406 -7.0116 <0.0001
Time since fire (years) 0.2181 0.0691 405 3.1547 0.0017 1.1909 0.2384 406 4.9957 <0.0001
Time since fire (years)2 -0.1780 0.0333 406 -5.3479 <0.0001
Presence of fire 0.9219 0.3163 405 2.9147 0.0038 0.3745 0.1240 406 3.0191 0.0027 -0.4472 0.1324 406 -3.3764 0.0008
Disturbed profile -0.9513 0.2614 41 -3.6395 0.0008
1st cut used
2nd cut used
Crop post topsoil -1.7073 0.6418 47 -2.6602 0.0106
Seeding 3.0591 1.2564 47 2.4348 0.0188 -9.9321 1.9595 47 -5.0687 <0.0001 12.1980 2.1937 47 5.5605 <0.0001
High P seeding fertiliser -3.2510 0.9781 47 -3.3240 0.0017 3.5393 1.0059 47 3.5184 0.0010 -6.1080 1.2336 47 -4.9515 <0.0001
Low P seeding fertiliser -6.0038 0.7600 10 -7.8998 <0.0001
Muriate used with seeding 1.5527 0.6756 47 2.2982 0.0260 -2.3009 0.8793 47 -2.6168 0.0119 3.8377 0.8695 47 4.4137 0.0001
Agran used with seeding
Urea used with seeding 4.0106 1.4724 15 2.7238 0.0157 -12.3849 2.2873 9 -5.4147 0.0004 -4.1927 1.1437 10 -3.6659 0.0043 14.7512 2.5542 14 5.7754 <0.0001
Seeding fertiliser rate (kg / ha) -0.0117 0.0070 15 -1.6672 0.1162 0.0621 0.0109 9 5.6882 0.0003 0.0265 0.0067 10 3.9425 0.0028 -0.0622 0.0114 14 -5.4639 0.0001
Seed smoking -3.2745 1.1984 47 -2.7323 0.0088 8.3841 1.7108 47 4.9006 <0.0001 1.4401 0.5585 47 2.5787 0.0131 -10.7652 1.9551 47 -5.5061 <0.0001
Planting (no. times planted) -0.2841 0.2001 405 -1.4197 0.1565 0.5611 0.1132 406 4.9571 <0.0001 0.8526 0.1709 406 4.9877 <0.0001
Planting (no. times planted)2 -0.1143 0.0707 405 -1.6164 0.1068 -0.2771 0.0463 406 -5.9794 <0.0001
Mulch (no. times applied) -1.1483 0.3290 47 -3.4908 0.0011
Mulch (no. times applied)2

Irrigation 4.7645 0.9981 47 4.7736 <0.0001 0.7864 0.5409 47 1.4539 0.1526
Removal of Rye crop -0.8094 0.4709 47 -1.7189 0.0922
Removal of Veldt grass 0.7309 0.3344 41 2.1856 0.0346
Removal of A. blakelyi 0.7101 0.3664 47 1.9380 0.0586 0.8212 0.4858 47 1.6905 0.0976
Depth to hardpan (cm) -0.0078 0.0030 41 -2.6112 0.0125 0.0066 0.0020 41 3.3346 0.0018 0.0107 0.0037 48 2.8566 0.0063 -0.0061 0.0020 43 -2.9786 0.0047
Depth to hardpan (cm)2

Depth to claypan (cm) -0.0168 0.0095 41 -1.7600 0.0859
Depth to claypan (cm)2 0.0001 0.0000 41 1.8953 0.0651
Coarse fragment layer -0.4144 0.2260 41 -1.8334 0.0740
Average clay content of top 30 cm (%) 0.1125 0.0550 41 2.0451 0.0473 -0.1353 0.0330 41 -4.0970 0.0002 0.1266 0.0366 43 3.4582 0.0012
Average clay content of top 30 cm (%)2 -0.0039 0.0010 41 -4.0119 0.0002 0.0038 0.0007 41 5.4620 <0.0001 -0.0035 0.0007 43 -4.7409 <0.0001
1st year winter spring rain (mm) -0.0134 0.0056 15 -2.3985 0.0299 0.1023 0.0492 9 2.0766 0.0676 -0.1969 0.0526 10 -3.7411 0.0038
1st year winter spring rain (mm)2 -0.0001 0.0001 9 -2.0371 0.0721 0.0002 0.0001 10 3.0673 0.0119
1st year summer autumn rain (mm) 0.2568 0.0453 9 5.6732 0.0003 0.0859 0.0163 10 5.2776 0.0004 -0.1882 0.0328 14 -5.7327 0.0001
1st year summer autumn rain (mm)2 -0.0011 0.0002 9 -5.2392 0.0005 0.0008 0.0001 14 5.3705 0.0001
1st winter 'wetness' index (mm) 0.0700 0.0270 15 2.5958 0.0203 -0.0751 0.0486 9 -1.5455 0.1566 0.3606 0.0787 10 4.5806 0.0010
1st winter 'wetness' index (mm)2

1st summer 'wetness' index (mm) 1.5953 0.4150 9 3.8438 0.0039 1.4424 0.3644 10 3.9578 0.0027 -1.1706 0.2653 14 -4.4118 0.0006
1st summer 'wetness' index (mm)2 0.0054 0.0013 9 3.9986 0.0031 0.0055 0.0012 10 4.5967 0.0010 -0.0039 0.0009 14 -4.4689 0.0005
2nd winter 'wetness' index (mm)
Pre monitoring 'wetness' index (mm) 0.0051 0.0032 406 1.5887 0.1129 0.0032 0.0020 406 1.6006 0.1103

Pre monitoring 'wetness' index (mm)2 -0.0002 0.0001 406 -2.0422 0.0418
Length of 1st summer drought (months) 0.2316 0.1106 15 2.0936 0.0537 -3.4086 1.2966 9 -2.6288 0.0274 1.3965 0.2993 10 4.6658 0.0009

Length of 1st summer drought (months)2 0.4754 0.1767 9 2.6906 0.0248
Topsoil clay content (%) 0.6384 0.1964 41 3.2499 0.0023 -0.5847 0.2126 43 -2.7500 0.0087

Topsoil clay content (%)2 -0.0945 0.0350 41 -2.7013 0.0100 0.0946 0.0386 43 2.4499 0.0184
Topsoil silt content (%) 0.2548 0.1256 41 2.0287 0.0490

Topsoil silt content (%)2

Topsoil total P content (mg / kg) 0.0075 0.0023 41 3.2479 0.0023 -0.0053 0.0021 41 -2.5566 0.0144 0.0044 0.0021 43 2.0721 0.0443

Topsoil total P content (mg / kg)2 0.0000 0.0000 41 -2.5277 0.0154 0.0000 0.0000 41 2.2372 0.0308 0.0000 0.0000 43 -1.6150 0.1136
Exchangeable Na (%) 0.1958 0.0507 41 3.8610 0.0004 -0.1303 0.0392 41 -3.3262 0.0019 -0.0896 0.0302 48 -2.9631 0.0047 0.1019 0.0396 43 2.5734 0.0136

Exchangeable Na (%)2 -0.0040 0.0015 41 -2.6253 0.0121 0.0025 0.0012 41 2.1511 0.0374 -0.0019 0.0012 43 -1.5569 0.1268
Elevation (m) -0.1584 0.0552 48 -2.8724 0.0060

Elevation (m)2 0.0009 0.0003 48 2.8979 0.0056
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TABLE S5

Result of LME analyses for potential drivers of functional trait state AWM restoration measures, 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 in initial models (Chapter 2).

COOLJARLOO logit AWM RESPROUTER logit AWM ANNUAL logit AWM WOODY THROUGHOUT logit AWM NO WOODINESS logit AWM WOODY AT BASE 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 Value Std.Error DF t-value p-value
Intercept 164.6336 115.5685 453 1.4246 0.1550 108783.3716 13356.1206 453 8.1448 <0.0001 -37926.0990 10899.0326 452 -3.4798 0.0006 47980.7984 10894.0750 453 4.4043 <0.0001 -49059.6530 15961.8566 455 -3.0736 0.0022
Monitoring year -0.1193 0.0578 453 -2.0648 0.0395 -108.6779 13.2999 453 -8.1713 <0.0001 37.6175 10.8534 452 3.4660 0.0006 -47.9311 10.8457 453 -4.4193 <0.0001 50.5981 15.8809 455 3.1861 0.0015
Monitoring year2 0.0271 0.0033 453 8.1995 <0.0001 -0.0093 0.0027 452 -3.4548 0.0006 0.0120 0.0027 453 4.4366 <0.0001 -0.0127 0.0040 455 -3.2055 0.0014
Age (years) 0.5948 0.0653 453 9.1101 <0.0001 -1.0281 0.0990 453 -10.3826 <0.0001 0.5253 0.1048 452 5.0116 <0.0001 -0.8172 0.1407 453 -5.8062 <0.0001
Age (years)2 -0.0269 0.0027 453 -10.0874 <0.0001 0.0240 0.0055 453 4.3905 <0.0001 -0.0327 0.0042 452 -7.7579 <0.0001 0.0334 0.0045 453 7.4398 <0.0001
Horizon 2 material -C1OB (against C1/2OB) 0.2893 1.1636 25 0.2486 0.8057 0.9986 0.7871 14 1.2687 0.2252 -2.3286 0.7968 15 -2.9224 0.0105 1.0081 2.0588 16 0.4897 0.6310
Horizon 2 material -C2/3OB (against C1/2OB) 1.7715 0.7785 25 2.2754 0.0317 0.9733 0.5764 14 1.6886 0.1134 -1.9525 0.6426 15 -3.0386 0.0083 -3.3923 1.5208 16 -2.2306 0.0404
Horizon 2 material -C1tails (against C1/2OB) 1.3729 0.8140 25 1.6867 0.1041 0.6789 0.5939 14 1.1431 0.2722 -1.8260 0.6066 15 -3.0102 0.0088 0.4006 1.5336 16 0.2612 0.7972
Horizon 2 material -C2slimes (against C1/2OB) -0.7357 1.2956 56 -0.5678 0.5724 2.2164 0.8454 51 2.6218 0.0115 -3.1079 0.9462 51 -3.2847 0.0018 -1.0292 2.3352 50 -0.4407 0.6613
Horizon 2 material -C1mix (against C1/2OB) 1.4174 1.1105 25 1.2764 0.2135 1.9981 0.7502 14 2.6633 0.0185 -2.7438 0.7743 15 -3.5437 0.0029 -4.1619 1.9408 16 -2.1445 0.0477
Horizon 2 material -C2mix (against C1/2OB) 3.0533 0.9672 56 3.1568 0.0026 1.6719 0.7052 51 2.3707 0.0216 -2.0192 0.7583 51 -2.6627 0.0103 -4.4539 1.9865 50 -2.2421 0.0294
Horizon 2 material -NG (against C1/2OB) 1.0476 0.8510 25 1.2311 0.2298 0.5853 0.6497 14 0.9009 0.3829 -1.8169 0.6908 15 -2.6302 0.0189 0.5807 1.7028 16 0.3410 0.7375
Depth to water (m) -0.0824 0.0391 25 -2.1070 0.0453 0.0611 0.0302 14 2.0239 0.0625 -0.1884 0.0790 16 -2.3839 0.0299
Depth to water (m)2 0.0027 0.0012 25 2.1999 0.0373 -0.0018 0.0009 14 -2.0536 0.0592 0.0046 0.0024 16 1.9607 0.0676
Ameliorant 0.5232 0.3295 25 1.5875 0.1250
2nd cut depth (cm) -0.0061 0.0021 30 -2.9589 0.0060 0.0143 0.0041 25 3.4691 0.0019 -0.0326 0.0111 14 -2.9373 0.0108 0.0781 0.0240 15 3.2555 0.0053 0.0416 0.0110 16 3.7703 0.0017
2nd cut depth (cm)2 0.0001 <0.0001 14 1.7078 0.1097 -0.0002 0.0001 15 -2.7668 0.0144
2nd cut vegetation type DW 2.7100 0.6823 14 3.9718 0.0014 -5.5286 1.8259 15 -3.0279 0.0085 -13.9528 2.9990 16 -4.6525 0.0003
2nd cut vegetation type WW -0.5566 0.2598 30 -2.1428 0.0404 -1.4509 0.5479 25 -2.6483 0.0138 2.4117 0.5173 14 4.6625 0.0004 -5.2380 1.3460 15 -3.8916 0.0014 -6.1699 1.6172 16 -3.8152 0.0015
2nd cut vegetation type DH -2.2150 0.5713 25 -3.8773 0.0007 1.1290 0.5341 14 2.1140 0.0529 -4.4980 1.3286 15 -3.3856 0.0041 -3.2124 1.4114 16 -2.2760 0.0369
2nd cut vegetation type WH -1.1306 0.3437 51 -3.2892 0.0018 -0.7223 0.2501 56 -2.8879 0.0055 -4.1009 1.6121 51 -2.5438 0.0140 -4.0795 2.2053 50 -1.8498 0.0703
2nd cut vegetation type Wet -1.7351 0.5885 14 -2.9486 0.0106 0.5559 0.3031 15 1.8341 0.0866 2.8732 1.5131 16 1.8989 0.0758
Ripping depth (m) -0.3614 0.2744 30 -1.3170 0.1978 -9.2194 1.4587 25 -6.3204 <0.0001 22.3079 5.0712 14 4.3989 0.0006 -12.1983 5.6796 15 -2.1477 0.0485 -43.4866 11.8612 16 -3.6663 0.0021
Ripping depth (m)2 2.9260 0.5538 25 5.2837 <0.0001 -7.4934 1.7108 14 -4.3800 0.0006 4.4429 1.8160 15 2.4466 0.0272 14.8981 4.0330 16 3.6941 0.0020
Dragging 0.3246 0.2042 30 1.5896 0.1224 1.5540 0.3749 14 4.1448 0.0010 -0.7641 0.3411 15 -2.2402 0.0406
1st cut age (years) -0.2019 0.0641 25 -3.1490 0.0042 0.1336 0.0857 14 1.5591 0.1413 -0.5274 0.1850 16 -2.8511 0.0116

1st cut age (years)2

1st cut depth (cm) -0.0331 0.0088 51 -3.7695 0.0004 0.0198 0.0082 51 2.4165 0.0193 0.0985 0.0221 50 4.4592 <0.0001

1st cut depth (cm)2

1st cut vegetation type DW -2.6908 0.7433 14 -3.6203 0.0028 5.6732 1.8125 15 3.1300 0.0069 14.8166 2.9711 16 4.9868 0.0001
1st cut vegetation type WW 1.0474 0.2658 30 3.9411 0.0004 1.0364 0.4945 25 2.0959 0.0464 -1.7655 0.5609 14 -3.1478 0.0071 4.5888 1.3208 15 3.4744 0.0034 5.8708 1.5535 16 3.7792 0.0016
1st cut vegetation type DH 1.6344 0.5154 25 3.1712 0.0040 -0.8501 0.5579 14 -1.5237 0.1498 3.9909 1.3161 15 3.0325 0.0084 3.7950 1.3667 16 2.7767 0.0135
1st cut vegetation type WH 1.4223 0.3747 51 3.7960 0.0004 3.4885 1.6085 51 2.1687 0.0348 4.2528 2.3402 50 1.8173 0.0752
1st cut vegetation type Wet -0.5763 0.2016 30 -2.8591 0.0077 1.1339 0.5244 14 2.1623 0.0484 -3.0994 1.3846 16 -2.2384 0.0398
1st cut vegetation type rec -0.9091 0.4490 56 -2.0246 0.0477 0.8227 0.5286 51 1.5563 0.1258 -0.9359 0.4419 51 -2.1178 0.0391
Fresh 1st cut (%) 0.2148 0.0341 30 6.3004 <0.0001 -0.0279 0.0041 25 -6.7216 <0.0001 0.0094 0.0034 14 2.8043 0.0141 -0.0074 0.0031 15 -2.3478 0.0330 -0.0147 0.0090 16 -1.6302 0.1226
Fresh 1st cut (%)2 -0.0022 0.0003 30 -6.4091 <0.0001
Crop post topsoil rate (kg/ha) 0.0221 0.0120 15 1.8463 0.0847 0.1445 0.0333 16 4.3410 0.0005
High P fertiliser -2.4019 0.7625 30 -3.1499 0.0037 0.8174 0.3587 25 2.2791 0.0315 -1.7938 0.8334 14 -2.1524 0.0493 1.9850 1.1314 15 1.7545 0.0997
Low P fertiliser -1.5849 0.7760 51 -2.0424 0.0463
Fertiliser rate (kg/ha) 0.0210 0.0069 30 3.0285 0.0050 0.0195 0.0085 14 2.2978 0.0375 -0.0256 0.0101 15 -2.5327 0.0230 -0.0477 0.0120 16 -3.9807 0.0011
Fertiliser rate (kg/ha)2

Seed mix vegetation type -DW (against DH) -0.1076 0.1698 14 -0.6336 0.5366 -0.0401 0.1583 15 -0.2534 0.8034 0.8239 0.4325 16 1.9047 0.0750
Seed mix vegetation type -WW (against DH) 0.4220 0.2001 14 2.1090 0.0534 -0.4669 0.1853 15 -2.5197 0.0236 -0.1238 0.5223 16 -0.2370 0.8157
Seed mix vegetation type -WH (against DH) 0.6703 0.3164 14 2.1185 0.0525 -0.9281 0.3038 15 -3.0553 0.0080 0.5920 0.7893 16 0.7501 0.4641
Seeding month -Feb (against Apr) 0.8063 0.3492 51 2.3090 0.0250 -0.4986 0.4742 51 -1.0515 0.2980 0.4126 0.3838 51 1.0751 0.2874 2.5721 1.2899 50 1.9940 0.0516
Seeding month -Mar (against Apr) -1.3659 1.2031 3 -1.1353 0.3387 10.8545 3.7369 5 2.9047 0.0336 -4.1227 4.1852 4 -0.9851 0.3804 -22.3090 8.0691 3 -2.7647 0.0699
Seeding month -May (against Apr) 0.1749 0.1778 30 0.9838 0.3331 -0.3302 0.2781 14 -1.1870 0.2550 0.6840 0.2455 15 2.7861 0.0138 -0.9808 0.6233 16 -1.5736 0.1352
Seeding month -Jun (against Apr) 0.4324 0.2078 51 2.0807 0.0425 -0.1305 0.2524 51 -0.5169 0.6075 -0.1609 0.2609 51 -0.6166 0.5402 0.3856 0.6722 50 0.5737 0.5688
Seeding month -Jul (against Apr) -0.0121 0.1690 30 -0.0716 0.9434 -0.0335 0.2437 14 -0.1376 0.8925 0.0204 0.2016 15 0.1011 0.9208 0.5508 0.5965 16 0.9234 0.3695
Seeding month -Oct (against Apr) 5.7009 0.7866 51 7.2474 <0.0001 2.7273 1.0102 51 2.6999 0.0094 -0.8389 1.0467 51 -0.8015 0.4266 -5.9250 2.6516 50 -2.2345 0.0299
Tub ground mulch
Fresh mulch -1.4738 0.3950 51 -3.7315 0.0005 -0.8107 0.2575 51 -3.1481 0.0027
Fresh mulch vegetation type DW 2.2991 0.3515 51 6.5402 <0.0001 -0.7394 0.2917 56 -2.5349 0.0141 0.8202 0.3013 51 2.7219 0.0089
Fresh mulch vegetation type WW -3.6017 0.4739 51 -7.5997 <0.0001 -1.1421 0.4596 51 -2.4847 0.0163 3.0735 1.3622 50 2.2562 0.0285
Fresh mulch vegetation type DH 5.1033 0.8235 51 6.1969 <0.0001 1.9670 0.7760 56 2.5349 0.0141 1.2885 0.7836 51 1.6442 0.1063 -6.5029 2.2251 50 -2.9225 0.0052
Fresh mulch vegetation type WH 0.8804 0.2205 51 3.9923 0.0002 -1.6270 0.7777 50 -2.0921 0.0415
Chemical soil stabiliser 2.0041 0.3250 51 6.1671 <0.0001 -0.9384 0.4162 51 -2.2549 0.0285 2.3491 1.0808 50 2.1734 0.0345
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1st year winter spring rain (mm) 0.3085 0.0427 3 7.2261 0.0055 -0.0479 0.0095 6 -5.0268 0.0024 0.0339 0.0089 5 3.8253 0.0123 -0.0420 0.0101 4 -4.1458 0.0143 0.3840 0.0949 3 4.0442 0.0272
1st year winter spring rain (mm)2 -0.0003 0.0000 3 -5.6883 0.0108
1st year summer autumn rain (mm) -0.0471 0.0066 3 -7.1312 0.0057
1st winter 'wetness' index (mm) -0.4206 0.0485 3 -8.6654 0.0032 0.1471 0.0385 6 3.8180 0.0088 -0.1092 0.0346 5 -3.1590 0.0251 0.1780 0.0378 4 4.7107 0.0092 -2.0782 0.5221 3 -3.9802 0.0284
1st summer 'wetness' index (mm) 0.0810 0.0165 3 4.9186 0.0161 0.0162 0.0085 6 1.9185 0.1035 -0.0418 0.0115 5 -3.6450 0.0148 0.0355 0.0105 4 3.3953 0.0274 25.5584 5.9932 3 4.2646 0.0237

1st summer 'wetness' index (mm)2 0.0945 0.0222 3 4.2616 0.0237
2nd winter 'wetness' index (mm) -0.0402 0.0111 6 -3.6253 0.0110 0.0251 0.0096 5 2.6135 0.0475 -0.0332 0.0111 4 -2.9916 0.0403 -0.3577 0.1044 3 -3.4257 0.0417
Pre monitoring 'wetness' index (mm) 0.0036 0.0017 453 2.1189 0.0346 0.0043 0.0029 452 1.4960 0.1354 -0.0073 0.0022 455 -3.3736 0.0008
Pre monitoring 'wetness' index (mm)2 -0.0001 0.0000 453 -3.9396 0.0001 0.0001 <0.0001 453 3.6867 0.0003 -0.0001 0.0001 452 -2.0001 0.0461 0.0001 <0.0001 453 2.6262 0.0089
Length of 1st summer drought (months) -0.2066 0.1348 3 -1.5325 0.2229 0.3384 0.1528 4 2.2141 0.0912 9.4996 2.1285 3 4.4630 0.0209
Elevation (m) 0.0128 0.0063 30 2.0159 0.0528 -0.1480 0.0780 15 -1.8962 0.0774
Elevation (m)2 0.0008 0.0004 15 1.9023 0.0765

TABLE S5 (continued)

COOLJARLOO logit AWM MINER logit AWM SYMBIOTIC ASSOCIATION logit AWM NITROGEN FIXER logit AWM NO SYMBIOTIC ASSOCIATION
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 -38385.6179 8542.3793 453 -4.4936 <0.0001 27288.3162 9532.7608 453 2.8626 0.0044 -35301.7218 8234.8195 452 -4.2869 <0.0001 -27419.7115 9524.9010 453 -2.8787 0.0042
Monitoring year 38.0452 8.5075 453 4.4719 <0.0001 -27.1064 9.4927 453 -2.8555 0.0045 35.0318 8.1515 452 4.2976 <0.0001 27.2370 9.4848 453 2.8716 0.0043

Monitoring year2 -0.0094 0.0021 453 -4.4486 <0.0001 0.0067 0.0024 453 2.8471 0.0046 -0.0085 0.0020 452 -4.1961 <0.0001 -0.0068 0.0024 453 -2.8632 0.0044
Age (years) -0.0882 0.0617 453 -1.4289 0.1537 -0.8658 0.3788 452 -2.2854 0.0228 0.0879 0.0617 453 1.4237 0.1552

Age (years)2 -0.0042 0.0030 453 -1.4214 0.1559 -0.0095 0.0032 452 -3.0082 0.0028
Horizon 2 material -C1OB (against C1/2OB) -2.0087 0.7869 24 -2.5526 0.0175 2.9360 0.7995 23 3.6722 0.0013 0.2735 1.0530 17 0.2597 0.7982 -2.9377 0.7999 23 -3.6726 0.0013
Horizon 2 material -C2/3OB (against C1/2OB) -3.0217 0.5812 24 -5.1992 <0.0001 3.0279 0.5696 23 5.3162 <0.0001 -0.8519 1.0244 17 -0.8316 0.4171 -3.0282 0.5698 23 -5.3144 <0.0001
Horizon 2 material -C1tails (against C1/2OB) -2.0322 0.6053 24 -3.3572 0.0026 2.0199 0.5965 23 3.3864 0.0025 -0.8325 0.8437 17 -0.9867 0.3376 -2.0212 0.5967 23 -3.3871 0.0025
Horizon 2 material -C2slimes (against C1/2OB) -2.1721 0.9129 51 -2.3794 0.0211 2.8268 0.9008 52 3.1379 0.0028 1.6004 1.2947 47 1.2362 0.2225 -2.8259 0.9012 52 -3.1357 0.0028
Horizon 2 material -C1mix (against C1/2OB) -2.8046 0.7759 24 -3.6148 0.0014 2.4961 0.7620 23 3.2755 0.0033 -1.2740 1.1383 17 -1.1192 0.2786 -2.4965 0.7624 23 -3.2746 0.0033
Horizon 2 material -C2mix (against C1/2OB) -2.3483 0.6291 51 -3.7328 0.0005 2.6978 0.6861 52 3.9321 0.0003 2.5340 1.0816 47 2.3427 0.0234 -2.6846 0.6864 52 -3.9112 0.0003
Horizon 2 material -NG (against C1/2OB) -1.8786 0.6853 24 -2.7411 0.0114 2.1367 0.6573 23 3.2507 0.0035 -0.5841 0.8813 17 -0.6628 0.5164 -2.1397 0.6576 23 -3.2539 0.0035
Depth to water (m) -0.0929 0.0279 24 -3.3340 0.0028
Depth to water (m)2 0.0024 0.0008 24 2.8854 0.0081
Ameliorant
2nd cut depth (cm) -0.0043 0.0019 24 -2.2303 0.0353 -0.0330 0.0112 23 -2.9551 0.0071 0.0103 0.0060 17 1.7202 0.1036 0.0332 0.0112 23 2.9741 0.0068

2nd cut depth (cm)2 0.0001 <0.0001 23 2.7312 0.0119 -0.0001 <0.0001 23 -2.7479 0.0115
2nd cut vegetation type DW -2.2373 0.5846 24 -3.8270 0.0008 -5.7479 1.7356 17 -3.3118 0.0041
2nd cut vegetation type WW 0.7463 0.1909 24 3.9095 0.0007 1.2438 0.5133 23 2.4233 0.0237 -2.2771 0.9074 17 -2.5096 0.0225 -1.2470 0.5135 23 -2.4286 0.0234
2nd cut vegetation type DH 1.6323 0.5906 23 2.7637 0.0111 -4.5719 0.9323 17 -4.9038 0.0001 -1.6557 0.5909 23 -2.8021 0.0101
2nd cut vegetation type WH 0.8558 0.2086 52 4.1022 0.0001 -6.6166 1.4812 47 -4.4670 <0.0001 -0.8585 0.2087 52 -4.1138 0.0001
2nd cut vegetation type Wet -0.3964 0.2642 24 -1.5006 0.1465 0.8417 0.3013 23 2.7934 0.0103 -0.9447 0.6954 17 -1.3585 0.1921 -0.8147 0.3014 23 -2.7030 0.0127
Ripping depth (m) 0.6557 0.2182 24 3.0044 0.0061 -0.6704 0.2063 23 -3.2490 0.0035 42.8558 9.9105 17 4.3243 0.0005 0.6708 0.2064 23 3.2495 0.0035
Ripping depth (m)2 -14.1111 3.1680 17 -4.4543 0.0003
Dragging 0.3239 0.2324 24 1.3933 0.1763 3.2122 0.9295 17 3.4558 0.0030
1st cut age (years) -0.4527 0.0548 24 -8.2688 <0.0001 0.4134 0.0577 23 7.1652 <0.0001 0.2820 0.1276 17 2.2096 0.0411 -0.4135 0.0577 23 -7.1633 <0.0001
1st cut age (years)2

1st cut depth (cm) 0.3142 0.1068 47 2.9408 0.0051
1st cut depth (cm)2 -0.0030 0.0010 47 -2.9606 0.0048
1st cut vegetation type DW 2.7758 0.6023 24 4.6089 0.0001 -0.5122 0.1656 23 -3.0937 0.0051 5.4753 1.7931 17 3.0535 0.0072 0.5153 0.1656 23 3.1107 0.0049
1st cut vegetation type WW -1.6614 0.5157 23 -3.2217 0.0038 2.9059 1.0146 17 2.8641 0.0108 1.6655 0.5159 23 3.2282 0.0037
1st cut vegetation type DH -1.3433 0.5741 23 -2.3400 0.0283 5.2818 0.9298 17 5.6805 <0.0001 1.3649 0.5743 23 2.3767 0.0262
1st cut vegetation type WH -0.6451 0.1953 51 -3.3041 0.0017 6.1212 1.4679 47 4.1699 0.0001
1st cut vegetation type Wet 1.1762 0.5991 17 1.9632 0.0662
1st cut vegetation type rec 0.9658 0.3834 51 2.5190 0.0149 -0.8263 0.5690 47 -1.4522 0.1531
Fresh 1st cut (%)

Fresh 1st cut (%)2

Crop post topsoil rate (kg/ha) 0.0916 0.0299 17 3.0676 0.0070
High P fertiliser 1.2312 0.5989 24 2.0558 0.0508 -1.2200 0.7125 23 -1.7124 0.1003 -31.1950 11.0264 17 -2.8291 0.0116 1.2273 0.7128 23 1.7219 0.0985
Low P fertiliser -24.8363 7.5212 47 -3.3022 0.0018
Fertiliser rate (kg/ha) -0.0146 0.0060 24 -2.4096 0.0240 0.0137 0.0072 23 1.8932 0.0710 0.6124 0.2133 17 2.8710 0.0106 -0.0137 0.0072 23 -1.9018 0.0698
Fertiliser rate (kg/ha)2 -0.0030 0.0010 17 -2.8877 0.0102
Seed mix vegetation type -DW (against DH)
Seed mix vegetation type -WW (against DH)
Seed mix vegetation type -WH (against DH)
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Seeding month -Feb (against Apr) -0.0303 0.4545 51 -0.0666 0.9472 -0.3444 0.4696 52 -0.7333 0.4667 0.8291 0.7404 47 1.1198 0.2685 0.3434 0.4698 52 0.7309 0.4681
Seeding month -Mar (against Apr) 2.5133 1.3712 6 1.8329 0.1165 -2.2244 1.4620 6 -1.5215 0.1790 144.3196 44.4961 2 3.2434 0.0833 2.2364 1.4626 6 1.5291 0.1771
Seeding month -May (against Apr) -0.2695 0.2202 24 -1.2236 0.2330 -0.3129 0.2145 23 -1.4589 0.1581 0.5049 0.3375 17 1.4959 0.1530 0.3122 0.2146 23 1.4550 0.1592
Seeding month -Jun (against Apr) 1.0857 0.2586 51 4.1981 0.0001 -1.4149 0.2531 52 -5.5909 <0.0001 -1.1486 0.3349 47 -3.4296 0.0013 1.4153 0.2532 52 5.5903 <0.0001
Seeding month -Jul (against Apr) 0.9447 0.2229 24 4.2375 0.0003 -1.3214 0.2283 23 -5.7870 <0.0001 -0.8617 0.2620 17 -3.2887 0.0043 1.3217 0.2284 23 5.7858 <0.0001
Seeding month -Oct (against Apr) -0.2043 0.7334 51 -0.2786 0.7817 -0.0544 0.7670 52 -0.0709 0.9438 6.2063 1.7401 47 3.5666 0.0008 0.0567 0.7674 52 0.0739 0.9414
Tub ground mulch -0.4974 0.2724 52 -1.8259 0.0736 0.4989 0.2725 52 1.8307 0.0729
Fresh mulch -0.3604 0.2536 52 -1.4210 0.1613 0.3594 0.2537 52 1.4165 0.1626
Fresh mulch vegetation type DW -0.4549 0.1973 51 -2.3062 0.0252 -0.8304 0.5075 47 -1.6364 0.1084
Fresh mulch vegetation type WW 0.7821 0.4151 51 1.8840 0.0653
Fresh mulch vegetation type DH -1.4412 0.7014 51 -2.0549 0.0450 -4.2906 0.8606 47 -4.9858 <0.0001
Fresh mulch vegetation type WH -0.5421 0.2788 51 -1.9444 0.0574 0.4170 0.2880 52 1.4479 0.1536 -2.8319 0.7223 47 -3.9206 0.0003 -0.4176 0.2881 52 -1.4494 0.1532
Chemical soil stabiliser -1.4087 0.4704 52 -2.9946 0.0042 -2.8151 0.5658 47 -4.9757 <0.0001 1.4088 0.4706 52 2.9938 0.0042
1st year winter spring rain (mm) 0.2429 0.1237 2 1.9631 0.1886
1st year winter spring rain (mm)2

1st year summer autumn rain (mm) -0.0119 0.0043 6 -2.7606 0.0328 0.0160 0.0043 6 3.7387 0.0096 -0.0307 0.0162 2 -1.8900 0.1993 -0.0160 0.0043 6 -3.7371 0.0097
1st winter 'wetness' index (mm) 0.0346 0.0081 6 4.2653 0.0053 -0.0411 0.0101 6 -4.0771 0.0065 -1.3527 0.6625 2 -2.0418 0.1779 0.0413 0.0101 6 4.0922 0.0064
1st summer 'wetness' index (mm) 0.0580 0.0177 6 3.2804 0.0168 -0.0651 0.0181 6 -3.5993 0.0114 14.0293 6.7461 2 2.0796 0.1731 0.0652 0.0181 6 3.5991 0.0114
1st summer 'wetness' index (mm)2 0.0518 0.0248 2 2.0855 0.1724
2nd winter 'wetness' index (mm) -0.2225 0.0929 2 -2.3950 0.1389
Pre monitoring 'wetness' index (mm) 0.0063 0.0022 453 2.7934 0.0054 -0.0053 0.0026 453 -2.0765 0.0384 -0.0032 0.0021 452 -1.4935 0.1360 0.0053 0.0026 453 2.0769 0.0384
Pre monitoring 'wetness' index (mm)2 -0.0002 <0.0001 453 -4.1984 <0.0001 0.0001 <0.0001 453 3.2975 0.0011 0.0001 <0.0001 452 2.2101 0.0276 -0.0001 <0.0001 453 -3.2913 0.0011
Length of 1st summer drought (months) 4.9510 2.1808 2 2.2702 0.1512
Elevation (m) 0.0205 0.0074 23 2.7920 0.0104 -0.1920 0.0976 17 -1.9676 0.0656 -0.0205 0.0074 23 -2.7910 0.0104
Elevation (m)2 0.0011 0.0005 17 1.9883 0.0631
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TABLE S5

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

Variable Df Sums Of Sqs Mean Sqs F. Model R2

Transect 124 160.3679 1.2933 5.4092 0.6189
Block 72 146.2982 2.0319 8.3752 0.5646
Year of establishment 20 108.8692 5.4435 18.7314 0.4202
Age (years) 1 50.3539 50.3539 129.2866 0.1943
Low P seeding fertiliser 1 40.6925 40.6925 99.8589 0.1570
Seed smoking 1 24.0277 24.0277 54.7838 0.0927
1st summer 'wetness' index (mm) 1 22.0871 22.0871 49.9470 0.0852
Topsoil clay content (%) 1 21.4579 21.4579 48.3956 0.0828
Mulch (no. times applied) 1 19.5045 19.5045 43.6314 0.0753
Length of 1st summer drought (months) 1 18.6480 18.6480 41.5668 0.0720
High P seeding fertiliser 1 14.4345 14.4345 31.6206 0.0557
2nd cut 1 13.2614 13.2614 28.9123 0.0512
Removal of Rye crop 1 12.1716 12.1716 26.4191 0.0470
Elevation (m) 1 11.8724 11.8724 25.7386 0.0458
1st year summer autumn rain (mm) 1 10.2374 10.2374 22.0481 0.0395
Agran used with seeding 1 9.9131 9.9131 21.3219 0.0383
Planting (no. times planted) 1 9.4338 9.4338 20.2520 0.0364
Monitoring year 1 9.3228 9.3228 20.0048 0.0360
Removal of A. blakleyi 1 8.4575 8.4575 18.0856 0.0326
1st winter 'wetness' index (mm) 1 8.3879 8.3879 17.9317 0.0324
Topsoil total P content (mg/kg) 1 8.0571 8.0571 17.2019 0.0311
Muriate used with seeding 1 7.9425 7.9425 16.9493 0.0307
Presence of fire 1 7.8672 7.8672 16.7836 0.0304
Seeding 1 7.7258 7.7258 16.4727 0.0298
Crop post topsoil 1 7.7224 7.7224 16.4652 0.0298
Time since fire (years) 1 6.9108 6.9108 14.6875 0.0267
Seeding fertiliser rate (kg/ha) 1 5.1932 5.1932 10.9623 0.0200
1st year winter spring rain (mm) 1 4.8352 4.8352 10.1923 0.0187
Coarse fragment layer 1 4.4259 4.4259 9.3145 0.0171
Irrigation 1 3.7205 3.7205 7.8084 0.0144
Disturbed profile 1 3.3998 3.3998 7.1262 0.0131
2nd winter 'wetness' index (mm) 1 3.3059 3.3059 6.9269 0.0128
Urea used with seeding 1 3.0857 3.0857 6.4600 0.0119
Average clay content of top 30 cm (%) 1 2.7559 2.7559 5.7621 0.0106
Exchangeable Na (%) 1 2.1393 2.1393 4.4621 0.0083
Depth to hardpan (cm) 1 1.9837 1.9837 4.1351 0.0077
1st cut 1 1.8891 1.8891 3.9364 0.0073
Depth to claypan (cm) 1 1.5181 1.5181 3.1588 0.0059
Removal of Veldt grass 1 1.5119 1.5119 3.1459 0.0058
Pre monitoring 'wetness' index (mm) 1 1.1688 1.1688 2.4288 0.0045
Topsoil silt content (%) 1 0.0680 0.0680 0.1407 0.0003
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TABLE S6

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

Variable Df Sums Of Sqs Mean Sqs F.Model R2

Plot 115 61.6010 0.5357 6.6720 0.6262
Polygon 72 55.2853 0.7679 8.9285 0.5620
Year of establishment 10 16.6755 1.6676 11.4918 0.1695
Age (years) 1 16.1411 16.1411 112.2790 0.1641
Seeding month 6 13.3139 2.2190 14.7919 0.1353
Monitoring year 1 10.1587 10.1587 65.8723 0.1033
Horizon 2 material 7 7.1204 1.0172 6.3094 0.0724
Depth to water (m) 1 5.7232 5.7232 35.3346 0.0582
1st year winter spring rain (mm) 1 5.6352 5.6352 34.7584 0.0573
1st winter 'wetness' index (mm) 1 5.0697 5.0697 31.0804 0.0515
Pre monitoring 'wetness' index (mm) 1 4.7185 4.7185 28.8192 0.0480
1st summer 'wetness' index (mm) 1 4.5396 4.5396 27.6734 0.0461
Seeding mix vegetation type 3 4.4445 1.4815 8.9906 0.0452
1st year summer autumn rain (mm) 1 4.2999 4.2999 26.1457 0.0437
1st cut age (years) 1 3.4952 3.4952 21.0723 0.0355
Fresh mulch vegetation type WH 1 2.8861 2.8861 17.2891 0.0293
High P fertiliser 1 2.7520 2.7520 16.4628 0.0280
Chemical soil stabiliser 1 2.6567 2.6567 15.8767 0.0270
Fresh mulch 1 2.0749 2.0749 12.3248 0.0211
2nd winter 'wetness' index (mm) 1 2.0737 2.0737 12.3174 0.0211
Ameliorant 1 2.0064 2.0064 11.9096 0.0204
Ripping depth (m) 1 1.8232 1.8232 10.8014 0.0185
1st cut vegetation type WH 1 1.6760 1.6760 9.9143 0.0170
Dragging 1 1.5967 1.5967 9.4376 0.0162
Low P fertiliser used 1 1.3535 1.3535 7.9803 0.0138
Fresh 1st cut (%) 1 1.2633 1.2633 7.4413 0.0128
2nd cut vegetation type WH 1 1.2459 1.2459 7.3373 0.0127
1st cut depth (cm) 1 1.1540 1.1540 6.7897 0.0117
1st cut vegetation type DH 1 1.1178 1.1178 6.5741 0.0114
1st cut vegetation type rec 1 1.0280 1.0280 6.0408 0.0105
Crop post topsoil rate (kg/ha) 1 0.9977 0.9977 5.8610 0.0101
Fresh mulch vegetation type DW 1 0.9526 0.9526 5.5931 0.0097
Elevation (m) 1 0.9273 0.9273 5.4431 0.0094
2nd cut vegetation type wet 1 0.8219 0.8219 4.8194 0.0084
2nd cut depth (cm) 1 0.7378 0.7378 4.3222 0.0075
1st cut vegetation type wet 1 0.6747 0.6747 3.9504 0.0069
1st cut vegetation type WW 1 0.6556 0.6556 3.8375 0.0067
2nd cut vegetation type DH 1 0.6542 0.6542 3.8296 0.0067
2nd cut vegetation type WW 1 0.5763 0.5763 3.3709 0.0059
Length of 1st summer drought (months) 1 0.5444 0.5444 3.1831 0.0055
Tub ground mulch 1 0.4463 0.4463 2.6068 0.0045
1st cut vegetation type DW 1 0.2907 0.2907 1.6951 0.0030
Fresh mulch vegetation type WW 1 0.2789 0.2789 1.6260 0.0028
Fresh mulch vegetation type DH 1 0.2749 0.2749 1.6029 0.0028
2nd cut vegetation type DW 1 0.2640 0.2640 1.5391 0.0027
Fertiliser rate (kg/ha) 1 0.2066 0.2066 1.2037 0.0021
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FIGURE S11

Results of variation partition analyses showing the amount of variance explained by grouped variables (adjusted R2

values of individual fractions) for AWM fire resonse, longevity and woodiness trait states, and composition at 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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CHAPTER 5

GENERAL DISCUSSION

The following key findings have already been discussed in Chapters 2, 3 and 4:
 restored areas are progressing towards native references but differences remain between these

areas and native reference vegetation, likely due to differences in some key species/PFTs/trait
states;
 the response of restored vegetation to restoration efforts is partly comparable to the response of

native vegetation to fire;
 restored areas at Eneabba respond to fire in a manner similar to native vegetation;
 there is large variation in patterns of recovery at both sites, and differences between space-for-

time and transect/plot level patterns for species- and PFT-based approaches, at least partly due to
the redundancy of species and to a lesser extent, PFTs;
 an AWM trait-based approach results in agreement between space-for-time and transect/plot

level patterns likely due to a reduction in dimensionality of data but also a better representation
of the plant-environment relationship;
 restored areas at both sites share a similar AWM trait-based successional pathway towards

recovery;
 many variables drive patterns but none emerge as a major driver other than time (age in years),

regardless of the approach used; and
 the hierarchy of Brudvig et al. (2017) does not hold at either site, possibly due to the underlying

assumptions not being correct or the difficulty in capturing necessary drivers.
I will not address these points specifically in this general discussion but I will focus instead on
discussion points arising more generally and which synthesise the thesis.

DATA COLLATION AND COLLECTION

Data for many management practices were recorded at both sites.  However, several of these could
not be used in analyses due to two main problems: inconsistent documentation between years (e.g.,
number of years that topsoil was stockpiled for at Eneabba); and the inherent difficulty in capturing
some variables in a form analytically compatible with the majority of other variables (e.g., seeding and
planting lists at both sites). The differences in documentation at both sites and hence, the differences
in variables captured, highlights the need for standardised record keeping, and the need to digitise
hard-copy records and verbal personal communications. Such documentation procedures (see
McDonald et al., 2016) could be coordinated with other mine sites in southwestern Western Australia
at least if not more widely, so as to capture historical and current restoration practices in a format
amenable to multi-site analyses, and in part at least, to safeguard future research endeavours.

Climatic environmental variables were the easiest to capture since long term records were available.
No historical records of soil chemistry and physical data were available at Eneabba, and general soil
physical data only at Cooljarloo. Soil physical variables were laborious to capture because of the need
to either auger to depth (Eneabba) or the need to review in detail aerial imagery of a pit over its life
span due to pit-fill documentation not being specific enough (Cooljarloo). While we assumed that
some soil variables would be constant over time and hence, a space-for-time approach would suffice,
soil chemistry and physical data would ideally be measured over time at the transect and plot level to
avoid confounding with age and changing practices.
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In order to allow for more direct comparison between both sites, and in future perhaps between more
restoration sites, the methodology used to monitor recovering vegetation should ideally be
standardised (i.e. either plots or transects), although this would be difficult to implement without
invalidating the long-term monitoring effort to date at both Eneabba or Cooljarloo.

It was particularly difficult to define qualitative traits (Chapters 4; Appendix S4) which adequately
capture water acquisition and use in kwongan vegetation. Longevity and woodiness traits are proxies
for how plants cope with, for example, the extended summer drought, but quantitative traits would
be more appropriate in this regard. However, quantitative traits are more time consuming, expensive
and difficult to capture than qualitative traits and hence, it would not be practical to collect them for
all species in all transects and plots considered in this thesis.

PATTERNS OF KWONGAN VEGETATION RECOVERY

Space-for-time patterns of vegetation recovery differ between the two sites (Chapters 2 and 3) and
are only partly comparable to patterns documented in other areas of the world after mining (see
Chapter 1 and references therein).  At Eneabba, species richness does not peak early (Chapter 2) as
for Central Europe, the jarrah forest, and Perth banksia woodland, and is more like the response for
woodlands and shrublands of the Mediterranean Basin.   Species diversity continues to increase with
time (Chapter 2), similarly to the Mediterranean Basin and unlike the other systems, cover increases
quickly (Chapter 2) as in the Mediterranean Basin, jarrah forest and banksia woodland, and density
peaks early (Chapter 2) before decreasing, similarly to Perth banksia woodland and not somewhat
later as for jarrah forest, nor does it remain high like the Mediterranean Basin.  There is also a lack of
persistence in herb dominance (as indicated by density (Chapter 2) and longevity (Chapter 4)) similarly
to jarrah forest and Perth banksia woodland, but unlike Central Europe and the Mediterranean Basin.
At Cooljarloo, species richness peaks early (Chapter 2) as for Central Europe, the jarrah forest, and
banksia woodland, species richness and diversity decline (Chapter 2) similarly to banksia woodland
and unlike the other systems, cover increases quickly (Chapter 2) as in the Mediterranean Basin, jarrah
forest and Perth banksia woodland, and there appears to be an increase in dominance of some species
(Chapter 2), similarly to the Mediterranean Basin and banksia woodland.  Therefore, while there are
some general patterns of vegetation recovery across systems, the combination of patterns for
different restoration measures for kwongan and for each site are unique.

The differences in space-for-time patterns between Eneabba and Cooljarloo may be partly due to the
greater amount of rainfall at Cooljarloo.  The comparatively more mesic conditions may cause the
early establishment of many species (Chapter 2) and PFTs (Chapter 3) at Cooljarloo.  The subsequent
decline in species (Chapter 2) and PFT diversity (Chapter 3), may be due to conditions not being
suitable for the persistence of certain species/PFTs but favourable to others. In contrast, the drier
conditions at Eneabba mean that a smaller number of species/PFTs are able to establish early but that
facilitative and dispersal effects, and the development of conditions suitable for germination, allow
for the ongoing accumulation of species and PFTs.  However, the similarity in space-for-time patterns
using an AWM trait-based approach may indicate that these differences are partly inflated due to the
redundancy of species and, to a lesser extent, PFTs.  Investigating the turnover of species and PFT
profiles through time would assist in the interpretation of these differences. While I was aware at the
start of the thesis project that investigating turnover would be important, and I conducted some initial
analyses (see Fig. 1 below), the already large scope of the study meant there was not sufficient time
to consider turnover further. It should therefore, be investigated in future research (see below).
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Structurally, shrubland vegetation is being restored at both sites, particularly as evidenced by the
increase in cover, decrease in density (Chapter 2), and increase in woodiness (Chapter 4). Banksia
woodland vegetation is also likely being returned at Cooljarloo but confirmation would require height
data of restored vegetation. Considering species richness and diversity, species-rich vegetation is
being restored, with both sites in range of values for native reference vegetation (Chapter 2).
However, structural and species-based patterns on their own, those most used as targets in post-
mining restoration, give limited insight into successional dynamics. Structural- and species-based
patterns become more insightful when used in combination with functional approaches. For example,
at Eneabba, PFT richness and diversity increase (Chapter 3), indicating that a functionally rich and
diverse shrubland is being returned.  At Cooljarloo, decreasing species richness and diversity (Chapter
2), increasing PFT richness, and decreasing PFT diversity (Chapter 3) indicate that while functionally
rich vegetation is being restored, it is becoming less diverse over time, perhaps due to certain
species/PFTs increasing in dominance.  The AWM-trait approach then informs how trait proportions
are changing over time (Chapter 4) and therefore, which species and PFTs may require further
attention from managers and researchers.  This is particularly important in species-rich systems where
looking at changes in all species over time is impractical.

The large variation in restoration outcomes at both sites, and the variation in temporal patterns at the
transect and plot level, raise the question: are there different trajectories of succession and resulting
alternative states (Westoby, Walker & Noy-Meir, 1989; Hobbs & Harris, 2001; Suding & Gross, 2006)?
A degree of variation in restoration outcomes is desirable in that target native reference vegetation is
in itself variable (Chapters 2, 3 and 4). Accepting variation is also realistic, acknowledging that restored
ecosystems are dynamic (due to variation in environmental conditions, stochastic process and the
interaction of these), with multiple trajectories thus possible (Suding & Gross, 2006). However, some
outcomes may represent an undesirable state. From my long involvement (10 years) with monitoring
of vegetation recovery at Eneabba, there appears to be evidence of such alternative states in kwongan
restoration.  For example, I have observed transects in which cover development stagnates, or some
in which weed and annual species persist past the first few years. There is anecdotal evidence from
Cooljarloo of restoration plots where woody species considered disturbance specialists persist for
much longer than in most other plots (S. Jones, 30th April 2018). The formalisation of alternative states
present, and the transitions between them, would assist the identification of such states (Grant, 2006;
Suding & Hobbs, 2009). Investigating species and PFT profiles and turnover, and the consideration of
additional traits would further assist in understanding alternative states and transitions at both sites.

The differences and agreements in the conclusions reached at both sites using space-for-time and
transect/plot level methods, supports other studies (Chapter 1 and references therein). Which
method is most appropriate is context dependent. For example, ‘average’ successional patterns are
more practically determined using a space-for-time approach.  This approach is also the only plausible
method for sites, particularly older sites, where there is a lack of monitoring data based on permanent
plots.  Assessing which restoration blocks are consistently performing ‘poorly’ over time would require
the permanent transect/plot level method. So would the assessment of temporal patterns which
differ from the ‘average’ and hence, those which indicate the presence of multiple successional
pathways and alternative stable states of restored vegetation.

DRIVERS AND PREDICTABILITY

One of the most striking conclusions of my study is that many driver variables remain in the models
for all restoration measures (Chapters 2, 3 and 4), indicating complex relationships between them and
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highlighting the importance of not limiting analyses to a select few (Chapter 1). Interactive terms
would probably better capture these relationships and their absence is unfortunate. However,
reducing the number of variables so as to be able to include interactive terms was counter to the very
idea of including many variables, and increasing the number of transects/plots was impractical. In
Chapter 2, 3 and 4 we also acknowledge there may still be key variables missing from analyses.

Regardless of the approach used, time (age in years since establishment) is the most prominent driver
of vegetation recovery, indicating that management practices are creating conditions which allow for
at least partial recovery of vegetation over time. However, age is likely confounded with monitoring
year, which also accounts for a large amount of variation in restoration outcomes, and so perhaps
with unaccounted for variables. The large overlap of time variables (i.e., age and monitoring year)
with the other groups of driver variables used in variation partitioning (Chapters 2, 3 and 4), reflects
the unavoidable confoundedness of some driver variables with time and each other.  Clarification of
the effect of drivers on restoration outcomes may be partly gained by confirmation of space-for-time
driver analysis models at the transect/plot level. Ultimately however, a long term field experimental
approach would be the only way to minimize confounding between driver variables but such an
approach would be of little use to managers in the short to medium term.  It would also be difficult
for managers to justify the creation of restored areas as experimental controls using less than best-
practice restoration practices which may require remediation in the future under mandated
restoration targets. However, the importance of such controls to improving management practices
could counter any such reservations.

As stated in Chapters 2, 3 and 4, the large amount of variation accounted for by random effects, and
the large residual variation for some restoration measures, could be due to one or more crucial driver
variables being missed. Equally though, these results could represent spatial and temporal neutral
processes. Amongst neutral processes to consider is the arrival order of species/PFTs/traits into a
restored area, and the effect of their subsequent biotic interactions on pattern of vegetation recovery,
that is, priority effects (Fukami, 2015). Perry et al. (2014, 2017) found support for the prevalence of
neutral processes at the local scale for Eneabba native vegetation. Investigating the relative
contributions of deterministic and neutral processes in restored areas at Eneabba and Cooljarloo
would assist in interpreting the predictability of vegetation recovery.

The predictability of restoration measures could be improved by capturing additional variables (e.g.,
extreme weather events). However, the predictability of measures based on traits could perhaps be
improved by considering a different suite of traits which capture the unique stresses restored areas
are subject to.  At both sites, differences and similarities in species composition (MDS axis 1 and 2) are
very predictable compared to most other restoration measures (Chapter 4).  This could be because
species identities capture a trait which we did not identify but which is responsive to the predictive
variables considered. Additionally, predictability could partly depend on what age it is assessed at.
Comparing the predictability of restoration measures at both sites for up to 10 years of age only might
provide further insights.

IMPLICATIONS FOR RESTORATION PRACTICES, MONITORING AND TARGETS

Restoration practices at both sites are allowing for the recovery of species-rich shrubland vegetation
but with some limitations. For example, key components of kwongan vegetation are missing from or
are in low abundances and proportions in older restored areas (Chapter 4) and as such, investigation
into how restoration practices can improve their establishment needs to continue. While the
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response of restored areas to fire at Eneabba is promising (Chapters 2, 3 and 4), this cannot be
extrapolated to Cooljarloo given the differences in patterns of recovery between the two sites
(Chapters 2 and 3).  Therefore, burning of restored areas at Cooljarloo is required in order to assess
their response to ongoing fire management. Results from driver analyses could be used to generate
hypotheses on the effect of restoration practices on long term restoration outcomes, which could
then be subsequently validated using field experiments, reducing the confoundedness of driver
variables (see above). I acknowledge that such an approach would require extensive commitment to
an additional programme of long term monitoring and may be impractical at an operationally
meaningful scale.

The value of long term monitoring to ecosystem management is well appreciated (Lindenmayer et al.,
2012). While it is beyond the scope of this thesis to suggest how long monitoring should ultimately
continue for at each site, it has identified where more targeted monitoring is needed. At Eneabba,
the lack of monitoring prior to 20 years of age of older restoration transects now up to 40 years old,
has meant that the interpretation of some results is limited. For example, results indicate that there
are species/PFTs present in older transects which are absent from younger transects (Chapters 2 and
3).  The lack of early monitoring means that it is not possible to say whether these species/PFTs have
been present from an early age in these old transects or if they have become established later on.
Continued monitoring of restoration transects currently 15–20 years old would identify which
alternative is the most likely. Continued monitoring of restoration transects affected by fire would
identify their longer term response and in turn, the resilience of restored areas to fire and any
requirement for ongoing management.  Comparison of longer term monitoring of burnt transects to
unburnt transects of the same age may also provide insight on the possibility of purposely burning
restored vegetation in order to change restoration trajectories and meet restoration targets. At
Cooljarloo, the differences in species- and PFT-based patterns to Eneabba (Chapters 2 and 3), the
limited similarity between the composition of restored plots and reference vegetation (Chapters 2 and
3), and the smaller proportions for all nutrient acquisition trait states compared to reference
vegetation (Chapter 4), mean that longer term vegetation recovery cannot be inferred from that at
Eneabba and thus, monitoring at Cooljarloo should continue past 13 years.

Given the complementarity of species-, PFT-, and AWM trait-based approaches, restoration managers
and legislators could consider functional targets in addition to current structural- and species-based
targets. The high variability of all restoration measures raises questions as to the suitability of using
targets based on averages, as done currently. Native reference vegetation is also variable and
acknowledging the desirability of at least some variation in restored areas is perhaps best achieved
through targeting ranges. Using PFT-, and AWM trait-based targets in addition to current restoration
targets would create coherence in outcomes and hence, safeguard against the theoretical scenario of
poor outcomes from consistently achieving only in the lower portion of species richness and cover
ranges. Directly targeting variability, that is, requiring outcomes to be not only in range but also to
span the range observed in reference vegetation, would also help maximize variation and avoid over-
representation of outcomes in the low portion of a range.

FURTHER RESEARCH OPPORTUNITIES

Several research opportunities have been highlighted as part of discussions in Chapters 2, 3 and 4 or
already in this general discussion.  Below I will expand on some of these and introduce new ones.
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a

b

c

Figure 1. a, number of new species and b, number of new PFTs recorded at each monitoring event
and how they persist through time (age in years since establishment) for an example transect at
Eneabba established in 2000, and c, abundance of each PFT through time for the same transect.

As already mentioned in this general discussion, it was not possible to fully consider turnover as part
of the research for this thesis due to time constraints, but research into the temporal turnover of
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restored areas is essential to understanding successional trajectories at both Eneabba and Cooljarloo.
As an example, using monitoring data from an example transect at Eneabba, it is possible to
investigate species and PFT accumulation, and persistence through time, and PFT abundance profiles
through time (re-enforcing or otherwise changes in proportions of AWM-trait states (Chapter 4)) (Fig.
1).  Such analyses indicate that for this transect, while there may be a notable turnover of species over
15 years, the majority of PFTs to which those species belong are present from the start, and it is their
abundances only which change over time.  Interpretation of these results would suggest that the relay
floristic model (Clements, 1936) applies at the species level, but the initial floristic composition model
(Egler, 1954) is more appropriate at the PFT level.  This has important implications for managers in
relation to ensuring that desired PFTs are present from establishment given their limited recruitment
over time, and of subsequent recruitment once established.  Of course this is only an example based
on one transect, and the challenge would be extending such analyses to the site level, to investigate
how general these preliminary results are, and if there are continuing differences in recovery patterns
between Eneabba and Cooljarloo.  Analyses of the rate of turnover and degree of nestedness over
time (Baselga, 2010) should also be considered.

While the traits chosen for this thesis have given insight into patterns of recovery at both sites,
possible limitations, such as the differences in stressors between restored and native vegetation, have
been identified (Chapters 3 and 4).  Differences in soil hydrological properties have been documented
between post-mining restored and reference vegetation for Perth banksia woodlands (increased
penetration resistance and decreased saturated hydraulic conductivity in restored areas at 15 years
post establishment) (Mounsey, 2014, and references therein), so using traits specifically related to
water use and stress may improve the interpretation of restoration outcomes and improve
predictability. Capturing environmental variables which more directly identify soil-water availability,
such as those considered by Mounsey (2014), would further assist interpretation and predictability.  A
space-for-time study based on such traits and soil-water variables for as many species and
transect/plots as practicable would provide additional information on average patterns of recovery,
and would help generate hypotheses on possible transect/plot level or experimental studies.

This thesis has focused on abiotic drivers of recovery but I have acknowledged that biotic interactions
may play an equally important role.  Interactions between plants and soil mycorrhiza have been found
to have positive effects on vegetation recovery in many field-based restoration studies (Neuenkamp
et al., in press).  Identifying and quantifying soil biota in restored areas over time, using both space-
for-time and transect/plot level methods, and comparison against reference vegetation, would not
only inform patterns of recovery but also restoration practices.  The glasshouse study of Birnbaum et
al. (2017) on the effect of stockpiling on soil root symbionts and in turn, on plant biomass at Cooljarloo
has already identified an initial link between restoration practices and biotic interactions for the
region. Bellairs & Bell (1993) identified the size and composition of seed sources from topsoil and
mulch at Eneabba.  Such a study could inform subsequent research into priority effects, namely the
order of species arrival from topsoil, mulch, and seeding and planting, and the impact of plant-plant
interactions on pattern of recovery.

Being able not only to predict (explain) current ecological outcomes given a set of predictive variables,
but to predict (forecast) outcomes into the future is very desirable but also challenging given the
dynamic nature of ecosystems and often a lack of the data necessary to validate forecast models
(Evans et al., 2013; Mouquet et al., 2015). The long term monitoring data at Eneabba and Cooljarloo,
and associated management practices and environmental variables, present an opportunity to further
develop forecasting methods. Models presented in Chapters 2, 3 and 4 use management practices
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and environmental variables largely from the time of establishment as well as a climatic variable
before each monitoring event.  However, measures relating to the state of vegetation at a given point
in time (e.g., PFTs present at 5 year of age) could be used in addition to current driver variables to
predict the state of vegetation at 40 years.  A portion of the monitoring data could be withheld in
order to validate models. Ultimately, patterns beyond 40 years post establishment could be forecast
from all currently available data (driver variables and measures of the state of vegetation at different
ages) if monitoring over longer timeframes was to be undertaken so as to allow for the validation of
models.

Restoration efforts are often considered at the local or study-site scale, but there is a growing
consensus that restoration efforts should be considered at and outcomes generalizable to the
landscape scale (Perring et al., 2015).  This thesis is the only example of a multi-site, landscape level
restoration study in southwest Western Australia of which I am aware.  Its impact could be expanded
by formal comparison of the restoration outcomes at Eneabba and Cooljarloo with other restoration
sites in the region.

CONCLUSIONS

The use of a multifaceted approach has proved successful in more comprehensively describing
patterns of recovery of kwongan vegetation restored after mining than a traditional species-based
approach only.  This thesis has highlighted fundamental commonalities and differences between the
two restoration sites considered, and contributed unique data and insights to world-wide patterns of
recovery after mining.

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 multifaceted approach has
not elucidated salient drivers of restoration outcomes, nor improved their predictability, despite the
comprehensive set of management practices and environmental variables considered.  Despite this,
considering multiple approaches has 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 efficacy of management
practices, 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.
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APPENDIX S4

Trait-based formal definition of plant functional types and functional communities in the
multi-species and multi-traits context

NOT FOR EXAMINATION

This appendix is not for examination but is included since it is directly relevant to the methods
used in Chapter 3 with regards to plant functional types and in Chapter 4 with regards to
abundance weighted mean traits.  This appendix is a core chapter in the recently submitted
thesis of Mr. James Tsakalos, also in the School of Biological Sciences at The University of
Western Australia.  It is presented as a manuscript intended for submission to Functional
Ecology, with five accompanying appendices, on which I am a co-author due to my major
contribution to the design of the species x trait database and scoring of functional traits. Other
than line spacing, formatting is that used by Mr. Tsakalos in his thesis.
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Abstract

1. The concepts of traits, plant functional types (PFT), and functional communities are
effective tools for the study of plant community assembly. Here, we (1) suggest a
procedure formalising the classification of response traits to construct a PFT system; (2)
integrate the PFT classification, and a species-derived classification scheme to formally
define functional communities, and; (3) identify environmental drivers that underpin
the functional-community patterns.

2. A species–trait data set featuring species pooled from two study sites (Eneabba and
Cooljarloo, Western Australia), both supporting kwongan vegetation (sclerophyllous
scrub and woodland communities) was subjected to classification to define PFTs. The
species of the Eneabba and Cooljarloo study sites were replaced with the newly derived
PFTs, and abundance-weighted community means calculated for every plot. Functional
communities were defined by classifications of the abundance-weighted PFT data in the
respective sites. Distance-based redundancy analysis (using the abundance-weighted
community and environmental data) was used to infer drivers of the functional
community patterns for each region.

3. Classification of the species–trait data set revealed 26 PFTs shared across the study sites.
A total of seven functional communities at Eneabba (3) and Cooljarloo (4) were
identified. We demonstrate filtering of the functional communities along composite
soil-texture (clay—sand) gradients at Eneabba (42%) and water repellence gradients at
Cooljarloo (36%).

4. Synthesis. This paper presents a procedure formalising the classification of species using
multiple traits leading to the formation of PFTs and functional communities. This step
captures plant responses to the stresses and disturbance characteristic of kwongan
vegetation; low availability of nutrients and water, and fire. Although functional
communities have been suggested in the past, our study is the first to introduce a formal
definition of functional communities. Our results support the role of short-term abiotic
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drivers structuring the formation of fine-scale functional community patterns in
kwongan mosaics dispersed across the Eneabba and Cooljarloo study areas of Western
Australia.

Key words: Environmental drivers, global biodiversity hotspot, mediterranean-type scrub and
woodland, numerical classification, resource-impoverished soils, species-rich vegetation

Nomenclature: The nomenclature of plant taxa follows FloraBase (Western Australian
Herbarium 2017; https://florabase.dpaw.wa.gov.au/), with some exceptions, as documented in
Appendix S1.

Introduction

Plant functional traits are commonly understood as a physical manifestation of the life history
of a species (e.g., Cornelissen et al. 2003; Violle et al. 2007; Perez-Harguindeguy et al. 2013). If
traits define multi-dimensional universal trait spaces (UTS) – an analogy to the multidimensional
niche space of Hutchinson (1957) – then species possessing a specific combination of traits
occupies the same point in the UTS and species which share many traits would occupy similar
positions in the trait space. Functional traits are often inter-dependent, or their values simply
correlate as a result of convergent selective forces (e.g., Westoby 1998; Laughlin 2014).
Consequently, the UTS is not homogeneous in the sense that species are distributed in this space
extremely unevenly. Naturally, there are groups of species sharing similar (yet never identical)
traits. In plants, we may call such a group of species a ‘plant functional type’ (PFT). As the species
concept in biosystematics attempts to summarise the ecological-evolutionary history of that
biological entity (de Queiroz 2007), the PFT concept attempts to summarise the ecological-
evolutionary history of a group of ecologically similar species at high levels of ecological
complexity, including biotic communities and ecosystems.

Functional traits and groups of functional traits are supposed to be better tools to identify
ecological response and effect than their taxonomic identity. To do so requires the
measurement of response and effect traits: Response traits (e.g., life form, seed mass, fire
tolerance) are those correlating to an environmental driver or disturbance agent, while effect
traits (e.g., leaf carbon-nitrogen-phosphorus content influences ecosystem function of
phosphorus availability and rate of nitrogen mineralisation) are those which affect ecosystem
functioning (Dıáz & Cabido 2001; Lavorel & Garnier 2002; Pakeman 2011). Some functional
groups, especially those derived on the basis of single (or few) traits addressing a particular
ecological challenge (e.g., fire: Noble & Gitay 1996 and Keeley 1977; nutrient level in the
environment: Grime 1977) are straightforward and relatively easy to define and to implement.
The definition of functional groups based on many traits responsive to multiple challenges of
the environment (i.e., the combination of ecological stresses and disturbances; sensu Grime
1977) is, however, more complex. Understandably, the multivariate nature of this problem calls
for the formalised use of multivariate data-analytical tools.

A large majority of PFTs are derived pragmatically, from pre-conceived notions based on a priori
knowledge of the ecosystem and observations of trait correlations (e.g., Gitay & Nobel 1997;
Lezama & Paruelo 2016; Verheijen et al. 2016; Carey et al. 2017; Korrensalo et al. 2017). Few
studies define PFTs from correlative trait patterns by numerical analysis (Lavorel et al. 1997).
Clustering methods are most commonly used by those few data defined approaches. Herein,
different selections of transformation (e.g., standardization: Gitay et al. 1999), resemblance
(e.g., Euclidean distance: Larson et al. 2016, Moradi et al. 2017; Gower’s dissimilarity: Laliberté
et al. 2010; phi distance: Boulangeat et al. 2012), and clustering algorithms (e.g., Ward’s method:
Laliberté et al. 2010; complete linkage clustering: Gitay et al. 1999) are used (for a more detailed
review of methods see Kleyer et al. 2012). Further, a range of empirical tools are used to assist
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in the translation of hierarchical (dendrogram) patterns into non-hierarchical classification
systems of PFTs. Larson et al. (2016) decided on the number of clusters based on an a-priori
principal components analysis of the species-trait data (visual search for groups), Stromberg &
Meritt (2016) used the Caliński-Harabasz Index to select the most compact groups and Moraldi
et al. (2017) conducted formal similarity profile permutation testing.

None of the studies cited above present a comprehensive, statistically robust, yet simple,
procedure to define PFTs using response-trait data in a multivariate numerical analysis context
(i.e., featuring traits responding to numerous environmental challenges). It is an aim of our study
to present such a formalised procedure, using Western Australian kwongan scrub and
woodlands as an example.

The kwongan is mediterranean-type species-rich shrubland endemic to southwestern Western
Australia (for definition see Mucina et al. 2014). It has long been revered for its exceptionally
high species richness and endemism and is ranked as one of the world’s biodiversity hotspots
(Myers et al. 2000). Pate et al.’s (1984) system of growth-forms, derived deductively, was the
first specialised system of specialised PFTs defined within kwongan. Recently, PFTs based on
only few traits addressing independently, the ecological challenges of nutrient- (Turner &
Laliberté 2015; Laliberté et al. 2014), water-availability (Groom et al. 2000; Mitchell et al. 2008),
and fire responses (Herath et al. 2009; Enright et al. 2014; Lamont & He 2017) have been used
to study this vegetation type. However, functional groups, derived by numerical analysis,
reflecting a combination of the ecological challenges (i.e., capturing water relations, carbon
balance, nutrition and fire, affecting grown, reproduction and/or survival) of kwongan
vegetation, remain elusive.

In this study, we use an extensive species-focused functional-trait database, a set of vegetation-
plot data informing on species co-occurrence, and an environmental data set describing the
habitat of vegetation plots from a spatially extensive area of the kwongan scrub of Western
Australia.

Our main goal was to develop a robust and highly formalised procedure including:

1. the collection, collation and selection of response traits; assigning species scores for
traits putatively responsive to major ecological challenges of the kwongan environment;

2. the formulation of a PFT system; using the trait scores in a numerical clustering, assisted
by formal post-classification procedures;

3. integration of the PFT system with the species-focused compositional data to formally
define functional plant communities; recalculating the textural composition of the plant
communities by replacing the species identities with the respective PFTs and, by using
weighted community means, to formally define plant functional communities; and
finally,

4. identification of the ecological drivers of the functional-community patterns by
involving an environmental data set and ascertaining the position of the communities
along major gradients; here we hypothesise that the detailed set of environmental
variables would explain a large proportion of the functional-community variability.

Materials and methods

Study sites, vegetation plots and species data

The study was conducted in the regions surrounding the mine site neighbouring each of the
township of Eneabba (29°82′ S, 115°27′ E) and locality of Cooljarloo (30°47′ S, 115°17 E) in
southwestern Western Australia. The Eneabba region is characterised by kwongan scrub, while
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Cooljarloo is also home to Banksia woodlands. The geological substrates of the study sites are
sands (ca. 0.01–2.58   Ma old) and laterite outcrops in restricted areas. The study regions feature
substrates low phosphorus and nitrogen (Mucina et al. 2014). Both sites share mediterranean-
type climates, characterised by warm to hot, dry summers and mild to cool wet winters.
However, Eneabba has a higher maximum temperature and lower annual precipitation
compared to Cooljarloo (Fig. S2.4 & S2.5 in Appendix S2). When combined with relatively stable
and predictable climatic seasonality, and recurrent fire occurrence; these regions are old
climatically-buffered landscapes (Mucina & Wardell-Johnson 2011).

For this study, we used 512 and 363 vegetation plots from Eneabba and Cooljarloo, respectively.
These plots were sampled by Woodman Environmental Consulting (2008, 2014; see Table S2.1
in Appendix S2) for Iluka Resources Ltd (Eneabba) and Tronox Management Ltd (Cooljarloo), and
the data made available to us by the respective mining companies.

Within each 10 m  10 m plot every plant species present and its projected cover (%) was
recorded.  These species, plus additional species recorded in restoration monitoring, and
seeding and planting lists at each mine site were compiled into a master species list. The species
were checked for taxonomic consistency and currency of nomenclature (see Appendix S1 and
Tsakalos et al. 2018, submitted). For an overview of the study locations, the position of the
vegetation plots, and data on climate and geology see Appendix S2.

Species trait data

The low availability of nutrients and water, and the regular occurrence of fire as the most
pronounced natural disturbance in both areas are considered principal drivers of vegetation
patterning and dynamics in kwongan (e.g., Groom et al. 2000; Mitchell et al. 2008; Herath et al.
2009; Enright et al. 2014; Laliberté et al. 2014; Mucina et al. 2014; Turner & Laliberté 2015;
Lamont & He 2017). To develop a PFT system reflecting these environmental challenges, we
created a trait database describing various eco-morphological and functional aspects of the life
history of the species sampled in both study areas. To this end, we compiled a soft-trait database
(Tsakalos et al., in prep.) featuring 1286 species indexed according to 21 binary traits scored
from published taxonomic descriptions, our in situ studies and inspection of lodged specimens
(Western Australia Herbarium 2017), and also including expert advice (see Acknowledgements).
For the list of the traits, trait states, and functional-response relevance see Table S3.1 in
Appendix 3.

Preliminary analyses of the soft-trait database identified 40 unique combinations of the selected
traits, suggesting that there were a high number of functionally similar plants. These 40 core
trait-combinations formed the Trait Data (40 species  21 traits) submitted for numerical
classification (for details see below). This dimensionality reduction was implemented to simplify
the clustering on a database featuring a high number of redundant species.

Environmental data

Two environmental data sets, one for Eneabba (Tsakalos et al. 2018) and one for Cooljarloo
(Tsakalos et al. submitted), collected and collated using identical methods were collated. The
environmental data were collected in 189 and 95 plots at Eneabba and Cooljarloo, respectively.
The variables contained in the environmental data sets captured the vegetation age since last
fire (1), soil physical and chemical properties (23 or 26 for Eneabba and Cooljarloo, respectively),
and topographic variables (3). The Cooljarloo environmental data set also captures soil porosity,
litter depth, and litter variability which do not feature in the Eneabba environmental data set.
See Appendix S2 for more details on the environmental data sets.
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Classification of PFT and functional community patterns

All analysis and coding were done using the R 3.3.3 statistical platform (R Core Team 2017); the
usage of all R packages features below.

The PFTs were defined through the classification of the Trait Data using Unweighted Pair Group
Method with Arithmetic Mean (UPGMA; Sokal & Michener 1958) on the matrix of the
complement of the phi coefficient (Podani 1994). The reason for using phi is that it is closely
related to the Chi-square statistic, both of which are robust options for evaluating the
association between binary variables. Resemblances derived by the phi coefficient have been
effectively used in the past for trait classification (Boulangeat et al. 2012; Kleyer et al. 2012). The
phi coefficient was calculated using the ‘designdist’ function from the vegan R package (Oksanen
et al. 2017) with the complement of the phi formula provided by Podani (1994, p. 33). UPGMA
was selected owing to its properties of resemblance space conservation rather than dilation or
contraction (see Lance & Williams 1967; Sneath & Sokal 1973). UPGMA clustering was
performed using the ‘hclust’ function from the stats R package (R Core Team 2017).

Functional communities were defined through the separate classifications of the log-
transformed cover-abundance weighted mean (AWM) Eneabba and Cooljarloo PFT data (ePFT
and cPFT Data, respectively), using UPGMA clustering on the Bray-Curtis semi-metric
dissimilarity (BC). BC was calculated using the ‘vegdist’ function from vegan. The two AWM data
sets were constructed through a simple substitution of the species identities presented in the
vegetation relevé data sets with the newly defined PFTs. The AWM was calculated for each PFT,
in every vegetation plot captured by the vegetation data sets. These two new data sets, named
ePFT (21 PFTs 512 plots) and cPFT Data (22 PFTs  363 plots), contain the AWM values for
every plot in the at Eneabba and Cooljarloo vegetation data sets, respectively.

The Caliński-Harabasz Index (CH; Caliński & Harabasz 1974) was used to decide on the optimal
number of clusters separately in the three (i.e., classifications of the Trait-, ePFT-, and cPFT-Data)
resulting clustering dendrograms. CH is a measure of group compaction and is analogous to the
F-Statistic which uses the Variance Ratio Criterion to minimise the within-group sum of squares
and maximise the between-group sum of squares. A CH value was generated for an arbitrary
range of groups (2–40) for each of the three classifications. The relationship between the CH
values and the arbitrary groups served heuristically to determine the optimal partitioning for all
classifications (see Moradi et al. 2017). Peaks in the CH-group relationship are indicative of
compaction while troughs indicate less robust, heterogeneous groups.

Post-classification analysis of the PFTs and functional communities

The clusters resulting from classification of the PFT, ePFT, and cPFT-data in multidimensional
space were visualised using NMDS ordination (Kruskal & Wish 1978). The NMDS ordinations
were derived using the ‘metaMDS’ function offered by the vegan package (Oksanen et al. 2017).
We used 1000 random starts to search for the most optimal two-dimensional solution, i.e., the
one with the minimum stress value. The dissimilarity matrix containing the complements of the
phi coefficient was used for the NMDS of the Trait Data, while two separate BC matrices were
used in the NMDS ordination of the ePFT and cPFT Data.

Multi-level indicator traits and PFTs were identified using the IndVal procedure (Dufrêne &
Legendre 1997) to assist in defining and describing the groups (and major groups) identified by
the CH procedure and heuristic interpretation of the NMDS ordinations. A trait (or PFT) was
considered indicative of a particular PFT (or functional community) if it was significantly more
likely to occur in that group than in another (or, in the case of PFTs if it is much more abundant).
Indicator species analysis with restricted combinations (De Cáceres et al. 2010) and correction
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for unequal sample sizes (Tichý et al. 2006) as called by the ‘multipatt’ function offered in the
indicspecies R package (De Cáceres & Legendre 2009) was applied. The diagnostic traits and PFTs
were used to name PFTs and functional communities, respectively.

After determining the final cluster solutions, functional community synoptic tables were
generated for the Eneabba and Cooljarloo study areas. The tables were populated with
constancy values (%) with each column representing a functional community and each row a
PFT. The synoptic tables were sorted manually; first, only PFTs with exclusive occurrence, hence
not occurring in other units of the same rank were identified; second, species recognised as
diagnostic when having low constancy in one-unit and having negligible occurrence in one or
more other units of the same rank were selected. We then applied principal coordinate analysis
(PCoA on BC) of all functional communities to assess the dissimilarity between the functional
communities determined independently across both study areas. The ‘vegdist’ function was
used to generate the BC dissimilarity on the combined functional community synoptic tables,
and the ‘cmdscale’ function to run the PCoA, both functions were from vegan (Oksanen et al.
2017).

Identifying drivers of the functional community patterns

To explore the relationship between the patterns of the functional communities and their
ecological drivers, variable reduction and distance-based redundancy analysis (db-RDA;
Legendre & Anderson 1999) were applied separately to the ePFT and cPFT data and their
accompanying environmental data sets. We used the ‘ordiR2step’, and ‘ordistep’ functions
separately to build a consensus of variables which explain a significant portion of compositional
variance while considering an adjusted R2 or AIC threshold, respectively (Oksanen et al. 2017).
Variables were kept in the final ordination after the removal of linear dependencies using the
‘vif.cca’ function. The db-RDA model was called using the ‘capscale’ function and using BC. The
variable reduction procedure followed Borcard et al. (2011). All variable reduction and
ordinations were conducted using the functions, detailed above, coded and presented by vegan
(Oksanen et al. 2017).

Results

PFT classification in kwongan vegetation

We identified two cluster solutions (clustering of core trait-combinations into PFT clusters) as
suggested by a CH analysis as being ‘optimal’ and hence informative: 3 clusters which we call
‘major PFTs’ (MPFTs) and 26 clusters (PFTs; Fig. 1A). A two-dimensional representation of the
multidimensional trait NMDS space supports the recognition of these three MPFTs owing to
their non-overlapping convex hulls (Fig. 1B). A dendrogram summarising the final hierarchical
trait classification system (Fig. 1C) indicates that the MPFTs 1, 2 and 3 consist of 5, 2 and 19 PFTs,
respectively.
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Focusing on MPFTs, the IndVal analysis identified the following traits as diagnostic: parasitic
stems, roots, and C3 photosynthetic strategy associated to MPFT 1; crassulacean acid
metabolism, succulence and parasitism (none) for MPFT 2, and autotrophy for MPFT 3. At the
PFT level, IndVal identified three additional traits including woodiness (throughout), ericoid
mycorrhizal association, and nutrient mining as diagnostic for Leptomerioid, Ericoid, and
Schoenoid PFTs, respectively. The constancy and diagnostic status of all traits are presented in
Fig. 2 and expanded in Table S4.1.

Fig. 1. Multivariate analysis of the Trait Data featuring results of the Caliński-Harabasz analysis
(A) applied to the groups produced by the classification (UPGMA) using the phi dissimilarity;
NMDS ordination diagram (B; phi dissimilarity, two-dimensional solution, 1000 runs), and
dendrogram (C) summarising the final trait classification system.
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Fig. 2. The classification Trait Data to define three MPFTs and 26 PFTs, using the species detected
across the Eneabba and Cooljarloo study sites. White crosses indicate diagnostic traits belonging
to MPFTs and white dots indicate diagnostic traits (listed along the y-axis) belonging to PFTs
(listed along the x-axis). The diagnostic status was defined by the IndVal analysis where P ≤ 0.05.
Bold vertical lines separate the MPFTs from left to right as MPFT 1, 2 and 3. Black and grey
shading indicate constancy (%) values of 100 and 50, respectively.

Functional communities in kwongan

The CH analysis of the log-transformed AWM-ePFT data set (UPGMA clustering; BC) suggested
a four-cluster solution as the optimal. These clusters represent the following functional
communities (FCs): Proteoid-Ericoid FC, Myrtoid FC, Calandrinioid FC, and Acacioid seeder FC.
The IndVal procedure applied to these clusters identified nine diagnostic PFTs including;
Proteoid, Schoenoid, Comespermoid, and Ericoid for the Proteoid-Ericoid FC; Myrtoid for the
Myrtoid FC; Calandrinioid, Cassythoid, and Orobanchoid for the Calandrinioid FC; and Acacioid
seeder for the Acacioid seeder FC.

When applied to the UPGMA clustering based on BC of a log-transformed AWM-cPFT data set,
the CH analysis peaked at three and six clusters (Fig. S5.1). For the Cooljarloo study area, these
peaks represent three functional community groups (FCG). The first FCG, named Proteoid FCG,
contains four clusters, namely Proteoid FC, Lomandroid FC, Acacioid seeder FC, and Schoenoid
FC. Of these, Acacioid seeder FC and Schoenoid FC include a low relevé number (11 and 3,
respectively), and these were slightly outlying in the NMDS space (Fig S5.2). The remaining two
monotypic FCGs of Cooljarloo are Mytroid FCG/FC and Calandrinioid FCG/FC. The Proteoid,
Lomandroid, Acacioid resprouter, Schoenoid, Ericoid and Droseroid PFTs were diagnostic for the
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Proteoid FCG; the Myrtoid, Carpobrotoid and Calindrinoid PFTs were diagnostic for the Myrtoid
FCG; and the Chenopodioid PFT was diagnostic for the Chenopodioid FCG.

The functional community constancy tables and the diagnostic status (at both FC and FG
hierarchical levels) feature separately for the Eneabba and Cooljarloo study areas in Fig. 3 and
expanded in Tables S5.1 and S5.2.

Fig. 3. Functional communities of the Eneabba (A) and Cooljarloo (B) study areas derived from
classification of the AWM ePFT and cPFT data sets. Crosses indicate diagnostic PFTs along the y-
axis, belonging to the functional communities along the x-axis as identified by the IndVal
analysis; P ≤ 0.05. Bold vertical lines in Fig. 3A separate the FCGs from left to right as Proteoid
FG, Myrtoid FG, and Chenopodioid FG, respectively.

Myrtoid and Proteoid derived FCs from both study sites separate along PCoA axis 1 (accounting
for 34% of variability) of the combined Eneabba and Cooljarloo functional community synoptic
tables. There was a high degree of similarity between the Proteoid-Ericoid FC from Eneabba and
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the Lomandroid FC and Acacioid FC of Cooljarloo as indicated by their proximity in PCoA space
(Fig. 4). The second PCoA axis (accounting for 25% variability), distinguished the Calandrinioid
FC and Schoenoid FC as functionally distinct from the remaining FCs.

Fig. 4. PCoA plot (Bray-Curtis dissimilarity) of the combined Eneabba and Cooljarloo functional-
community data. Triangles and circles indicate FCs identified at Eneabba and Cooljarloo,
respectively.

Drivers of the functional patterns

The total explained functional compositional variance for Eneabba and Cooljarloo was 36 and
42%, as determined from a separate db-RDA of the AWM ePFT and cPFT data using all
Environmental Data. After variable reduction, there was a small decline of 9 and 10% of the total
explained compositional variance at Eneabba and Cooljarloo.

The db-RDA Axis 1, explaining nearly 14% of total inertia of the AWM ePFT functional
composition, suggests a separation between the Myrtoid FC and Proteoid-Ericoid FCs (Fig. 5A).
The Myrtoid FC hull appears focused on the ordination space defined by higher exchangeable-
cations, pH, lacustrine surface geology, and low elevations. The Proteoid-Ericoid FC hull
encompasses a range of soils with high bulk density and higher elevation. Additionally, there
was a high probability of surface geology intersections of laterite, Pleistocene aged dunes, sands
derived from the weathering of laterite and limestone.

A db-RDA analysis involving the AWM cPFT and environmental data shows a clear separation
between the Myrtoid and Proteoid FGs along the Axis 1 explaining nearly 21% of compositional
variability (Fig. 5B). This functional composition response of the Proteoid and Myrtoid derived
clusters is occurring along similar ecological gradients in the Eneabba study area (Fig. 5A). The
monotypic Myrtoid FG occupied an environmental space with high exchangeable Mg and low
effective cation exchange capacity when compared to the Proteoid FG. The Proteoid FC and
Chenopodioid FC developed over a fire-free period (i.e., higher fire age) and on soils of a high
porosity when compared to the Lomandroid FC and Acacioid sprouter FC.
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Fig. 5. The dbRDA analyses, based on Bray-Curtis dissimilarity of the (A) Eneabba and (B)
Cooljarloo AWM PFT Data, and using environmental variables retained after variable reduction.
Continuous variables are presented as vectors and include: Bulk density (Bulk.d), effective cation
exchange capacity (ECEC), elevation above sea level (Elev), exchangeable sodium percentage
(ESP), exchangeable Ca, K, and Mg (Ex.Ca, Ex.K, and Ex.Mg, respectively), litter depth (litt.dpt),
pH measured in de-ionized water (pH.H20), time since last fire (Fire age), total carbon content
(Total C), and soil porosity (Porosity). The nominal multistate variables are presented as black
squares and include water repellence (states: Never apparent; W.Na, moderate; W.M, severe;
W.S, very severe; W.Vs) and surface geology (states: Lacustrine sediment; Lacu, laterite; Later,
sands derived from the weathering of laterite; Lsand, limestone; Lstone, and Pleistocene aged
dunes; PSand).

Discussion

Classifying species into plant functional types

Functional traits shared by species make the classification of species into functional groups
possible; the differences between the functional groups across species (and at the population
and individual levels) make the classification interesting and desirable. There, varying species
groups, varying functional traits suites, and varying aims employ both species and traits to solve
ecological and evolutionary questions (e.g., Dıáz & Cabido 2001; McGill et al. 2006; Westoby &
Wright 2006; Ackerly & Cornwell 2007; Webb et al. 2010). Because of their logical power
(reflecting the discontinuous nature of the trait space) and versatility (able to simplify complex
multivariate systems), functional groups have become an important tool of functional ecology
(Gillison 2013).

Our way of defining the functional groups comprises intuitive schemes (such as the
Theophrastus one) and highly formalised procedures involving complex data-analytical
apparatus (e.g., Pla et al. 2012). Although the intuitive schemes (involving a priori defined FGs)
have their validity (and show resolution power) in some instances, their usefulness is very much
limited to systems with few species. In more complex situations, the use of a priori classifications
appears inadequate. Wright et al. (2006) tested ten different a priori systems (in plant-
production context) in their ability to predict ecosystem functioning and concluded that the
precision of the a priori classifications employed in these studies was seldom significantly higher
than the precision of random classifications. There low precision is hardly surprising since a
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robust (PFT) classification scheme should reflect the ecosystem functioning, and indeed the
major environmental challenges (stresses and disturbances) a studied system is facing.

Many studies (e.g., Friedel et al. 1988; Leishman & Westoby 1992; Noble & Gitay 1996; Gitay et
al. 1999; Anderson & Hoffmann 2011) use numerical tools to define PFTs (or equivalent
concepts), yet interestingly they have omitted or neglected one or more formal steps. For
instance, they failed to test various data-analytical tools (for a definition see Lotter et al. 2013)
or to implement a post-classification analysis (including formal definition of the optimal clusters
or other verification of the clustering outcome). Our study presents, in this respect, a
comprehensive tool mitigating these caveats.

We suggest that in multi-species and multi-trait studies, uses of formal procedures involving
robust data-analytical tools is indispensable. A vital part of this procedure is the logical choice
of response traits (e.g., Bernhardt-Römermann et al. 2008; Laughlin 2014).

Multi-species systems are often functionally redundant. Cowling et al. (1994) demonstrated that
in South African fynbos there was a high number of species sharing similar function. In our study
we also have been able to detect only 40 unique trait combinations (shared by 1287 species)
which is far less than the theoretical maximum of ~2.09  106 (i.e., 2n where n = number of
traits) shared by those species. Understandably, it is not hard to find traits to distinguish any
combination of species; the restriction is in our ability to measure them. Nonetheless, the
intrinsic correlation between the vast number of potential traits (both categorical and
quantitative) means that there is a tractable upper limit of plant trait dimensionality (Westoby
1998; Laughlin 2014).

The vegetation system in our study is known for its species richness and functional redundancy
(Macintyre et al. 2018). Here several trait-based classifications of kwongan flora were devised
involving response (or groups thereof) responsive either to nutrient acquisition (e.g., Lambers
et al. 2008; Turner & Laliberté 2015; Laliberté et al. 2014; Zemunik et al. 2015), water use (e.g.,
Groom et al. 2000; Mitchell et al. 2008), or post-fire fire regeneration (e.g., Herath et al. 2009;
Enright et al. 2014; Lamont & He 2017). Our study combines the response to these
environmental challenges in one comprehensive scheme.

Formally defining functional communities

Some studies (e.g., Hérault & Honnay 2007; van der Plas et al. 2016) used the term ‘functional
community’ only in passing; hence the concept of a ‘functional community’ has never been
formalised or visualised in an operational way. We have identified Shao et al. (1996) who, in the
context of the potential impact of climate change on coastal vegetation, used a small set of
‘plant attributes’ and ‘environmental constraints’ to define ‘functional’ plant communities using
a clustering approach. Volf et al. (2016) addressed ‘functional structure of communities’ using
community trait mean values to assess the role of ecological drivers on the functional structure
of plant communities (e.g., Garnier et al. 2004; Violle et al. 2007; Zhou et al. 2018). The most
recent methodological developments involving the construction of data-base exploring tools
(Ankenbrand et al. 2018) are a witness to the increasing importance of functional-community
research.

Our study presents a comprehensive procedure combining a formal PFT classification and full-
floristic vegetation data. This approach removes the functional redundancy and focuses on the
functionality of the studied vegetation as captured by the major response traits.
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Inferring drivers of functional-community patterns

While the FCs of Eneabba were not environmentally discernible, at Cooljarloo, they were well
partitioned along a composite soil-texture composition and exchangeable sodium cation
gradients. A large proportion of the functional composition, however, remained unexplained at
both the Eneabba and Cooljarloo study sites (64% and 58%, respectively). These proportions are
still lower than those based on compositional (floristic) data alone (71% for Eneabba and 82%
for Cooljarloo; Tsakalos et al. 2018 and submitted, resp.). Naturally, this unexplained variance
may be a function of various factors, such as the choice of traits, quality of compositional and
environmental data, and the nature of analyses. We maintain that the selection of our traits was
logical and the quality of both compositional and environmental data robust. The trait and
environmental data used captured a combination of nutrients, water, and (fire) disturbance –
all features identified as important to community assembly in kwongan vegetation. An
alternative, yet equally plausible explanation for this unexplained variance is the role of neutral
or quasi-neutral assembly processes (Hubbell 2001) weighting more than short-term ecological
filtering.

Kwongan of Western Australia, like fynbos of South Africa, are characteristic vegetation of
landscapes which are tectonically quiescent (lack of soil rejuvenation resulting in the progressive
impoverishment of soil), experiencing long-term, yet predictable climate, and subject of large-
scale, yet predictable disturbance (fire). Such landscapes qualify as so-called ‘Old Stable
Landscapes’ (Mucina & Wardell-Johnson 2011). High speciation and low extinction rates are
fostered under these slow, evolutionary processes of soil impoverishment and climatic stability.
Further, facilitation rather than competition (driving limiting similarity) is presumed as a major
factor driving assembly of kwongan (e.g., Perry et al. 2009a; Lambers et al. 2017). The high
number of functionally redundant species (sensu Cowling et al. 1994) and PFTs consisting of
closely related (to family level) species in our data is consistent with the principles of
phylogenetic niche conservativism (Wiens et al. 2010), underpinning in situ radiations
characteristic of the kwongan ecosystem (Byrne et al. 2014).

At fine spatial scales, the diversity patterns in both fynbos (Latimer et al. 2005) and kwongan
(Perry et al. 2009b) can be predicted by neutral and quasi-neutral processes. It is then well
plausible that the large portion of the unexplained compositional variability might go on account
of slow-acting quasi-neutral flora assembly processes.
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Appendix S1. Taxonomic and nomenclatural adjustments to plant taxa listed in the Eneabba
and Cooljarloo compositional vegetation data.

This Appendix captures two taxonomic crosswalks between the datasets sourced from

unpublished sources (Woodman Environmental Consulting (2008: presenting the Eneabba Data)

and Woodman Environmental Consulting (2012: presenting the Cooljarloo Data)

The following steps were performed to build a consensus between the surveys of the natural

vegetation at Eneabba and Cooljarloo (Woodman Environmental Consulting 2008, 2012,

respectively), and the monitoring of restored areas, and seeding and planting lists at Eneabba

and Cooljarloo:

1. All taxa were pooled into a large species list;

2. Some phrase-name taxa (i.e., recognised taxonomic categories still pending formal

description) formally described between the original release/publication of the datasets

and today were replaced by the current names;

3. Obvious identification mistakes were identified; and

4. Few deviations, based on more recent taxonomic publications, from the taxonomy

presented from Florabase, were noted.

5. The names with an asterisk idicate a non-native (alien) taxa.
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Adjusted taxonomic concepts (the names carrying sensu auct. refer to obvious

misidentifications pertinent only to the Eneabba dataset)

Original taxonomic concept New Taxonomic concept

Centaurium spicatum sensu auct. Schenkia australis

Pelargonium littorale sensu auct. Pelargonium capitatum*

Xanthorrhoea brunonis sensu auct. Xanthorrhoea sp. Lesueur (G.J. Keighery

16404)

Xanthorrhoea drummondii sensu auct. Xanthorrhoea sp. Lesueur (G.J. Keighery

16404)

Xanthorrhoea preissii sensu auct. Xanthorrhoea sp. Lesueur (G.J. Keighery

16404)

Nomenclatural adjustments

Original name New name

Actinostrobus acuminatus Callitris acuminata

Actinostrobus arenarius Callitris arenaria

Actinostrobus pyramidalis Callitris pyramidalis

Astroloma pallidum Astroloma glaucescens

Astroloma sp. Cataby (E.A. Griffin 1022) Astroloma oblongifolium

Astroloma pedicellatum Astroloma sp. Eneabba (N. Marchant s.n.

PERTH 01291777)

Austrodanthonia acerosa Rytidosperma acerosum

Austrodanthonia caespitosa Rytidosperma caespitosum

Austrodanthonia occidentalis

Notodanthonia occidentalis

Rytidosperma occidentale

Austrodanthonia setacea Rytidosperma setaceum

Baeckea sp. Bunney Road (S. Patrick 4059) Babingtonia erecta

Baeckea crispiflora Ericomyrtus serpyllifolia

Baeckea grandiflora Babingtonia grandiflora

Baeckea sp. Perth Region (R.J. Cranfield 444) Babingtonia urbana

Commersonia pulchella Androcalva pulchella

Geleznowia verrucosa subsp. verrucosa Geleznowia verrucosa

Rulingia borealis Commersonia borealis
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Nomenclatural adjustments

Original name New name

Hakea spathulata Hakea neospathulata

Hemiandra glabra subsp. glabra Hemiandra glabra

Pityrodia bartlingii Hemiphora bartlingii

Hibbertia sp. Mt Lesueur (M. Hislop 174) Hibbertia crassifolia

Hibbertia sp. Gnangara (J.R. Wheeler 2329) Hibbertia sericosepala

Hypoxis glabella var. leptantha Pauridia glabella var. leptantha

Isotoma hypocrateriformis var.

trichogramma

Isotoma hypocrateriformis

Leucopogon sp. Arrowsmith (M. Hislop 2509) Leucopogon inflexus

Leucopogon sp. Bifid Eneabba (M. Hislop

1927)

Styphelia filamentosa

Leucopogon sp. Lesueur (B. Evans 530) Leucopogon stenophyllus

Leucopogon sp. Moore River (M. Hislop 1695) Styphelia ciliosa

Leucopogon sp. Murdoch (M. Hislop 1037) Styphelia filifolia

Leucopogon sp. South Eneabba (E.A. Griffin

8027)

Leucopogon prolatus

Leucopogon sp. Warradarge (M. Hislop 1908) Styphelia williamsiorum

Thryptomene sp. Eneabba (R.J. Cranfield

8433)

Thryptomene spicata

Lysinema ciliatum Lysinema pentapetalum

Malleostemon sp. Cooljarloo (B. Backhouse

s.n. 16/11/88)

Babingtonia delicata

Melaleuca coronicarpa Melaleuca marginata

Oenothera stricta Oenothera stricta subsp. stricta

Olearia dampieri ms

Olearia dampieri subsp. dampieri ms

Olearia sp. Kennedy Range

Pentaschistis airoides Pentameris airoides subsp. airoides

Pimelea microcephala Pimelea microcephala subsp. microcephala

Pterostylis sp. broad petals (S.D. Hopper

4429)

Pterostylis platypetala

Ptilotus sp. Eneabba (K. Kershaw & D. Leach

07-02-01)

Ptilotus clivicola
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Nomenclatural adjustments

Original name New name

Ptilotus divaricatus var. divaricatus Ptilotus divaricatus

Ptilotus spathulatus forma. spathulatus Ptilotus spathulatus

Pityrodia loxocarpa Quoya loxocarpa

Pityrodia verbascina Quoya verbascina

Tricostularia neesii var. neesii Tricostularia neesii

Deviating (from FloraBase) nomenclature (the source of the taxonomy followed by us is given

in brackets and listed in the references below)

FloraBase (on May 8, 2018) Our name

Rhagodia preissii subsp. obovata Chenopodium preissii subsp. obovatum (1)

Bromus diandrus* Anisantha diandra* (2)

Bromus rubens* Anisantha rubens* (2)

Macrozamia fraseri sensu auct. Macrozamia sp. ‘Eneabba’ (D.L. Jones 12402)

(1) Fuentes-Bazán at al. (2012); Hernández-Ledesma et al. (2015)

(2) Euro+Med PlantBase (2018; www.emplantbase.org)
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Appendix S2. Geographic position, climatic diagram and detailed descriptions of the Eneabba
and Cooljarloo study areas and their floristic and environmental data, Western Australia.

Fig. S2.1. The geographic position of study areas of Eneabba and Cooljarloo, Western Australia.

The Eneabba and Cooljarloo datasets both were collected by Woodman Environmental

Consulting (2008 and 2012, resp.). Interim biogeographic subregions for Australia (IBRA 7) are

sourced from Department of the Environment and Energy 2017 derived from Department of the

Environment in 2012. The hypsometric background was derived from NASA’s shuttle radar

topography mission 1 ARC second dataset (Farr 2007) and demonstrates the digital elevation

from low (green) to high (brown).
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Fig. S2.2. The geographic position of study area of Eneabba, Western Australia. The Eneabba

data was collected by Woodman Environmental Consulting (2008). Surface geology was derived

from Mory (1994a, b). The hypsometric background was derived from NASA’s shuttle radar

topography mission 1 ARC second dataset (Farr 2007) and demonstrates the digital elevation

from low (green) to high (brown).
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Fig. S2.3. The geographic position of study area of Cooljarloo, Western Australia. The Eneabba

data was collected by Woodman Environmental Consulting (2012). Surface geology was derived

from Mory (1994c). The hypsometric background was derived from NASA’s shuttle radar

topography mission 1 ARC second dataset (Farr 2007) and demonstrates the digital elevation

from low (green) to high (brown).



171

Fig. S2.4. A climatic diagram using data extracted from the Eneabba climatic station using a 52-

year data set for mean monthly precipitation and a 46-year dataset for mean maximum and

mean minimum monthly temperatures. The long-term mean annual rainfall amounts to 489.6

mm. All precipitation and temperature data were provided by the Bureau of Meteorology

(2017).

Fig. S2.5. A climatic diagram using averaged data extracted from the Lancelin and Badgingarra

climatic stations.  Data span 45 to 50 years for mean monthly precipitation, maximum and mean

minimum monthly temperatures. The long-term mean annual rainfall amounts to 573 mm. All

precipitation and temperature data were provided by the Bureau of Meteorology (2017).
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Table. S2.1. Characteristics of the Eneabba and Cooljarloo floristic data, Western Australia

collected by Woodman Environmental Consulting (2008 and 2012, resp.).

Characteristic Eneabba Cooljarloo

Extent of the survey areas (ha) 121,000 80,000

Size of relevés (ha) 0.01 0.01

Number of relevés 512 363

Total species richness 649 528

Average species richness 42 32

Average species co-occurrenceA 10 6

Beta diversityB 15 16

Number of floristic communities 17C 6D

AAverage species co-occurrence was calculated as the ‘a’ component of Jaccard’s Index.
BBeta diversity was calculated as the basic Whittaker Index.
CThe Number of floristic communities were derived by Tsakalos et al. (2018).
DThe Number of floristic communities were derived by Tsakalos et al. (submitted).

Table. S2.2. Characteristics of the Eneabba and Cooljarloo environmental datasets.

Characteristic Eneabba Cooljarloo

Date of soil collection 2014 2015

Number of relevés 189 95

Number of variables 27 30*

*Cooljarloo contained three additional variables including; soil porosity, litter depth and litter

variability.
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Table. S2.3. Code, description, unit of measure and reference for the soil, topographic and geological variables collated from the Eneabba and Cooljarloo

study sites, Western Australia. For full descriptions of the collection and analysis procedures used see Tsakalos et al. (2018, submitted).

Code Description Unit Variable type Reference

Bulk Bulk density gcm−3 Soil Cresswell & Hamilton (2002)

Porosity Porosity gcm−3 Soil Cresswell & Hamilton (2002)

Litt.dpt Litter depth cm Soil Cresswell & Hamilton (2002)

Litt.var Litter variability cm Soil Cresswell & Hamilton (2002)

Clay Clay particle proportion % Soil Bowman & Hutka (2002)

Sand Sand particle proportion % Soil Bowman & Hutka (2002)

Silt Silt particle proportion % Soil Bowman & Hutka (2002)

Conduct Conductivity dSm−1 Soil Rayment & Lyons (2011)

pH.CaCl2 pH (measured in CaCl2 solution) Soil Rayment & Lyons (2011)

pH.H2O pH (measured in de-ionized water) Soil Rayment & Lyons (2011)

Al Exchangeable Al3+ cmolckg−1 Soil Bromfield (1987)

Ca Exchangeable Ca2+ cmolckg−1 Soil Rayment & Lyons (2011)

Mg Exchangeable Mg2+ cmolckg−1 Soil Rayment & Lyons (2011)

K Exchangeable K+ cmolckg−1 Soil Rayment & Lyons (2011)

Na Exchangeable Na+ cmolckg−1 Soil Rayment & Lyons (2011)

C Total carbon content % Soil LECO Corporation (2006)

N Total nitrogen content % Soil LECO Corporation (2006)

P Total phosphorus content mgkg−1 Soil Rayment & Lyons (2011)

Ex.Acid Exchangeable acidity cmolckg−1 Soil Rayment & Lyons (2011)
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Code Description Unit Variable type Reference

KCl.Al KCl exchangeable Al3+ cmolckg−1 Soil Rayment & Lyons (2011)

KCl.H KCl exchangeable H+ cmolckg−1 Soil Rayment & Lyons (2011)

ECEC Effective cation exchange capacity cmolckg−1 Soil Rayment & Lyons (2011)

ESP Exchangeable sodium percentage % Soil Rayment & Lyons (2011)

Wat.Rep Water repellence of the soil (0‒6) Nominal Soil Carter (2002)

Effev Effervescence of carbonates (0‒1) Nominal Soil McDonald & Isbell (2009)

S.G Surface geology Nominal Soil Mory (1994a, b, c)

Aspect Aspect of raster grid ° Topographic Farr et al. (2007)

Elev Elevation m Topographic Farr et al. (2007)

Slope Inclination of the slope % Topographic Farr et al. (2007)

FireAge Time since last fire years Fire -
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Fig. S2.6. Operational procedure for the synthesis of plant traits into plant functional types

(PFTs), functional communities (FCs) and the identification of environmental drivers using

distance based redundancy analysis (db-RDA). Stars indicate the numerical classification

procedure involving implementation of the Caliński-Harabasz index and IndVal techniques to

inform robust choice of classification clusters and identification of diagnostic species. Plus

indicates the ordination procedure involving the use of variable reduction techniques.
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Appendix S3. Functional traits, their states and ecological relevance.

This Appendix provides a summary of the plant functional traits and their states (21) which were

scored for 1287 taxa forming the foundation of the Trait Data (Table S3.1.).

In general, the following steps were performed to build a the comprehensive Trait database;

1. All taxa were pooled into a large species list (See Appendix S1);

2. Soft trait states were scored using the following three sources of information;

a. Published taxonomic descriptions,

b. Inspection of voucher specimens referenced in the Western Australian

Herbarium, and

c. Liason with experts of the Western Australian Flora who specialise in specific

families or general.
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Table S3.1. Functional traits, their states and ecological relevance. The column "functional aspect" indicates links of traits with water relations, carbon balance, nutrition and fire, affecting growth, reproduction and/or survival.

Codes were produced for use in the PFT classification.

Form manifestation
Functional aspect Reference

Traits States Code

Longevity Longevity (Annual, Perennial) Perrennial

Summer drought avoidance; growth maintenance or

regeneration; persistence; carbon allocation; potential

rooting depth

Ludlow et al. 1983; Grime 1977; Bond &

Midgley 2001

Woodiness

None (Yes, No)

Pseudo (Yes, No)A

Basal (Yes, No)

All (Yes, No)

Woodiness (None)

Woodiness (Pseudo)

Woodiness (Base)

Woodiness (All)

Structural support; stress tolerance; rate of nutrient

turnover

Küppers 1989; Eckstein et al. 1999; Chaves

et al. 2002

Succulence Succulency (Yes, No) Succulency Drought tolerance, salinity tolerance Wright et al. 2004; Farooq et al. 2009

Photosynthetic path

C3 (Yes, No)

C4 (Yes, No)

CAM (Yes, No)

Photosynthesis (C3)

Photosynthesis (C4)

Photosynthesis (CAM)

Water use efficiency; carbon assimilation; high

temperature tolerance

Ehleringer & Monson 1993; Hopkins &

Hüner 2008; Gillison 2013

Autotrophic Autotrophy (Yes, No) Autotrophic Carbon assimilation; water use efficiency; transpiration Hopkins & Hüner 2008; Gillison 2013

Parasitism

None (Yes, No)

Stem (Yes, No)

Root (Yes, No)

Parasatism (None)

Parasatism (Stem)

Parasatism (Root)

Carbon, water and nutrient acquisition Press & Phoenix 2005

Carnivory Carnivory (Yes, No) Carnivorous Nutrient acquisition Givinish 1989; Ellison & Gotelli 2001

Nutrient mining Nutrient mining (Yes, No) Nutrient mining Nutrient mobilization and acquisition; Lambers et al. 2008; Lambers et al. 2012

N2 fixation N2 fixation (Yes, No) N2 fixation Nutrient acquisition; N2 fixation Zahran 1999; Png et al. 2017

Mycorrhizal association

Arbuscular-Ectomycorrhizal (Yes, No)

Ericoid mychorrhizae (Yes, No)

Orchid mychorrhizae (Yes, No)

Mycorhizae (AM-EM)

Mycorhizae (Ericoid)

Mycorhizae (Orchid)

Nutrient acquisition
Read 1983; Pate 1994; Brundrett 2009;

Heijden et al. 2015; Moora 2014

Root-microbial association Yes (i.e., N2, MycAE, Myc.Eri, Myc.Orc), No Microbial association Nutrient acquisition Marschner & Dell 1994; Lambers et al. 2014

Fire response Fire response (Obligate seeder, Resprouter) Fire response (Sprouting)

Life history; use of water and nutrients post-fire;

dispersal, Competition for space/light; ruderal pioneers

(C-S-R); response to fire

Cowling 1994; Kozlowski & Pallardy 2002;

Enright et al. 2011; Gillison 2013

A Pseudo woodiness is a unique trait, it is where ‘wood’ arises in the form old leaf bases stuck to together by a naturally occurring reson (e.g., Xanthorrhoea sp.).
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Appendix S4. Trait and functional community synoptic tables with diagnostic species.

Table S4.1. The classification of 21 traits into three major groups and 26 plant functional types (PFTs) using the Trait Data collated across the Eneabba and Cooljarloo study sites. Main values represent percentage constancy. The

PFTs have been assigned as diagnostic using the IndVal procedure calculated for the major groups and PFTs derived using classification of the phi coefficient of the Trait data with clustering following the unweighted pair group

method with arithmetic mean. All of the shaded traits are considered diagnostic to major PFT groups, their significance levels are coded as medium grey, and light grey when P≤ 0.001-0.01, and 0.01-0.05, respectively. Bolded values

are diagnostic traits to PFTs where Pr(>F) = , 0.001-0.01. For description of PFT codes see Appendix S3.
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Para.Rt 100 100 100

CAM 100 100

No.Paras 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Myc.AM.EM 100 100 100 100 100 100 100 100 100 100 100

Miners 100 50 50 100 50
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Myc.Orc 100
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Appendix S5. Caliński-Harabasz diagrams, nonmetric multidimensional scaling, dendrograms, and
cross-tabulations generated from the classification of the Eneabba and Cooljarloo plant functional
trait data sets and the comparison against floristic communities.

Fig. S5.1. Caliński-Harabasz (CH) index calculated for the clusters derived from the separate

classification of the Eneabba (A) and Cooljarloo (B) log-transformed cover abundance weigthed mean

plant functional trait data using Bray-Curtis dissimilarity and UPGMA clustering, Western Australia.
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Fig. S5.2. NMDS ordination generated on the Eneabba (A) and Cooljarloo (B) log transformed cover

abundance weigthed mean plant functional trait data using Bray-Curtis dissimilarity and UPGMA

clustering, Western Australia. The relevés have been delineated according to optimal cluster

solutions derived using the Caliński-Harabasz index on the groups derived from classification of the

separate Eneabba and Cooljarloo datasets (see Fig. S4.1).
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Fig. S5.3. Dendrograms generated using the most compact cluster groups suggest by the Caliński-

Harabasz Index from the separate classification of the Eneabba (A) and Cooljarloo (B) log-transformed

AWM plant functional trait data. The classification was conducted using the unweighted pair group

method with arithmetic mean on the Bray-Curtis dissimilarity. Dendrogram leaves are functional

community names derived from a nominal combination of the diagnostic species identified using the

indicator value (IndVal) procedure and dominant PFTs. The numbers in brackets are the number of

relevés within each functional community.
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Table S5.1. Classification of 22 plant functional types (PFTs) from the Eneabba data (ePFT Data) into

four functional communities (FC) and two functional community groups (FCG). Main values are

percentage constancy: superscripts represent average cover values converted to the Braun-Blanquet

cover-bundance scale. IndVal was used to derive multilevel diagnostic PFTs at FC and FCG cluster

levels. Shaded values are of those PFTs that are diagnostic to FCGs; their significance levels are coded

as dark grey and light grey where Pr(>F) = 0– 0.001, and 0.01–0.05, respectively. Bold values indicate

those PFTs that are diagnostic to FCs. FCG codes: Proteoid-Ericoid FG (a) and Acacioid seeder FG (b).

FC codes: Proteoid-Ericoid FC (A), Myrtoid FC (B), Calandrinioid FC (C), Acacioid seeder FC (D).

FC A B C D

FCG a a a b

Nr. of soil-sample sites 160 23 6 -

Nr. of plots 432 63 12 3

Amyemoid <0.012

Aristidoid sprouter <0.01

Chenopodioid <0.011

Parentucellioid <0.01

Schoenoid 1002 942 1002 831

Proteoid 992 541 1002 421

Myrtoid 1003 1004 1002 1002

Acacioid seeder 591 591 671 1004

Calandrinioid 5+ 17+ 1003

Cassythoid 621 25+ 1001 25+

Acacioid sprouter 962 751 1001 671

Lomandroid 931 781 1001 671

Comespermoid 961 781 671 421

Stylidioid 892 942 1002 1002

Trifolioid 38+ 35+ 671 8+

Xanthorrhoeoid 381 19+ 671 17+

Ptilotoid 511 29+ 33+ 33+

Ericoid 821 17+ 33+ 25+

Leptomerioid 50+ 32+ 33+ 33+

Orobanchioid 7+ <0.013 33+

Droseroid 42+ 27+ 25+
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FC A B C D

FCG a a a b

Nr. of soil-sample sites 160 23 6 -

Nr. of plots 432 63 12 3

Orchideoid 36+ 38+ 17+
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Table S5.2. Classification of 23 plant functional types (PFTs) from the Cooljarloo data (cPFT Data) into

six Functional Communites (FC) and three Functional Community Groups (FCG). Main values are

percentage constancy; superscripts represent average cover values converted to the Braun-Blanquet

cover scale. IndVal was used to derive multilevel diagnostic PFTs at the FC and FCG cluster levels.

Shaded values are of those PFTs diagnostic to FCGs; their significance levels are coded as dark grey

and light grey where Pr(>F) = 0– 0.001, and 0.01–0.05, respectively. Bold values indicate PFTs

diagnostic to FCs. FCG codes: Proteoid-Lomandroid FG (u), and Myrtoid FG (v), and Chenopodioid FG

(w). FC codes: Proteoid FC (U), Lomandroid FC (V), Acacioid sprouter FC (W), Schoenoid FC (X), Myrtoid

FC (Y), and Chenopodioid FC (Z).

FC U V W X Y Z

FCG u u u u v w

Nr. of soil-sample sites 29 44 2 - 9 3

Nr. of plots 95 186 11 3 32 10

Proteoid 1003 1002 1002 1002 501 1002

Lomandroid 741 922 641 671 381 40+

Comespermoid 781 941 911 33+ 591 601

Acacioid sprouter 781 952 1003 332 22+ 401

Schoenoid 992 1002 1002 1003 881 1002

Ericoid 651 801 551 671 12+ 40+

Droseroid 34+ 611 27+ 33+ 19+ 10+

Myrtoid 1002 1003 1002 1002 1004 1002

Carpobrotoid <0.012 16+

Calandrinioid 4+ 11+ 31+ 20+

Chenopodioid 402 5+ 181 9+ 1003

Acacioid seeder 481 861 551 1001 381 201

Cassythoid 661 631 36+ 67+ 441 801

Leptomerioid 12+ 30+ 9+ 28+ 10+

Orchideoid 15+ 31+ 9+ 33+ 25+

Orobanchioid <0.012

Parentucellioid <0.011 <0.012 3+

Ptilotoid 471 661 451 561 30+

Stylidioid 771 912 731 671 812 901

Trifolioid 18+ 27+ 9+ 34+ 20+
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FC U V W X Y Z

FCG u u u u v w

Nr. of soil-sample sites 29 44 2 - 9 3

Nr. of plots 95 186 11 3 32 10

Xanthorrhoeoid 22+ 451 641 16+ 30+
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Table. S5.3. Cross-tabulation of the Eneabba functional communities against the floristic communities

defined by Tsakalos et al. (2018). Numbers in the columns represent the number of intersecting plot.

Functional Community (FC) codes; Proteoid-Ericoid FC (A), Myrtoid FC (B), Calandrinioid FC (C),

Acacioid seeder FC (D).

Floristic communities A B C D

Xylomelum angustifolium-Verticordia grandis 124 124

Lambertia multiflora-Banksia glaucifolia 66 2 68

Melaleuca leuropoma-Eucalyptus pleurocarpa 55 2 57

Ecdeiocolea monostachya-Mesomelaena pseudostygia 50 50

Ecdeiocolea monostachya-Calothamnus longissimus 52 52

Banksia prionites-Hakea polyanthema 27 1 28

Banksia hookeriana-Beaufortia elegans 24 24

Banksia lanata-Verticordia densiflora 10 10

Gastrolobium spinosum-Melaleuca urceolaris 5 5 3 13

Xanthorrhoea sp. Lesueur-Acacia blakelyi 3 5 8

Callitris pyramidalis-Calothamnus hirsutus 4 11 15

Eucalyptus accedens-Calothamnus quadrifidus 5 6 11

Eucalyptus erythrocorys-Conostylis candicans 1 3 4

Callitris pyramidalis-Calothamnus hirsutus 6 9 15

Melaleuca concreta-Melaleuca huegelii 14 14

Acacia lasiocarpa-Samolus repens 10 10

Allocasuarina campestris-Melaleuca leuropoma 7 7

432 63 12 3 510
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Table. S5.4. Cross-tabulation of the Cooljarloo functional communities against the floristic

communities defined a priori by Tsakalos et al. (submitted). Numbers in the columns represent the

number of intersecting plot. Functional community (FC) codes; Proteoid-Daviesioid FC (U),

Melaleucoid-Trifolioid FC (V), Conostylioid-Trifolioid FC (W), Chenopodoid-Polypogonoid (X),

Trifolioid-Ptilotoid (Y), and Acacioid-Melaleucoid (Z).

Floristic communities U V W X Y Z

Banksia attenuata-Banksia menziesii 20 139 7 1 167

Regelia ciliaris-Hibbertia stellaris 72 6 4 2 1 10 95

Hakea incrassata-Schoenus clandestinus 17 4 21

Melaleuca raphiophylla-Banksia littoralis 2 17 2 21

Melaleuca raphiophylla-Banksia littoralis 1 4 1 13 19

Melaleuca viminea-Melaleuca lateritia 3 11 14

95 186 11 3 32 10 337
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