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Summary
This thesis examined the relationship between time-since-fire and environmental
characteristics (e.g. climate) on vegetation composition and structural recovery along a
geographical gradient in mallee shrublands of south-eastern Australia. The main aim of
this study was to examine how fire, or more specifically time-since-fire, shapes plant
communities in semi-arid Australia. Twenty-eight landscape-scale sampling mosaics,
each containing 30 nested sampling points, were sampled, encompassing the full range of
time-since-fire age classes available.
Patterns in community composition across time-since-fire age classes were investigated
at two spatial scales: regional (study-wide) and sub-regional (Murray-Sunset and HattahKulkyne National Parks). Environmental characteristics (rainfall, evaporation) were the
key determinants of community composition; however, time-since-fire was of greater
importance at the sub-regional scale. By contrast, patterns of recovery in key structural
elements (litter, Triodia scariosa, eucalypts) were driven primarily by time-since-fire,
with environmental characteristics (particularly rainfall and evaporation) of secondary
importance. Each of these structural elements follows its own recovery trajectory postfire but together they follow a broad trajectory of eucalypts recovering quickly, followed
by T. scariosa and litter.
Post-fire recovery can occur in one of two ways: resprouting from undamaged rootstock,
or germination from seed. Seed is stored either in the soil or canopy. As the relationship
between fire and germination from the soil seed bank is poorly studied in mallee
ecosystems, I undertook a glasshouse emergence trial focusing on heat and smoke as soil
seed bank germination cues. A pilot study using heat, smoke and heat-smoke found that
heat promoted higher germination than smoke. Thus, heat was used as the germination
cue in an expanded study. Results from the expanded trial were mixed with the majority
of species (65%) germinating from heat-treated and untreated soil samples. Time-sincefire had few effects on the suite of species that germinated from the soil seed bank, with
the majority germinating in all time-since-fire periods. Species composition of the soil
seed bank and standing vegetation were significantly different, with many resprouting
species not seen in the soil seed bank.
Resprouting and seeding are important regeneration strategies. A third strategy also
occurs whereby species can both resprout and seed following fire (facultative species).
An additional category includes those species that are unable to resprout or return from
xii

seed post-fire: non-persistent species. The distribution of plant species with these
regeneration strategies was examined along a north-south rainfall gradient. The
proportion of obligate resprouters and seeders in the flora showed a slight decrease and
increase respectively with declining rainfall. While the proportion of non-persistent
species showed a stronger increase with declining rainfall and facultative seeders
remained consistent. However, when viewed within key grouping variables (e.g.
lifeform, woody vs. herbaceous), clearer trends were seen. Low shrub facultative
seeders, for example, were more common at the northern (drier) end of the rainfall
gradient and low shrub facultative seeders were more common at the southern (wetter)
end.
An understanding of plant community composition, structural recovery and soil seed
banks provide a basis for determining prescribed burning regimes and for understanding
their role in shaping the subsequent plant community. Plant regeneration strategies also
inform the decision making process as they influence the ability of a species (or
individual) to recover from fire i.e. obligate seeders have more rigid fire requirements –
both too frequent and infrequent fire can lead to local extinction.
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Chapter 1

Chapter 1 – Introduction: plant responses to fire in semi-arid
mallee shrublands
Summary
This chapter introduces the Murray-Mallee region, the location of the study. I also
outline the general ecology of fire in mallee shrublands, with respect to floristic and
structural responses. Regeneration strategies used by plants to recover after fire is
introduced, as are fire management issues. This leads to the objectives, key questions
and scope of the thesis.

1.1 The Murray-Mallee
The Murray-Mallee is a biogeographic sub-region that encompasses the semi-arid
vegetation of Victoria, South Australia and New South Wales. The study region actually
includes two biogeographic sub-regions: the Murray-Mallee of the Murray-Darling
Depression region and the Great Darling Anabranch of the Darling Riverine Plains
region (Department of Environment and Heritage 2005); however, for simplicity the
region will be referred to as the Murray-Mallee as this sub-region encompasses the
majority of the study area. The term ‘mallee’ has a number of meanings and is used to
describe a plant (especially eucalypts) growth form, vegetation dominated by multistemmed eucalypts, and an area at the junction of Victoria, South Australia and New
South Wales (Parkes and Cheal 1990; Bradstock and Gill 1993). Mallee eucalypt growth
forms do occur elsewhere e.g. heathlands, alpine areas and arid shrublands (Parkes and
Cheal 1990); however, these are not dealt with in this thesis. Here, mallee refers to the
semi-arid shrublands dominated by multi-stemmed eucalypts (5 – 8 m tall) which
encompass the junction of the three south-eastern states.
This region is characterised by many vegetation communities including Belah
woodlands, broombush heathlands, chenopod shrublands and eucalypt-dominated
shrublands. The focus of this thesis is the eucalypt-dominated shrublands. Mallee
shrublands are found throughout the Murray-Mallee and appear superficially similar
throughout their range as a result of the dominance by eucalypts and the near ubiquitous
presence of the understorey species Triodia scariosa (Figure 1.1). At the landscape- (or
broad) scale, vegetation distribution is determined by the semi-arid climate (i.e. low
rainfall, hot dry summer and mild winter). At the local scale, soil type (especially the
1

Chapter 1

level of sand and/or clay) determines the mosaic of species present (Dodson 1982).
Vegetation dynamics in the Murray-Mallee are therefore driven by the interaction of
multiple factors such as water stress (rainfall, rainfall variability and evaporation) and
soil type. Within the current study, mallee shrublands are bounded by Billiatt
Conservation Park (South Australia) and the Murray-Sunset and Hattah-Kulkyne
National Parks (Victoria) to the south, and Danggali Conservation Park (South Australia)
and Scotia Sanctuary (New South Wales) to the north.
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Figure 1.1: The eucalypt-dominated shrublands of the Murray-Mallee of south-eastern Australia. Note only the eucalypt-dominated shrublands within
our study area are shown; additional mallee vegetation is present within south-eastern Australia. The photos show representative eucalypt-dominated
shrublands occurring throughout the Murray-Mallee study area.
3
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1.2 Fire in the Murray-Mallee
The Murray-Mallee is largely considered a fire-prone ecosystem that has been subject to
fire at varying spatial and temporal scales. These scales influence both the fire regime
and fire behaviour. The fire regime can be thought of as the frequency,
intensity/severity, season and type of fire that occurs within an ecosystem (e.g. Gill 1975;
Gill and Allan 2008). Fire behaviour, on the other hand, deals with factors such as rate
of spread, intensity, fuel continuity and the probabilities of ignition and extinction of a
single fire (Catchpole 2002). In mallee shrublands, fire behaviour is influenced primarily
by the vegetation which, to some extent, is a result of topographic position,
environmental conditions (e.g. soil type) and past fire history (i.e. the fire regime). The
eucalypt-dominated vegetation is one of discrete fuel ‘islands’ of Triodia scariosa
hummocks, eucalypt litter and shrubs (e.g. Noble 1989a; Bradstock and Gill 1993;
Bradstock and Cohn 2002a, b). However, before fire spread, fuel levels and fuel
continuity can be considered, an ignition source is required. In the Murray-Mallee
lightning is the most common ignition source. A lightning strike may result in a small (<
1 ha) fire that self-extinguishes due to a lack of fuel continuity. Conversely, large fires
also result from lightning strikes when fuel levels allow for rapid fire spread, e.g. the
1974/75 wildfires which burnt extensive areas of mallee in New South Wales. Within
the Murray-Mallee, ignition sources are generally limited to lightning and thus can be
considered a limiting factor in the occurrence of fire. Climate is also important i.e.
without the ‘correct’ weather conditions (strong winds, high temperature and low
humidity) a fire will not carry irrespective of fuel loads and continuity.
Fire spread is influenced by fuel connectivity between different plant layers (e.g.
eucalypts, T. scariosa and shrubs) and the surface layer (e.g. litter). These fuel sources
play different role in fire spread in mallee shrublands. Generally surface-only fires are
rare due to low connectivity between surface fuels (Enright et al. 2012). Eucalypt litter
is generally clustered around individual plants and contributes little to surface fire spread.
However, when decorticating bark is ignited and becomes a fire brand it is capable of
causing a spot fire up to 5 km ahead of the main fire front (Rawson 1982; Noble 1984;
Bradstock and Gill 1993; Sandell et al. 2006). Like eucalypt litter, shrub litter generally
contributes little to surface fire spread as it is generally low (e.g. 0.15 kg m-2) and may be
partially buried by sand (Bradstock and Cohn 2002b). Instead, surface fires are primarily
spread by the presence of T. scariosa which is not only highly combustible but also
provides the link between individual shrubs and eucalypts (Noble et al. 1980; Bradstock
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and Gill 1993; Allan and Southgate 2002). Discontinuity in the cover of T. scariosa can
result in surface fires self-extinguishing; however, strong herbage growth (e.g. annual
grasses and herbs) following wet years fill these gaps and can result in rapid fire spread
and large areas of mallee vegetation being burnt.
While surface fires in mallee vegetation are reliant on fuel continuity so too are crown
fires. Here, the shrub layer comes into its own providing the link between the burning
surface layer (generally T. scariosa) and the eucalypt layer (Bradstock and Gill 1993).
Crown fires are reliant on this link as flame heights from eucalypt litter beds and T.
scariosa are usually not sufficient to ignite the eucalypt overstorey. Even when both
surface and crown fires occur together, fires can still self-extinguish before burning large
areas because eucalypt-dominated shrublands occur in a mosaic of less flammable
vegetation (e.g. Belah woodlands) (Noble 1989a).
Large fire events often occur following years of above-average rainfall in the mallee (e.g.
Noble and Vines 1993). These years have increased fuel continuity as a result of the
abundance of ephemeral grasses (Austrostipa spp.) and when fire does occur, it can burn
extensive areas over several weeks (Noble 1989a; Noble and Vines 1993). Whilst aboveaverage rainfall years often result in large fires, this is not always a given i.e. ignition
sources may be absent so that fire does not occur. Similarly, fires can occur during
drought periods. This apparent contradiction in fire occurrence following wet or dry
periods can be explained by fuel differences. The wet periods create abundant and
continuous grassland fuels (i.e. Austrostipa spp.) and dry periods increase the danger in
forest fuels (i.e. eucalypts and shrubs) (Gill 1981a).
The influence of wet and dry periods (climate) on the probability of mallee shrublands
burning differs both spatially and temporally. Broad climatic gradients exist north to
south and east to west. Generally, rainfall increases north to south and west to east,
while rainfall variability, evaporation and temperature all decrease. The broad ‘northsouth’ climatic gradient is more pronounced than the ‘east-west’ gradient and hence, will
be the focus of much of the study undertaken in this thesis. This gradient influences
plant productivity which is higher in the south (where there is more reliable rainfall) and
lower in the north, this in turn, influences the probability of fire (Pausas and Bradstock
2007). Thus, it can be assumed that fuel continuity will be greater in the south so that
more fires carry once ignited compared to the north where fuel continuity will be reduced
and fires are more likely to self-extinguish except in ‘good’ fuel years.
5
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Temporal patterns of fire in the Murray-Mallee are more difficult to pinpoint. There is
no question that the adaptations to fire and climate exhibited by many mallee plants have
evolved over evolutionary time scales. General trends in fire regimes can be inferred
from charcoal and pollen records. Changes in fire frequency have largely occurred in
sync with cooler glacial periods and warmer interglacial periods. Fire has generally been
less frequent during cooler periods and more frequent during warmer periods over the
last 73.5 million years (Daniau et al. 2010; Mooney et al. 2011). Whilst records specific
to the Murray-Mallee over the same time-frame are limited, these general trends have
been confirmed at sites throughout south-eastern Australia and can, therefore, be
assumed to have also occurred in the Murray-Mallee. In more recent times, temporal
variability in fire occurrence can be determined through the use of satellite imagery,
government agency and landholder records.
Satellite imagery enables the quantification of the occurrence of fire throughout the
Murray-Mallee since 1972. Fires that occurred prior to 1972 are largely not documented.
Therefore, knowledge of pre-1972 fire history is reliant on landholder and government
agency records, which may or may not have been kept in a consistent manner (e.g. dates
and size of fires). There are likely to be gaps in this information which, together with
limited pre-European fire history, makes it difficult to confidently resolve the pre-1972
fire history. Clarke et al. (2010) have used eucalypt stem diameters and rainfall data to
estimate pre-1972 fire years for a series of sampling points throughout the MurrayMallee. Whilst this is an important step forward in determining mallee fire history, and
highlights the variable time-since-fire age of points in the landscape, it currently cannot
be extrapolated to points without eucalypt stem diameter and rainfall data. This
information, together with satellite imagery and landholder and government agency
records, does allow quantification of the recent fire history and hence, time-since-fire,
fire frequency, return intervals and how often an area has burnt can be resolved for much
of the post-European history of the landscape (i.e. post-1850).
Fire in the mallee has been studied in a number of ways including time-since-fire,
experimental burning and burnt versus unburnt comparisons. The focus of these studies
has been varied, with studies on compositional or structural changes, fuel loads or
changes in specific species having been undertaken. Studies which model potential
changes in any of these factors into the future and/or over large spatial scales have also
been undertaken. These are covered in more detail in Chapter 3 and Appendix 1. One of
the obvious things about these studies is that they are usually spatially limited and hence,
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it is unclear how fire impacts the mallee shrubland ecosystem per se. In part this can be
resolved by undertaking meta-analysis or, as will be done in this thesis, sampling in a
consistent manner across the range of the ecosystem to develop generalities about fire
impacts.

1.3 Mallee plant communities
1.3.1 Floristic composition
Mallee plant communities are dominated by multi-stemmed eucalypts over a variable
understorey of shrubs, Triodia scariosa, chenopods and herbaceous species. The
combination of different understorey components varies across the Murray-Mallee
landscape and is determined by factors such as time-since-fire, climate (in particular
rainfall) and environmental variables (e.g. topographic position and soil type).
Considering these factors in isolation, some broad generalisations can be made about
their respective influences.
Fire events affect plant communities in a number of ways. Individuals may be killed,
damaged or neither (i.e. they occur in an unburnt island within the fire boundary). This
then feeds into compositional differences between mallee plant communities at different
times-since-fire. For example, in the years immediately post-fire, species diversity and
richness will be at its highest due to the flush of post-fire ephemeral species (Noble
1989b). As time-since-fire increases, such species will reach the end of their life span
and no longer be present in the standing vegetation with only the longest lived perennial
species still present. Time-since-fire will also play a role in post-fire recovery of the
community as the probability of reduced species diversity through loss of seed
regenerating species increases as time-since-fire increases. While time-since-fire
influences vegetation composition in the long-term, climate and season also play an
important role in floristic composition.
Fire is a seasonal occurrence in the mallee, and the season (or weather) immediately
following it can exert significant influence on floristic composition post-fire. While the
season of fire is important so too is the year-to-year variation in post-fire weather. For
example, in any one year, a drought post-fire may prevent establishment of the majority
(or all) germinated seedlings possibly leading to local extinctions for some species. In
contrast, a wet season immediately post-fire will result in strong seedling establishment
and may even favour seed regenerators over resprouters (Cheal 2003). However, when
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considering year-to-year variation in post-fire weather the longer term impacts on
vegetation composition become more prominent. For example, a fire may occur in
summer two years running and while the post-fire weather may be very different in those
two years as in the above example, it can also be similar. That is, the fires may both be
followed by below-average, average, or above-average rainfall, all of which will have
different effects on post-fire germination, seedling establishment and survival.
Thus, season of fire, the post-fire season and year-to-year variation can influence
regeneration success, species survival and therefore, community composition for many
years following the fire (Cheal 2006a). Coupled with season is climate, particularly
rainfall which is obviously important for successful seedling establishment and survival
post-fire. However, it is also important in species distribution patterns throughout the
mallee and, in particular, when combined with soil type (i.e. soil water relations). Mallee
vegetation can largely be thought of as one large continuum along which species drop out
or enter as a result of soil water relations (Cheal and Parkes 1989; Sparrow 1989; White
2006). Species can occur within one community in a localised area and a different
community in another area as a result of the change in local environmental conditions
(e.g. soil type, rainfall). They will also occur in different topographic positions
throughout their distribution. For example, as species reach their northern limits they can
become more restricted to the deep sands of the dunes where there is greater water
availability due to the inverse texture effect (Cheal et al. 1979). The inverse texture
effect states that sandier (or coarser) textured soils will retain moisture better than finer
textured soils (Alizai and Hulbert 1969; Noy-Meir 1973). Thus, the sandy soils on the
dunes will retain more water than the finer textured clays or clay-loams of the swales and
flats within the mallee ecosystem.
Mallee plant community composition is thus influenced by both time-since-fire and
climate. Many species in these flammable shrublands are adapted to the fire regime and
require it for germination. However, what happens in the absence of fire? Presumably
annual, ephemeral and short-lived perennial species that respond more to rainfall than
fire will continue their cycle of germination, flowering, seeding and return to the soil
seed bank. Fire ephemeral species, on the other hand, will not be present in the standing
vegetation until a fire eventually occurs and even then this will be contingent on their
seed longevity. Other fire-adapted species, such as many shrubs, will remain in the
community until the end of their life span and then, like the fire ephemerals, be reliant on
seed longevity and fire eventually occurring before re-entering the standing vegetation.
8
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The longer lived perennial species, such as the eucalypts, which can resprout, will remain
in the standing vegetation with a low level of mortality (e.g. Wellington and Noble
1985a). Wellington and Noble (1985a) estimated eucalypt mortality rates of 0.3% per
annum in long-unburnt mallee in New South Wales. In the absence of fire, community
composition will be influenced predominantly by climate and species richness will
steadily decrease as the longer lived perennial species die out.

1.3.2 Structural composition
Mallee plant communities vary in their structural diversity which is influenced by both
time-since-fire and climate (i.e. rainfall). The influence of post-fire age is most strongly
seen in ‘older’ communities which exhibit an eucalypt overstorey above only bare
ground and litter (Holland 1969b) with large gaps between eucalypts as the number of
stems has also decreased over time (Whittaker et al. 1979). Other ‘younger’
communities will have an understorey of shrubs and/or small trees (e.g. Acacia, Senna,
Eremophila species) above a ground layer of sub-shrubs, hummock and ephemeral
grasses (Triodia and Austrostipa species), chenopods and succulents (Bradstock 1989;
Cheal and Parkes 1989; Gill 1990). The diversity of species within these layers and the
number of layers will be most strongly influenced by rainfall in the years immediately
post-fire as germination and establishment occurs.
An assumed successional trajectory of structural diversity in mallee ecosystems includes
the immediate post-fire return of resprouting eucalypts and fire ephemeral species (e.g.
Olearia rudis and Haloragis odontocarpa forma pterocarpa in the ground layer, and
Codonocarpus cotinifolius in the shrub layer). As time continues other ground layer
species and shrubs will establish and form an important component of the community.
With the continued absence of fire the density of these layers will slowly decrease as
species’ individual longevities are reached and they drop out of the community until the
next fire. While the shrub and perennial ground layers become sparse, an annual ‘boost’
of annual ground layer species will occur with adequate rainfall. Thus, structural
diversity of mallee plant communities will fluctuate over time depending on both postfire age and climate (rainfall). In order for these compositional (see 1.3.1) and structural
changes to occur the species present must be able to either resprout or regenerate from
seed post-fire (see 1.4), and undergo a successional trajectory as time-since-fire
increases.
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1.3.3 Successional models
The obvious effects of fire include plant mortality and regeneration, and the post-fire
flush of ephemeral species, all of which play a role in the community succession that
may occur following fire (or other disturbance). There are a number of different theories
of succession that may be applicable to mallee landscapes including initial floristic
composition, intermediate disturbance hypothesis and relay floristics. Classically,
succession has been viewed as a process whereby different groups of species
progressively occupy a site following disturbance. These groups readily give way to the
following group until a community that can reproduce itself indefinitely is reached
(Noble and Slatyer 1981). The main assumption of this type of ‘relay’ succession is that
each group of species eventually makes the site unsuitable for themselves and thus, more
suitable for the following group. This then leads to the further assumption that only the
final community is actually at equilibrium with the environment (Noble and Slatyer
1981).
In comparison to this classical view, Egler (1954) suggested that the final community
composition was directly related to the ‘initial’ floristic composition or the species that
are present directly following the disturbance. That is, the species present directly after
the disturbance will determine all future shifts in dominance. The life cycle and
attributes of these species will determine whether or not they will be dominant at any
particular time-since-disturbance (Egler 1954). In particular, Egler (1954) emphasised
the importance of site occupancy by a species or suite of species as being able to restrict
subsequent entry of other species rather than the initial species altering the environment
to facilitate arrival of the next suite of species and so on until the final community
composition was reached.
Connell and Slatyer (1977) further expanded upon the work of Egler suggesting that
succession generally involved three main types of pathways. They were: (1) the
‘facilitation’ pathway – essentially the classical approach described above; (2) the
‘tolerance’ pathway – occurs where the growth of later species is not limited by whether
or not they were present initially or the presence of other species and possibly reduced
resources; and, (3) the ‘inhibition’ pathway – later species are inhibited by the presence
of other species which either does not allow them to grow to maturity or does not allow
them entry into the community. This pathway leads to dominance by species generally
not considered as late succession species (Connell and Slatyer 1977).
10
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The intermediate disturbance hypothesis (IDH) includes elements of all the succession
models described above (Connell and Slatyer 1977; Connell 1978). The IDH states that
greatest diversity occurs at intermediate levels of disturbance resulting in hump-shaped
diversity-distribution curves (Johst and Huth 2005). This high level of diversity is
achieved by the mix of successional stages (i.e. pioneer, intermediate and late) promoted
by intermediate disturbances. Although how ‘intermediate’ is defined varies between
studies and is a very relative term. It is commonly used at a landscape or regional scale
comprising a mosaic of different successional stages and has been the basis of numerous
studies. These studies have either accepted or rejected the IDH based on either field
surveys or vegetation (mathematical) models (e.g. Schwilk et al. 1997; Beckage and
Stout 2000; Li et al. 2004). Schwilk et al. (1997) studied the relationship between
species diversity and fire frequency in South African fynbos communities and found no
support for the IDH at multiple scales (1 m2 to 0.1 ha). The IDH appears to hold up
better under some forms of disturbance than others, and this further appears to be
dependent on the characteristics measured and also the length of the disturbance gradient.
That is, the shorter the disturbance gradient, the more alike each disturbance level may be
thus making differentiation between these levels more arbitrary than actual. Indeed, Li et
al. (2004) found that the choice of disturbance intensity gradient, species diversity index
used and time elapsed between disturbance and assessment all significantly influence the
type of disturbance model observed.
Within the Murray-Mallee, community succession has been studied with respect to timesince-fire and fire-return intervals with the latter generally reliant on a combination of
field data and modelling processes. It is largely assumed that should the fire return
interval of 15 – 20 years (Noble 1982; Bradstock 1989; Noble 1989a) continue, then
mallee plant community composition will continue as is indefinitely. It is only when the
fire return interval is shortened or increased that changes in community composition are
seen as possible (Bradstock 1989; Bradstock and Cohn 2002a, b). Bradstock (1989)
studied a New South Wales mallee community following the 1974/75 wildfires and
suggested possible trajectories of community change with varying fire return intervals
(Figure 1.2). Briefly, arrow A would perpetuate the present community. If the
vegetation remains unburnt for long periods of time (>100 years) then a shift from
eucalypt to Callitris verrucosa dominance in the overstorey would occur (arrow B), with
arrow C perpetuating that community. Arrows D and E indicate the resulting community
should two fires occur in quick succession irrespective of the community’s starting point
11
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(i.e. eucalypt- or C. verrucosa-dominated). If the original community was burnt
frequently (<10 year interval) then shrub and T. scariosa density will decrease (arrow F)
and this community composition/structure could be maintained with continued regular
and frequent fire (arrow G) (Bradstock 1989). These patterns are observed as a result of
differing fire frequencies and the impact they may have on the plant communities
present. That is, different species within these communities are able to withstand
different fire frequencies and some species may increase or decrease in abundance or
drop our entirely should the fire frequency change become permanent.

Figure 1.2: Proposed successional trajectories of understorey species and their relative
density and distribution with respect to different fire regimes. The different fire regimes
are indicated by the arrows labelled ‘A’ through to ‘G’. See above text for descriptions
of the different trajectories. Note the overstorey is not shown and Triodia irritans is not
Triodia scariosa. (Figure taken from Bradstock (1989) p.149.)
While the mallee shrublands used as a basis for these suggested succession pathways
occur outside of the Murray-Mallee, the pathways are equally applicable to the eucalyptdominated shrublands of the Murray-Mallee. Fire return intervals will ultimately
determine the community composition and may further be influenced by human
intervention i.e. the use of prescribed burns and suppression of wildfires. Irrespective of
successional model, there are a number of post-disturbance factors which influence the
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community under consideration. These include: (1) the presence of propagules or
vegetative organs capable of resprouting will determine species composition immediately
following disturbance; (2) pulse of recruitment immediately following disturbance; (3)
recruitment of additional species may be inhibited by the species present or may be
facilitated by its previous occupancy of a site; and, (4) if further disturbance is absent,
then perennial long-lived species tend to become dominant (Noble and Slatyer 1981).
Whilst mallee plant species are adapted to fire in general (i.e. specific regeneration
strategies), the community as a whole is adapted to a particular fire regime. Thus, it is
possible for local extinctions of species to occur or for a shift in species dominance to
occur should the fire regime be altered.

1.4 Post-fire recovery in mallee plants
Disturbance to plant communities can occur in many ways e.g. fire, frost, insect attack or
floods; however, fire is the focus here. How each plant species responds to fire can be
broadly categorised as either resistance or resilience (Grubb and Hopkins 1986).
Resistant species are generally undamaged by the fire event and those that are resilient
are damaged but are able to recover post-fire (Grubb and Hopkins 1986). At the level of
an individual plant, resilience is the ability of the plant to regenerate after disturbance
(fire) either through resprouting or seedling recruitment (Mooney and Hobbs 1986). This
is seen also at the community level where two forms of resilience commonly occur: (1)
in situ resilience, and (2) migration ‘resilience’. In situ resilience is the recovery of the
community through on-site regeneration processes e.g. resprouting and seeding. It
occurs where all plant species occur all the time in a measurable area but following fire
their relative abundance and life-history stage distribution is significantly different to the
pre-fire pattern (Grubb and Hopkins 1986). In a community reliant on migration
‘resilience’ or recovery through migration, all plants are killed and re-colonisation is
dependent on seed dispersal from surrounding undamaged communities (Grubb and
Hopkins 1986).
Fire can be thought of as either an episodic or continual disturbance. Within the MurrayMallee it is possible to define fire as both episodic and continual. It is episodic as it
occurs irregularly at a particular point in the landscape (e.g. every 15 – 20 years).
However, fire can also be considered continual as there is a regularity to its occurrence,
and rarely does a summer pass without some portion of the mallee burning (Noble
1989a). No matter how fire is defined within the Murray-Mallee, the plant species
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present will have adaptive features to cope with fire. Adaptive features will vary
between species due to differing life spans and the differing probability of fire occurring
within the species’ lifetime (Mooney and Hobbs 1986) which may be reflected in a
species’ topographic position or occurrence within a particular vegetation community.
Thus, a species’ ability to resprout, seed or both post-fire is reliant on the evolutionary
history of the species with respect to its interaction with fire and to a lesser extent its
position either topographically or within a particular vegetation community. For those
species reliant solely on seed, there is one chance to regenerate post-fire; however, for
those that can resprout continued regeneration in the face of fire may be maintained
(Mooney and Hobbs 1986) if fire events do not occur in quick succession.

1.4.1 Soil seed banks
Soil seed banks are an important source of regenerative material in the post-fire
environment. Species within the soil seed bank will react differently to the fire event
reflecting their different dormancy mechanisms, depth distribution (access to cues for
dormant seeds) and fire intensity (Enright et al. 1997). In order for dormant species to
germinate, their particular fire-related germination cue (e.g. heat, smoke, charred wood
leachates) must be able to reach them at the depth at which they are buried. If this does
not occur, these species will either not germinate or do so in reduced numbers (Auld and
Denham 2006). While the fire event is important in stimulating germination from the
soil seed bank, time-since-fire is equally important for regeneration.
Time-since-fire has a significant influence on the complement of species available for
germination post-fire. Firstly, there is the immaturity risk of Zedler (1995) whereby
species that have not reached reproductive age and replenished their soil seed bank are at
risk of local extinction. This is a problem when fires occur in quick succession.
However, there will generally be some short-lived species (i.e. annuals and ephemerals)
which will have successfully replenished their soil seed bank and thus will be ‘immune’
to immaturity risk. Additional species will also germinate but they may largely be reliant
on seed reserves that did not germinate after the first fire. That is, many species with soil
seed banks keep some seed in reserve in case of unsuitable establishment conditions
post-fire (Lamont and Enright 2000; Auld and Denham 2006; Ayre et al. 2009).
Secondly, Zedler (1995) highlighted the importance of senescence risk whereby the time
between fires may be so long (>50 years) that fire-susceptible species are no longer able
to recover from fire and thus face local extinction. Seed may still be present in the soil
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seed bank but be buried too deep for germination cues or simply not viable. It would
appear that the ‘ideal’ time for fire would be at least 15 years after the last fire when all,
or the majority of, species have had the opportunity to replenish their soil seed bank.
Thus, time-since-fire and the provision of germination cues are important factors in
germination from the soil seed bank.
Soil seed banks often contain a group of species not present in the above-ground
vegetation and thus, may significantly influence the post-fire composition and structural
diversity of a mallee plant community. The relationship between fire and the soil seed
bank is just as important as that between the standing vegetation and fire (Hill and
French 2003) especially from a management perspective. Prescribed burning is
frequently used in many fire-prone ecosystems including the mallee and it is important to
understand how these fires differ from wildfires in terms of germination cues. Prescribed
burns, for example, often occur under cooler, more humid and less windy conditions than
wildfires and therefore are of lower intensity. One may provide an adequate level or
duration of soil heating required by many hard-seeded species (e.g. Mimosaceae and
Fabaceae species) while the other does not. This is particularly likely in areas which are
routinely burnt by management agencies as they are designed to protect reserve
boundaries or important communities within the reserve rather than simulate wildfires.
Therefore, when carrying out prescribed burning or undertaking suppression of wildfire it
is important to consider both the above- and below-ground species composition. It is
also important to note that while germination from the soil seed bank is a key
regeneration strategy within Murray-Mallee plant communities, other regeneration
strategies also occur.

1.4.2 Plant regeneration strategies
Plant regeneration strategies can be broadly divided into two groups: resprouter or
seeder. Whilst many species clearly possess one fire-response trait or the other, a
number of species (especially in semi-arid areas) can regenerate via both resprouting and
seeding. Resprouters regenerate by means of meristematic buds that are protected from
fire. These buds may be present underneath the bark (on trunks and branches) or under
the soil (Gill 1981a; Vesk and Westoby 2004; Cheal 2006a). Protection of buds by bark
depends on three important characteristics of the bark, namely the thermal diffusivity,
thickness and flammability (Gill 1981a). Bark thickness varies widely within
individuals, within a population, and between species, and is determined by variables
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such as growth rate, stem diameter, height above ground, and stand history (i.e. fire
history/regime). The ability to regenerate from buds under bark is related to the plant’s
maturity (or bark thickness) and to the fire interval and intensity. A lower intensity fire
will allow for greater survival in a larger range of plant developmental stages. The
meristematic buds under the soil are generally housed in a woody swelling known as a
lignotuber (Gill 1981). Lignotubers increase in size and become further buried in the soil
as the plant grows. The importance of the lignotuber may decline as the tree becomes
larger or may remain the primary source of regenerative buds post-disturbance (e.g. fire,
herbivory, drought) (Gill 1975; 1981a, 1997). Lignotubers are seen in many genera
including Acacia and Eucalyptus. Many eucalypts develop a lignotuber at the seedling
stage, although its function appears to decline as the plant matures in most species (Gill
1997; Wardell-Johnson et al. 1997). Mallee eucalypts are an exception to this general
rule, retaining and relying on their lignotubers for life (Gill 1975) and resprouting from
them post-disturbance.
The degree of resprouting and seeding after a fire event in mallee ecosystems varies.
Some species, e.g. Atriplex vesicaria, are unable to resprout due to a lack of meristematic
buds (Hodgkinson and Griffin 1982). In comparison, other species, such as the mallee
eucalypts readily resprout from their lignotubers (e.g. Noble 1982; Gill 1997). Others,
e.g. Triodia scariosa, have the ability to both resprout and seed post-fire but the
regeneration strategy observed after any fire is dependent on (undetermined) external
factors. Rice and Westoby (1999) found that T. scariosa on dune slopes seeded whilst
plants on flats resprouted, which may be linked to fire intensity. Additional studies of T.
scariosa regeneration recorded all possible combinations i.e. different sites showed both
resprouting and seeding, resprouting only, and seeding only (Noble 1989a; Noble and
Vines 1993). Furthermore, for those species with low to moderate resprouting ability, it
is common to produce heavy seed crops even in years of low rainfall which increases the
likelihood of success of seedling recruitment to replace those adults killed by fire.
Despite the ability to regenerate from above- or below-ground buds, it is still possible for
plant death to occur under conditions of high fire frequency i.e. fire occurs too often to
allow the lignotuber to replenish meristem buds (Hodgkinson and Griffin 1982; Noble
1982; Gill 1997; Whelan et al. 2002).
Obligate seeders are those species which rely on seeds to regenerate after disturbance.
The perennial obligate seeding species can be classified into one of two categories based
on the locations of their seed banks: soil-stored and canopy-stored (Bradstock and Cohn
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2002b). Obligate seeders may become locally extinct after fire if no seed is available for
regeneration following the fire event. However, if seed is present either in the canopy or
in the soil, then seedlings may establish and, allowing for favourable conditions such as
good rainfall and the absence of further fire in the short term, will mature to produce
seed. Therefore, for continued survival, obligate seeders must be able to germinate,
establish, mature and set seed in the inter-fire interval (Gill and McCarthy 1998).
Following fire obligate seeders with canopy seed banks generally produce a mass seed
drop, thus causing an abundance of seed to be present which is believed to decrease
predation rates through predator satiation. This is of particular importance in the mallee
where ants are common seed predators (Wellington and Noble 1984, 1985b; Bradstock
1989; Wellington 1989; Gill and McCarthy 1998), as it allows greater post-fire
establishment to occur.
The Murray-Mallee covers a wide geographic area and the dominance of plants with
particular regeneration strategies varies along the climatic gradients present. These
climatic gradients influence plant productivity which is tied to fire frequency. Generally,
plant productivity and fire frequency are higher at the southern end of the Murray-Mallee
than the northern end (Pausas and Bradstock 2007). This, in turn, influences the
abundance of species with particular regeneration strategies at points along the gradient.
Pausas and Bradstock (2007) found that resprouting species were more common at the
southern wetter end of the mallee distribution, while seeder species were more common
at the northern end. In general, this difference in regeneration strategies is likely related
to fire frequency; seeder species must replenish their seed banks between fires which the
lower fire frequency in the north allows for. Thus, regeneration strategy coupled with
climate, productivity and fire frequency has the ability to influence community
composition, and to a lesser extent, community structure throughout the Murray-Mallee.

1.5 Research focus and goals
1.5.1 Rationale
The Murray-Mallee covers a broad geographic area with a semi-arid climate. It has a
varying fire history with some areas unburnt for more than 100 years and others burnt
once to several times during that time. As such it provides an opportunity to investigate
both the influence of time-since-fire and environmental characteristics (e.g. soil type,
rainfall) on vegetation composition, structural recovery and soil seed bank composition.
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It also provides an opportunity to investigate the influence of a rainfall gradient on the
distribution of regeneration strategies within mallee plants. These components will be
investigated using a space-for-time sampling approach.

1.5.2 Research questions and chapters
A number of questions are asked throughout this thesis but the overriding question is:


To what extent do time-since-fire and environmental characteristics determine
community composition, structural recovery and mechanisms for post-fire
recovery?

A key secondary question was:


To what extent does the distribution of plant regeneration strategies change along
a rainfall gradient?

Chapter 3 covers compositional changes in mallee vegetation with time-since-fire and
addresses the questions: (1) do time-since-fire, environmental factors or both influence
mallee shrubland composition, and (2) at which scale (regional and sub-regional) do
bottom-up (climate and environment) and top-down (fire) processes exert the most
influence on mallee shrubland composition? Chapter 4 investigates the recovery of key
structural components (litter, Triodia scariosa, and mallee eucalypts) at varying timesince-fire. The following questions are addressed: (1) how does time-since-fire
determine the structural recovery of mallee shrublands, and (2) how important is climate
in the recovery process? Chapter 5 examines the influence of time-since-fire on soil seed
bank at three points in time (pre-1970s, 1980s and post-2004) and their usefulness as a
post-fire recovery mechanism. The questions addressed were: (1) what is the
contribution of the soil seed bank to recovery of species after fire?, (2) does time-sincefire influence aspects of the soil seed bank such as size and composition?, (3) is soil
heating necessary to cue germination of soil seed bank species?, and (4) what is the
similarity between the above- and below-ground vegetation and is this consistent
between time-since-fire age periods? Chapter 6 analyses the distribution of regeneration
strategies along a rainfall gradient, and addresses the question: do fire response traits
(facultative seeder-sprouter, obligate resprouter and obligate seeder) vary substantially in
mallee vegetation across its geographic range?
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1.6.3 Analytical approach and scale of study
I used both a time-since-fire and an environmental gradient to investigate changes in
mallee shrublands post-fire. Both gradients were investigated as they are reported to
have a significant influence on community composition and distribution. Vegetation
type – eucalypt-dominated shrublands – was kept consistent across the study region so
that changes in key components (composition, structure, soil seed bank and regeneration
strategies) were comparable. The study was conducted at the regional-scale and was
predominantly investigated at this scale. However, community composition changes
were also investigated at the sub-regional scale. Throughout this thesis nomenclature
follows Harden (1992, 1993, 2000, 2002), Barker et al. (2005) and Walsh and Stajsic
(2007). Where species names differed between sources the most recent reference was
used.
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Chapter Two – The Murray-Mallee: study area and project
design

The study of fire effects on mallee vegetation encompasses a large area of the MurrayMallee across its range in south-eastern Australia. Study sites were selected in HattahKulkyne National Park, Murray-Sunset National Park, Gluepot Reserve, Billiatt
Conservation Park, Danggali Conservation Park, Scotia Sanctuary, Tarawi Nature
Reserve, Mallee Cliffs National Park, Petro Reserve and Lethero Reserve (Figure 2.1).
Eucalypt-dominated vegetation was targeted and hence, plant communities dominated by
species such as Casuarina pauper were excluded. Importantly, the study of the
relationship between time-since-fire and eucalypt-dominated mallee plant communities
was imbedded in a much broader study – the Mallee Fire and Biodiversity Project –
which involved PhD students studying the bird, invertebrate and reptile fauna in response
to time-since-fire. Thus, some of the methods that follow were formed by group
consensus and others are solely the author’s (see statement of authorship at the beginning
of this thesis).
One aspect of the broader study was the decision to carry out habitat assessment at all
sampling points (or sites) within our study area in the winter of 2007. This would be a
team process whereby all PhD students would collect information on the vegetation
present at each sampling point. As such I conducted a vegetation pilot study in spring
2006. The range of methods used and data collected during the pilot study reflected the
information I thought was important. Later group discussion used the data to determine
the methods for the habitat assessments (see 2.2.3).
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Figure 2.1: The reserves encompassed by the Murray-Mallee study area. (Blue circles
represent mosaics of sampling points within reserves.)

2.1 The Murray-Mallee study area
2.1.1 Mallee vegetation
The Murray-Mallee region of south-eastern Australia is dominated by multi-stemmed
eucalypts, with Triodia scariosa an important understorey component across much of the
range of this vegetation type. The eucalypts have low canopy cover and are usually no
more than 10 m tall. The combination of eucalypts and T. scariosa results in the
apparent “sameness” of the vegetation; however, there is a diverse understorey of
sclerophyllous and semi-succulent shrubs, annual and perennial herbaceous species and a
suite of graminoids. The ground layer is a mix of bare ground, litter, cryptogamic crust
and plants with a prostrate growth form. A number of factors influence the distribution
of eucalypt-dominated mallee within the study area and act at different spatial and
temporal scales. The climate, especially rainfall, shapes the broad patterns of mallee
vegetation; however, at the local scale soil type controls species distribution (Rowan and
Downes 1963; Dodson 1982). Fire history also influences the suite of species present in
the standing vegetation.
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Eight eucalypt species were recorded within the study area and with two exceptions
(Eucalyptus calycogona, E. cyanophylla), are widespread. While the other six eucalypt
species (E. costata subsp. murrayana, E. dumosa, E. gracilis, E. leptophylla, E. oleosa
subsp. oleosa, E. socialis) are common throughout the study area, they do show some
affinity to specific soil types and topographic position. Swales and flats tend to be
dominated by E. oleosa subsp. oleosa and E. gracilis, whilst E. dumosa, E. leptophylla
and E. socialis are found on dune slopes and E. costata subsp. murrayana on dune crests
(Hill 1989). These topographic positions also have associated soil types with the dunes
being sandy and the swales having higher clay content. The understorey vegetation
associated with these topographic positions also reflects the differing soil types to some
extent. The clay swales are often associated with chenopod shrubs and semi-succulent
species such as Zygophyllum spp.. Triodia scariosa, a species that can also be thought of
as typically mallee, is often absent from these clay swales (Figure 2.2); however, where
swales are sandy, T. scariosa is present and even abundant (Figure 2.3). On dunes, T.
scariosa is abundant, together with a tall shrub layer comprising species such as Callitris
verrucosa, Melaleuca spp. and Acacia spp. (Figure 2.4). These shrubby species may also
be present on swales, e.g. at Gluepot Reserve, Senna spp. are common. The eucalypts
also tend to exhibit different growth forms on dunes and swales. Eucalypts on dunes
tend to be multi-stemmed (>3 stems) whereas eucalypts on swales tend to have fewer
stems (1 – 3) (Noble et al. 1980), although time-since-fire will influence this relationship,
i.e. in the first few years immediately post-fire all eucalypts will be multistemmed/coppicing irrespective of their landscape position.
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Figure 2.2: A typical Murray-Mallee clay swale without a Triodia scariosa understorey.
(Murray-Sunset National Park)

Figure 2.3: A typical Murray-Mallee sandy swale with a Triodia scariosa understorey.
(Mallee Cliffs National Park)
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Figure 2.4: A typical Murray-Mallee sandy dune with a Triodia scariosa understorey.
(Murray-Sunset National Park)
The reserves within the study area all support eucalypt-dominated vegetation. Various
studies within these reserves, and other areas of the Murray-Mallee, have produced
numerous vegetation descriptions and types e.g. big mallee, small mallee and mallee
(Parsons 1994), mallee dune tops, low mallee dunes, mallee slopes, red mallee flats and
big mallee (Cheal et al. 1979), and mallee-spinifex and mallee-sandplain (NSW National
Parks and Wildlife Service Far West Region 2006). These vegetation types, or
communities, largely overlap and have been determined on the basis of the dominant
eucalypt species, understorey species and, in some cases, the presence or absence of T.
scariosa. Within this study, no attempt has been made to define particular vegetation
communities based on their floristic composition. This was avoided as a result of
sampling point selection that targeted eucalypt-dominated vegetation and also T.
scariosa, plus an equal representation of topographic positions (dune crest, dune slope,
swale and flat).

2.1.2 Mallee climate
The Murray-Mallee can largely be thought of as semi-arid with low annual rainfall and
high summer temperatures. Some straightforward relationships between climatic
variables and a north-south gradient within the study area can be seen. Average annual
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rainfall decreases south to north and east to west whereas average annual minimum and
maximum temperature and rainfall variability all increase south to north (Figures 2.52.6). In contrast, average annual evaporation appears to be largely unaffected by the
north-south gradient (Figure 2.7); however, it always exceeds average annual rainfall
(Bowler and Magee 1978).

Figure 2.5: The relationship between northing and average annual: (a) rainfall, and (b)
rainfall variability. Note the gradient of increasing rainfall north to south and the
corresponding decrease in rainfall variability. (Data provided by the Australian Bureau
of Meteorology.)
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Figure 2.6: The relationship between latitude and average annual: (a) minimum, and (b)
maximum temperature. Note the trend of increasing temperature south to north. (Data
provided by the Australian Bureau of Meteorology.)
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Figure 2.7: The relationship between latitude and average annual evaporation. Note the
minimal correspondence between the north-south gradient and evaporation. (Data
provided by the Australian Bureau of Meteorology.)
Whilst changes do occur within these climatic variables along the north-south gradient,
most are within very small limits, e.g. average annual maximum temperature is 23ºC in
the south and 25ºC in the north (Figure 2.6 - above). Despite these small changes, linear
relationships between the climate variables and the north-south gradient (represented by
northing) are significant for all but evaporation and explain >60% of the variation in
average annual totals (Table 2.1).
Table 2.1: The relationship between climatic variables and easting and northing.
(Significant relationships are indicated in bold.)
Climatic
variable

Northing

Easting

t-value

p

R2

t-value

p

R2

Rainfall

-6.39

<0.0001

61.1

4.73

<0.0001

46.2

Evaporation

0.996

0.33

3.7

2.16

0.04

15.1

Maximum
temperature

7.15

<0.0001

66.3

0.19

0.85

0.41

Minimum
temperature

7.95

<0.0001

70.9

0.75

0.46

2.1

Rainfall
variability

7.44

<0.0001

68.1

-0.40

0.69

0.6
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Winds are predominantly part of westerly systems. Throughout the year, northerlies,
north-westerlies and north-north-westerlies are common with few north-easterlies or
easterlies (Bowler and Magee 1978). Severe dust storms can occur during summer
especially in drought years as a result of dry northerly winds from the arid interior
(Bowler and Magee 1978). This predominance of northerly and westerly winds together
with high maximum temperatures and low mean humidity correspond to the greatest
percentage of extreme fire weather days (EFWDs) (Long 2006). There is strong interseasonal variability in the number of EFWDs with drier periods often corresponding to
those years with large numbers of EFWDs, e.g. 1982-83 and 1997-98. In contrast, years
with above-average rainfall often have a low number of EFWDs, e.g. 1971-72 and 197576 (Long 2006), although significant fires can still occur during these periods, e.g. the
1975-76 fires that swept through the mallee in New South Wales (approximately 1.5
million hectares) and to a lesser extent in Victoria (Cheal et al. 1979; Noble et al. 1980).
Rainfall can vary significantly from year-to-year and therefore, the plants present within
the mallee need to have some level of adaptation to this. Annual plants, for example,
tend to occur in ‘flushes’ in association with above-average rainfall. In contrast,
perennial plants must have other means of utilising rainfall (or water) when it is
available. Nulsen et al. (1986) highlighted the importance of canopy redistribution of
rainfall within Western Australian mallee and heath communities. Within the Wheelock
catchment, mallee trees redirected up to 30% of incident rainfall on the canopy down the
stems. This water then entered the soil at the base of these trees or within 4 m2 of the
tree base (Nulsen et al. 1986). It appears that water moves through the soil along
channels provided by the tree’s roots and, the deeper the roots, the greater the potential
for water movement. Water is then stored for use during the dry summer months and is
often extracted from depths below 5 m and up to 28 m (Nulsen et al. 1986).
It is generally thought that very wet years are followed by large fires as the annual flush
of plants provides greater fuel continuity than that present in dry years. However,
Schwerdtfeger and Grace (2009) found no clear trend in annual rainfall over the past
century (1890-2007). Indeed, very dry years (<250 mm rainfall) and very wet years
(>400 mm rainfall) were almost identical (18 vs. 16 years respectively). Further,
Avitabile et al. (in review) found no strong relationships between very wet years and
large fires. Noble and Vines (1993) also highlight the link between rainfall and fire
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occurrence; however, they note that ignition source varies and that fires will not
necessarily follow very wet years as there needs to be an ignition source. For example,
the early 1960s saw good rainfall, but fire did not occur until December 1969 following a
year of more substantial rainfall and summer thunderstorms resulting in ignition by
lightning (Noble and Vines 1993). Lightning was also the primary ignition source for the
1974-75 fires in New South Wales with at least nine lightning strikes burning a combined
1.66 million hectares around Pooncarie, Scotia Sanctuary, Mallee Cliffs National Park
and Gol Gol (Condon 1976). Thus, while there is an underlying pattern of significant
fires following very wet years, an ignition source is the key to a fire event actually
occurring.

2.1.3 Mallee soils and landforms
The Murray-Mallee region is composed of predominantly sandy soils with varying levels
of clay and carbonate content. The sands and dunes of the Murray-Mallee are of
Quaternary age and overlie late Tertiary marine deposits (Wood 1929; Bowler and
Magee 1978). Generally the two land systems within the Murray-Mallee are the Lowan
Sands and the Woorinen Formation. The Lowan Sands occur predominantly in the
southern part of Murray-Sunset National Park and the Woorinen Formation in the
northern part and throughout New South Wales and South Australia (Table 2.2) (Wasson
1989; Pell et al. 2001; Department of Sustainability and Environment 2006). However,
other land systems also occur through New South Wales such as Mandleman and Scotia
dunefields. Lowan Sands are known as Molineaux Sands in South Australia (Kotsonis
1999), thus all Lowan Sands information presented below is equally applicable to
Molineaux Sands.
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Table 2.2: Land systems of the reserves encompassed in the Murray-Mallee. Reserves
are listed from south (top) to north (bottom).1
Reserve

Land system

Landforms

Billiatt Conservation Park

Molineaux Sands (Lowan
Sands)

East-west oriented sand
dunes with calcareous
swales

Murray-Sunset National
Park

Lowan Sands and
Woorinen Formation

Calcareous undulating
plains, east-west linear
dunes and irregular, subparabolic dunes

Hattah-Kulkyne National
Park

Lowan Sands and
Woorinen Formation

Calcareous undulating
plains, east-west linear
dunes and irregular, subparabolic dunes

Mallee Cliffs National Park

Mandleman and Ki Downs
dunefields, and Bulgamurra
sandplains

Calcareous plains, irregular
low east-west dunes and
sandplains

Gluepot Reserve

Woorinen Formation

Low east-west linear sand
dunes and gypsaceous or
sandy swales

Petro Reserve

Mandleman dunefields

Parabolic and irregular
dunes with sandplains

Lethero Reserve

Mandleman dunefields

Scattered linear east-west
dunes with sandplains

Tarawi Nature Reserve

Scotia dunefields and
Ennisvale sandplains

East-west parallel dunes
with narrow sandy swales,
and small – large open
calcareous swales

Scotia Sanctuary

Scotia and Mandleman
dunefields

Siliceous linear east-west
dunes with sandplains

Danggali Conservation Park Woorinen Formation

Calcrete plains and low
longitudinal east-west
dunes

All mallee land systems are primarily comprised of dunes and swales in varying
configurations. Dunes on Lowan Sands are east-west irregular and sub-parabolic with
dune crests rising up to 10 m above the swales (Bowler and Magee 1978; Lawrence
1980). These dunes have steep slopes and are often more closely spaced than the linear
dunes of the Woorinen Formation. They are predominantly composed of siliceous
References used for this table: Bowler and Magee (1978); Lawrence (1980); Walker (1991); New South
Wales National Parks and Wildlife Service (2001); Pell et al. (2001)
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sediments which are relatively consistent from dune crest to swale (Bowler and Magee
1978). Both carbonate and clay, a feature of Woorinen Formation soils, are usually
absent from Lowan Sands (Bowler and Magee 1978; Pell et al. 2001).
The Woorinen Formation is characterised by low east-west linear dunes. They are
generally 0.2 – 1.2 km apart and vary in length from 0.5 – 3 km, although they are
usually approximately 1.5 km long (Bowler and Magee 1978; Lawrence 1980). These
dunes have gentle slopes and typically rise 2 – 6 m above the swales but can occasionally
be up to 10 m above the swale. Unlike the Lowan Sands, the Woorinen Formation dunes
contain both carbonate and clay in relatively high percentages (Bowler and Magee 1978;
Pell et al. 2001). The levels of carbonate and clay remain relatively high throughout
north-western Victoria but the levels of carbonate decrease north of the Murray River
whilst the clay content remains consistent. These dunes show strong catenary
development from crest to swale with the carbonate and clay content increasing
downslope from the crest, reaching maximum levels in the swales (Bowler and Magee
1978). An interesting feature of the Woorinen Formation sands is the change in colour
from south to north of the Murray River with sands north of the river being redder. It is
thought that this is a result of a cumulative pedogenic effect with colour having
accumulated over the many thousands of years since the original sediment was deposited
(Bowler & Magee 1978; Walker 1979 cited in Pell et al. 2001).
The Ennisvale land system is predominantly made up of undulating sandplains with low
and broad aligned dunes which rise up to 5 m above the swales (Walker 1991; NSW
National Parks and Wildlife Service 2001). In contrast, Ki Downs dunefields are
comprised of dunes rising up to 7 m above the level sandplains with isolated flats also
occurring (Walker 1991). Linear east-west dunes of siliceous sediments are common to
the Bulgamurra, Mandleman and Scotia land systems. The Bulgamurra dunes rise up to
6 m above the calcareous flats (Walker 1991). In the Scotia land system these dunes rise
7 – 15 m above the swales and run for many kilometres (up to 12 km). Swales may be
narrow (to approximately 500 m wide) or broad and contain higher levels of clay and
carbonate than the siliceous sand dunes (Walker 1991; NSW National Parks and Wildlife
Service 2001). In contrast, the Mandleman land system also contains parabolic and subparabolic dunes which rise up to 7 m above the swales. Within this system the linear
dunes are scattered and separated by narrow swales (Walker 1991).
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2.1.4 Fire history of the Murray-Mallee
Fire history in the Murray-Mallee is both patchy and detailed. For most reserves in the
study area, detailed records were kept once the reserve was declared and prior to that,
records are largely anecdotal. The level of detail available for post-declaration records
also varies with some fires simply recorded with a fire year and perimeter with minimal
notes on patchiness of the fire, intensity and definite start and/or end dates. As methods
for recording fire information have become more sophisticated e.g. the availability of
satellite imagery, global positioning systems and electronic mapping programmes, so too
have the records. Each reserve has a varied history of fire from several large-scale fires
that burnt all or the majority of the reserves to a mix of large and small fires. Significant
fire years occurred in the mid-late 1970s and 1980s, and almost all reserves studied were
affected by these fires. The proportion of the reserve burnt during the 1972-2007 period
varies from <15 - >100% (overlapping fires) (Table 2.3). In the below table the number
of wildfires is not based on the number of discrete polygons mapped but rather the
amalgamation of these polygons where they formed one large fire (see 2.2.2 fire mapping
below).
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Table 2.3: Summary of the available fire history of the Murray-Mallee. Reserves are listed from south (top) to north (bottom). Note prescribed burns
are not listed as the number carried out and the area burnt could not be confidently determined for all reserves.
Reserve

Total number of
fires

Total area burnt
(ha)

Proportion burnt
(%)

Number of
wildfires

Year of
significant fire(s)

Shortest interval
between fires
(years)

Billiatt Conservation
Park

10

60352

101

10

1988

3

Murray-Sunset National
Park

90

326289

52

82

1975 & 1980

2

Hattah-Kulkyne National
Park

13

6947

15

11

0

14

Mallee Cliffs National
Park

42

8078

14

37

1975

2

Gluepot Reserve

10

8367

16

8

2006

Unknown

Petro Reserve

5

6529

52

5

1975 & 1995

19

Lethero Reserve

8

13044

87

8

1975

17

Tarawi Nature Reserve

49

3731

11

49

0

4

Scotia Sanctuary

26

16515

25

26

1975

3

Danggali Conservation
Park

32

69379

143

31

1985

8
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The primary causes of fires within the Murray-Mallee are lightning strikes. Dry
thunderstorms are common throughout the summer months. Where fire does occur it
may burn a negligible area (<0.1 ha) if the fuel load is insufficient to carry it or if the
storm also produced rain which puts the fire out. Alternatively, a large fire may result
when fuel loads are high and conditions are optimal, e.g. hot, low humidity and strong
winds. The majority of fires appear to have stopped at previous fire boundaries (both
wildfires and prescribed burns), through suppression efforts, rainfall or non-flammable
vegetation. In some instances, mallee vegetation has burnt twice within several seasons
e.g. in Victoria and New South Wales in 1975/76 and 1976/77.

2.2 Study design
2.2.1 Mosaic design and sampling point selection
The reserves chosen (page 19) differed in size (12574 – 633000 ha) and availability of
‘tree mallee’ (eucalypt-dominated mallee vegetation) and sampling effort had to reflect
this whilst encompassing as broad a range of time-since-fire periods as possible.
Twenty-eight landscape mosaics were selected for study encompassing the rainfall
gradient and fire histories of the study area (Table 2.4). Each mosaic was a circular area
of 1256 ha and contained 30 sampling points (Figure 2.8). Sampling points (or sites)
were the location of vegetation surveys within each mosaic. The base point was a 50 x
100 m2 belt transect or quadrat; however, some data was collected within a sub-section of
the belt quadrat (see methods sections in Chapters 3 – 6). Each mosaic was selected so
that it contained (a) a proportion of pre-1970s burnt vegetation (0 – 100%), and (b)
variation in the number of time-since-fire age classes (1 – 5 classes based on initial firescar mapping). Within each reserve, mosaics were a minimum of 2 km apart. The 30
sampling points were stratified within each mosaic by topographic position (dune or
swale) and time-since-fire age class. That is, the number of sampling points per timesince-fire age class was determined by the proportion of each specific age class within
the mosaic; the greater the proportion of an age class, the higher the number of sampling
points within it. Sampling points were a minimum of 200 m apart.
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Table 2.4: The distribution of mosaic and their fire history within the Murray-Mallee study area. Reserves are listed from south (top) to north
(bottom). Average annual rainfall has been averaged across the mosaic from all sampling points within it.

State
South Australia
Victoria

Victoria

Reserve
Billiatt Conservation Park
Murray-Sunset National Park

Hattah-Kulkyne National Park

New South Wales Mallee Cliffs National Park

Mosaic

Average
annual
rainfall (mm)

17

328.7

11-20, 21-40, 41-60

51

18

315.2

11-20, 41-60, 61-80

70

2

317.7

21-40, 41-60, 61-80, >80

98

3

305.9

11-20, 21-40, 41-60, 61-80, >80

107

4

309.7

11-20, 41-60, 61-80, >80

111

5

291.3

21-0, 41-60, 61-80, >80

123

6

295

41-60, 61-80, >80

110

7

297.5

21-40, 41-60, 61-80, >80

164

8

304.2

21-40, 41-60, 61-80, >80

118

9

295.4

0-10, 21-40, 41-60

55

10

295.5

0-10, 21-40, 41-60

43

11

276.1

0-10, 21-40, 41-60, 61-80

80

12

273.1

21-40

33

1

311

41-60, 61-80, >80

105

25

312.4

0-10, 21-40, 41-60, 61-80

69

26

305.2

0-10, 21-40, 41-60, >80

104
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South Australia

Gluepot Reserve

13

233.1

0-10, 21-40, 41-60

48

14

220.8

0-10, 21-40, 41-60, >80

86

15

231.9

0-10, 21-40, 41-60, 61-80

66

16

228.3

21-40, 41-60, 61-80, >80

138

New South Wales Petro Reserve

27

313.4

11-20, 21-40

33

New South Wales Lethero Reserve

28

298.1

0-10, 11-20, 21-40

33

New South Wales Tarawi Nature Reserve

23

245.4

0-10, 11-20, 21-40, 41-60, 61-80, >80

101

24

248.7

0-10, 21-40, 41-60, 61-80, >80

115

21

237.4

21-40, 41-60, 61-80, >80

154

22

247.9

21-40

33

19

235

0-10, 21-40, 61-80

70

20

240.5

21-40, >80

128

New South Wales Scotia Sanctuary
South Australia

Danggali Conservation Park
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Figure 2.8: The available fire history of the Murray-Mallee region 1972 – 2007
chronosequence.

(1972 – 2007 only is shown as that is the common period available

for the region (satellite imagery). Blue circles represent sampling mosaics and blue
diamonds represent sampling points. Different colours represent different fire scars).

2.2.2 Fire mapping
The Murray-Mallee encompasses a large area and whilst each land manager or
management agency maintains fire records, these are of varying detail. Some records
were digital (e.g. ArcGIS files), others were paper (e.g. fire boundaries drawn on reserve
maps) both of which had further notes available on the particular fire. As such, a
consistent method of mapping fire scars across the Murray-Mallee was required and
satellite imagery (available from 1972) was the obvious choice. Satellite imagery
allowed for the mapping of all recognisable fire scars across the entire Murray-Mallee,
i.e. it was not restricted by reserve boundaries as land managers are (by necessity). The
imagery used was from Landsat Multispectral Scanner (MSS) (1972-1989) and Landsat
Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) (1989-2007).
The available years were: 1972, 1977, 1980, 1985, 1988, 1989, 1991, 1992, 1995, 1998,
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2000, 2002, 2004, 2005 and 2007. These images had been pre-processed by the
Department of Climate Change (Furby 2002). Individual pixel size was resampled to
50 x 50 m for Landsat MSS and 25 x 25 m for Landsat TM and ETM+.
Satellite images were imported into ENVI 4.2 geographic information system (GIS)
software (ITT VIS 2005) to create false colour composite images from three consecutive
images (Figure 2.9). Different bands were used for the different imagery: band four (far
infrared) for Landsat MSS and band seven (middle infrared) for Landsat TM and ETM+
(Haydon et al. 2000). This chronosequence illustrated significant vegetation disturbance
(fire or extensive clearing) in a consistent and unique colour for all years within it. Fire
scars and vegetation clearance were readily distinguishable as a result of the geometric
pattern of vegetation clearance compared with the more uneven borders of a fire scar.
Vegetation clearance is also usually a permanent change and appears unchanged in
subsequent images, whereas fire scars show some signs of recovery. Fire boundaries
were drawn digitally and were confirmed by examining preceding and subsequent
images. The minimum fire or unburnt island (within a fire) size was four pixels. Fire
boundaries were smoothed during the image interpretation process and were estimated to
be accurate to within one pixel. The large nature of the study area resulted in multiple
users mapping images; however, all data layers were checked by one data manager.
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Figure 2.9: A mosaic of satellite images (1995 – 1998 - 2000) from north-western
Victoria. The aqua represents areas burnt in 1997 and bright blue represents areas burnt
in 1998.
The fire scar polygons were imported in ArcGis 9.2 (ESRI 2007) for further checking
and the addition of attribute data. Attribute data included information such as actual fire
year (where known) and the size of the fire. Initially, fire scars were dated to the satellite
image chronosequence (e.g. 1972-1977 or 2000-2002). Additional information on these
scars, e.g. precise date, was obtained from state agencies in Victoria (Department of
Sustainability and Environment) and South Australia (Department of Environment and
Natural Resources), government reports (e.g. Cheal et al. 1979) and local knowledge. A
precise year was allocated to 25% of fires mapped within the Murray-Mallee. Whilst,
this number seems small, it does represent 95% of the total area burnt between 1972 –
2007 as large fires were more often recorded by state agencies or reported in the
published literature (Avitabile et al. in review). This information also enabled the
joining together of multiple polygons into a single fire, e.g. where fuel discontinuity or
spotting ahead of the fire complicated mapping. For fires not mapped by land managers,
all polygons within 500 m of each other were considered to belong to the same fire event.
Where a fire was >1000 ha, polygons within 3 km of each other were mapped as one fire,
as spotting can occur over those distances in larger fires (Sandell et al. 2006; Table 2.3
above).
The history of fire within the Murray-Mallee was examined by Avitabile et al. (in
review). Use of satellite imagery resulted in a large pre-1972 time-since-fire age class.
Sampling points within this group would have burnt at various times in the past but
records were not sufficient to accurately determine these dates for all sampling points.
Clarke et al. (2010) used a modelling process incorporating eucalypt stem diameter data
and past rainfall to estimate time-since-fire ages for these sampling points. Throughout
this thesis a mix of time-since-fire information is used: post-1972 is based on fire
mapping and agency data, and pre-1972 was calculated by subtracting the estimated fire
year from 2007 (i.e. when the data were collected).

2.2.3 Vegetation pilot study
The broad aim of the vegetation pilot study was to determine the spatial scale at which
mallee floral and structural diversity, and eucalypt dynamics should be studied (at the
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sampling point level) with minimal loss of detail while remaining within the same
topographic position. The methods for the habitat assessments, which form the basis of
Chapters 3 and 4 and contribute to the species list of Chapter 6, were determined
following the vegetation pilot study. The pilot study was undertaken in spring 2006 and
focussed on floristic diversity, eucalypt stem density, health and diameter, and structural
diversity. Three time-since-fire age classes were targeted: pre-1970s, 1980s and post2004 burnt as they can be considered important points on a post-fire recovery trajectory
in the Murray-Mallee. Ten sampling points were initially selected within each timesince-fire age class; however, additional sampling effort and refinement of the fire scar
mapping resulted in 21 pre-1970s, 10 1980s and 10 post-2004 burnt sampling points
surveyed. Sampling points were stratified by topographic position (dune or swale) and
latitude (north or south of the Murray River).
Floristic surveys
At each sampling point, six nested quadrats (5 x 5 m, 10 x 10 m, 20 x 20 m, 30 x 30 m,
40 x 40 m and 50 x 50 m) were surveyed for perennial plant species (Figure 2.10). All
new species were recorded as they were encountered. Species were recorded in this
manner as species area curves were the intended outcome of this component of the study.
All eucalypt stems within the 20 x 20 m quadrat were measured with a diameter tape
measure at approximate breast height and given a health rating (Figure 2.11).
Measurement height did vary between stems as some had uneven growth so diameter
was measured at the most representative thickness of the stem, closest to breast height.
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Figure 2.10: Nested quadrat set-up at sampling points used in the vegetation pilot study.
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Figure 2.11: Health ratings used for each measured eucalypt stem in the 400 m2 quadrat
at each sampling point surveyed.
A 50 m line intercept was used at each sampling point to record structural diversity and
cover of each species. Where plant species overlapped, both were recorded as they
occurred. All foliage overhanging bare ground, litter and cryptogamic crust was
recorded. All occurrences of bare ground, litter and cryptogamic crust were recorded
irrespective of whether or not foliage was overhanging them
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Analysis
Species-area curves were used to determine minimum quadrat size for the habitat
assessments. These were undertaken as average number of species recorded within each
quadrat size per time-since-fire age class. Additionally the number of species recorded in
the 400 m2 quadrat was compared to the number recorded in all quadrats (i.e. 2500 m2).
Eucalypt diameter data were considered in terms of the number of stems per sampling
point and hectare, number of trees per sampling point and hectare, average number of
stems per tree per sampling point and the number of stems per size class, all within each
time-since-fire age class. Linear regressions were used to examine the relationship
between time-since-fire and eucalypt density and average diameter per 400 m2 quadrat.
In order to compare the line intercept (field) and point quadrat methods for collecting
structural data, the line intercept data were converted to point data. This was done in
Microsoft Access at two levels; points at every 50 cm (100 points) and every 1 m (50
points) along the 50 m transect. The volume of structural information was then
compared between the three levels of measurement intensity. These comparisons
incorporated both the number of species recorded and the type of species recorded (e.g.
shrub vs. tree). Throughout this section, ‘field’ refers to data collected during vegetation
surveys using the line intercept method and ‘100’ and ‘50’ points refers to the data
conversion undertaken in Microsoft Access from the survey (field) data.
While the initial site selection was within three time-since-fire age classes (pre-1970s,
1980s and post-2004 burnt) later work enabled the estimation of time-since-fire age for
the pre-1970s burnt sites (Clarke et al. 2010). A mix of these initial and estimated timesince-fire age classes are used within the analysis of the pilot study data.
Results and habitat assessment implications
Species-area curves begin to level out by the 50 x 50 m quadrat; however, few additional
species were recorded from the 30 x 30 m quadrat (Figure 2.12). A 50 x 50 m quadrat
was deemed too large as it did result (in four instances) in a change of topographic
position e.g. if a sampling point was located on a dune slope then swale vegetation may
be included at this size. For the habitat assessments undertaken in winter 2007 a 50 x
100 m quadrat was decided upon. A quadrat of this size would remain in the one
topographic position thus minimising the inclusion of species that primarily occur in
either dune or swale vegetation. Further this quadrat would capture a good
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representation of the vegetation present (minimum 75% of species) at a sampling point
(Table 2.5).

Figure 2.12: Species area curves for the three time-since-fire age classes.
(Error bars represent one S.E. of the mean.

= post-2004,

= 1980s and

= pre-

1970s).
Table 2.5: Comparison of species recorded in 2500 m2 and 400 m2 quadrats within the
targeted time-since-fire age classes.
Time-sincefire age
class

Total
species
recorded

Total
species
recorded in
400 m2

Proportion of
species in
400 m2 (%)

Additional
species
recorded (900
– 2500 m2)

Proportion
of additional
species (%)

pre-1970s

87

67

77.01

20

22.99

1980s

65

56

86.15

9

13.85

post-2004

82

62

75.61

20

24.39

Eucalypt stem density varied with time-since-fire, with the 1980s fire period showing the
highest density (Figure 2.13a). Stem diameters also varied with time-since-fire and the
largest diameters were recorded in the pre-1970s fire period (Figure 2.13b); however,
each time-since-fire period did have outliers i.e. trees that were not burnt in the most
recent fire. These analyses did show that stem diameter and density were correlated with
time-since-fire (Table 2.6). Information on eucalypt density and stem diameter was also
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considered important for the habitat assessments; however, a 400 m2 quadrat was
considered too time consuming given the 840 sampling points to be surveyed. As such a
smaller 50 x 4 m (200 m2) belt transect was decided upon in which stem diameters of the
first ten trees only would be measured. Further, stem diameter was to be measured at
approximately 30 cm above the ground avoiding any unrepresentative swellings. This
was done as breast height with mallee eucalypts was considered to be more variable than
in other treed ecosystems due to unusual swellings that occur along some stems.

Figure 2.13: Eucalypt dynamics: (a) number of stems per sampling point, and (b)
average stem diameter per sampling point.
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Table 2.6: The relationship between eucalypt measurements (per 400 m2) and time-sincefire. Significant results are indicated in bold.
t

p

Deviance explained (%)

Number of stems

-2.85

0.006

17.27

Average stem
diameter

2.87

0.006

17.12

Eucalypt variable

Transect data indicated varying levels of structural diversity with time-since-fire (Figure
2.14). Shrubs were more common at ‘intermediate’ time-since-fire periods and
vegetation was more open at ‘older’ time-since-fire periods. Collection of continuous
data, although important, was time consuming at some sampling points (i.e. those with
‘good’ structural diversity) and alternative methods were sought for the habitat
assessments. As such data gathered in the field was converted to point data. This
conversion process indicated that 50 points along a 50 m transect would give a
comparable measure of cover and structural diversity (Figure 2.15) as the continuous
method or a greater number of points (100). The pilot study transect data also recorded
cover against species or substrates as they occurred. This level of detail was generally
considered too detailed for the habitat assessments and structural diversity could be
determined by recording cover or ‘hits’ against lifeforms rather than specie. Thus, the
habitat assessments used the point intercept method at 50 points (1 m intervals) along a
50 m transect recording data the lifeform level (e.g. shrub, herb), and also recorded the
substrate where the ground layer was devoid of vegetation.
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Average percent cover (%) ± s.e.
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Structural element
post-2004

1980s

pre-1970s

Figure 2.14: Structural diversity within the targeted time-since-fire age classes across the
Murray-Mallee. (Error bars represent one S.E. of the mean.)
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Figure 2.15: Comparison of transect methods within time-since-fire periods: (a) post2004, (b) 1980s and (c) pre-1970s, across the Murray-Mallee. (Field refers to the data
collected during vegetation surveys. One hundred and 50 points refer to the converted
point data.)
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Overall the pilot study collected some important vegetation data which was used to
determine the methods for the subsequent habitat assessments. Comparisons between the
different levels of data and alternative methods resulted in group consensus to record
floral diversity within a 50 x 100 m quadrat, eucalypt stem density and diameter within a
50 x 4 m belt transect, and structural diversity along a 50 m transect using the point
intercept method at 1 m intervals.
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Chapter 3 – The relative influence of environment and timesince-fire on plant community composition in the MurrayMallee
Abstract
Fire is thought to be an important determinant of mallee shrubland composition, although
this may be at local- rather than landscape-scales. At broad scales, environmental factors
such as rainfall, evaporation and growing season length may determine plant community
composition. In this study, the relative importance of time-since-fire and abiotic factors
on community composition of mallee shrublands of south-eastern Australia was
investigated. Twenty-eight landscape-scale sampling mosaics, each containing thirty
nested sampling points, were sampled, encompassing the range of time-since-fire age
classes available in this landscape. Two scales of investigation were considered: (i) the
regional scale (study-wide) and (ii) the sub-regional scale (Murray-Sunset and HattahKulkyne National Parks in Victoria). Time-since-fire, alone, was not the key driver of
community composition at either scale; however, it increased in importance at the subregional scale. Environmental characteristics (rainfall, evaporation) were shown to be the
key determinants of community composition at both scales. The plant communities
studied here follow a modified version of the initial floristic composition model of
succession, due primarily to the presence of resprouting and fire ephemeral species.

3.1 Introduction
Fire is an important feature of mallee ecosystems (Bradstock and Cohn 2002b) and the
plant communities present respond to fire in many ways, at multiple levels. Plant
communities are influenced by time-since-last fire, the interval between fires, fire
intensity and the climate before, during, and after fire events. Plant species within mallee
communities can largely be thought of as fire-adapted with respect to past and current
fire regimes (Gill 1975; Cheal et al. 1979; Whittaker et al. 1979; Parkes and Cheal 1990;
Pausas and Bradstock 2007) and therefore, most species have strategies for surviving fire
and recovering post-fire. The response of plant communities to fire can be measured in
terms of community composition (species abundance, lifeform frequency), species
richness and diversity, and structural attributes. How the plant community responds to
fire will be influenced, in part, by the number of resprouting species and the presence of
a soil seed bank from which fire ephemerals and other short-lived species may germinate
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(Wellington and Noble 1985a; Noble 1989b). It will also be influenced by the fire
regime experienced by the community in the past as well as the current fire event.
Changes in species composition with increasing time-since-fire will be mirrored by
changes in species diversity and richness as those species that are only present
immediately following fire (e.g. the fire ephemerals) decline, awaiting the next fire to
stimulate their germination (Figures 3.1 to 3.3). The flush of post-fire ephemeral species
can markedly increase species diversity of mallee vegetation following wildfires (Noble
1989b). Analogous ecosystems such as the spinifex sand-ridge country of the Northern
Territory also increase in species diversity and richness during the early post-fire years,
followed by increasing dominance of Triodia and long-lived woody species (Wright and
Clarke 2007). Similar fire-diversity responses have been found in other communities
such as heathland (Specht 1966b; Russell and Parsons 1978; Wills 2002). The
generalised relationship of changing species diversity and richness with increasing timesince-fire can therefore be reasonably expected within the mallee shrublands in the
Murray-Mallee study area.

Figure 3.1: Vegetation recovery at approximately four years after fire. Note the return of
Triodia scariosa, herbs and resprouting eucalypts. (Gluepot Reserve)
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Figure 3.2: Vegetation recovery at approximately thirty-five years after fire. Note the
multi-stemmed eucalypts and increased abundance of Triodia scariosa and shrubs.
(Murray-Sunset National Park)

Figure 3.3: Vegetation recovery at least sixty-eight years after fire. Note the single- to
few-stemmed eucalypts and few long-lived perennial herbs. (Murray-Sunset National
Park)
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Numerous studies have investigated the role of fire in plant community composition in
mallee and analogous semi-arid plant communities. Approaches to studying fire effects
have varied enormously, as has the focus of the research questions (Table 3.1 and
Appendix 1). The key point made by many of these studies is the need to understand
how fire interacts with the environment and climate at different spatial scales, and to
understand that results at the local (or small) scale can only be extrapolated to larger
scales with caution as the fire-environment-climate interaction changes with scale
(McGarigal and McComb 1995; Wu et al. 2002; Pausas and Bradstock 2007). It is
generally understood that the larger the scale of investigation, the greater the probability
that climatic gradients (bottom-up processes) will drive any changes seen in fire-related
vegetation patterns (Parkes and Cheal 1990).
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Table 3.1: Vegetation studies carried out in mallee vegetation in south-eastern Australia. These studies underline the importance of mallee vegetation
and the current level of understanding of how these communities change with time and in response to disturbance. (Additional studies can be found in
Appendix 1)
Author (year)

Region (state)

Study unit

Type of study

What was reported

Bradstock and Cohn (2002a)

Yathong & Round Hill Nature
Reserves (NSW)

50 plants in each of 7 timesince-fire age classes

Demographic characteristics
of Callitris verrucosa

Survival, structural changes,
seed bank, flammability
characteristics and population
change following fire.

Bradstock et al.(2006)

N/A – desktop study

Square landscape of 104
square cells – notionally cells
represent an approximate scale
of 1-10 ha.

Modeled influence of fire on
C. verrucosa

Mean size of fire, mean fire
interval, and response of C.
verrucosa populations to fires
simulated.

Cohn and Bradstock (2000)

Yathong Nature Reserve
(NSW)

Varying sizes

Survival of Acacia rigens,
Acacia wilhelmiana and
Triodia scariosa under
different grazing treatments
within 4 different time-sincefire age classes

Survival of the 3 species under
the experimental regime.
Environmental conditions,
seedling clustering, herbivores
and eucalypt canopy (and
interactions between them).

Holland (1969b)

Yara Reserve (NSW) and
Wyperfeld National Park (Vic)

2 ha at each

Seasonal surveys of plant
composition

Changes in community
composition over the survey
period.

Holland (1986)

Yara Reserve (NSW) and
Wyperfeld National Park (Vic)

Yara – 2 hectares
Wyperfeld -transects only

Biomass sampling and species
composition.

Changes in species
composition and eucalypt
density (between the 1960s &
1980s).
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Morelli and Forward (1996)

South Olary Plains

29 000 km2

Plant responses to fire

Demographic characteristics
of the plants surveyed.

Noble (1989a, b)

Birdwood Station (NSW)

10 – 14 ha plots

Seasonal experimental burning

Changes in species
composition between burning
treatments.

Noble et al. (1980)

Birdwood and Gulthul
Stations (NSW)

Not stated – three sites used

Unburnt vs. burnt 1975 vs.
burnt 1977 – comparison of
vegetation composition

Projected foliage cover
estimates and botanical
composition.

Parsons (1997)

Hattah-Kulkyne National Park
(Vic)

6 quadrats

Survival of Carpobrotus
modestus following fire.
Germination trials.

Presence or absence of C.
modestus at varying timessince-fire and germination
results.

Pausas and Bradstock (2007)

Little Desert National Park,
Big Desert Wilderness Park,
Murray-Sunset National Park
(Vic), Danggali Conservation
Park (SA), and Tarawi Nature
Reserve (NSW)

All regions listed

Desktop study of the
relationship between fire
history, climate and plant
functional traits

Relationships between
productivity and
climate/latitude/fire
history/plant functional traits.

Pelton and Conran (2002)

Ngarkat Conservation Park
(SA)

24 sites with two 60 m
transects comprising 15 1m2
quadrats

Comparison of vegetation
within rolled and unrolled sites
of 3 and 5 years post-fire

Indicator species analysis.
Correlation of species groups
with environmental variables.
Species diversity between
treatments.
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Plant community composition and distribution are fundamentally affected by two key
processes: top-down and bottom-up processes. Top-down processes act at coarse spatial
scales (e.g. regional) and are generally disturbance driven (e.g. fire and herbivory)
(Heyderdahl et al. 2001; Gripenberg and Roslin 2007; Bond 2008). In contrast, bottomup processes act at fine spatial scales (e.g. sub-regional) and are often related to climatic
and environmental gradients (e.g. rainfall and topography) (Heyderdahl et al. 2001;
Gripenberg and Roslin 2007; Bond 2008). The relationship between these top-down and
bottom-up processes will determine the distribution of the mallee plant communities
across the Murray-Mallee region at varying spatial scales. Within the present study,
climatic gradients (bottom-up processes) are likely to be important as the study area
encompasses 100 000 km2. This area experiences a number of predictable climatic
patterns; rainfall decreases south to north and east to west, and is associated with a
corresponding increase in rainfall variability south to north and east to west (Sparrow
1990; Pausas and Bradstock 2007; Bureau of Meteorology 2008a). Previous studies
within the mallee have focussed on the interaction between bottom-up processes such as
climate and soil and how that relationship controls plant species distribution (Bradstock
1989; Sparrow 1990; White 2006). Whilst the importance of climate is widely
recognised, the influence of soil type is considered less important as characteristic mallee
soils continue beyond the limits of mallee vegetation (Dodson 1982). It is important to
note that in regions, like the Murray-Mallee, where multiple limiting factors occur (fire,
climate, soil type) vegetation dynamics will generally be driven by either the most
prominent factor or by the interaction between factors. Within the Murray-Mallee, water
stress is an important limiting factor and it does influence vegetation dynamics.
However, with the current study it is hypothesised that the interaction between
environmental (climatic), physical (soil) and time-since-fire characteristics will vary at
different spatial scales, with the latter increasing in importance as the scale decreases
(e.g. regional to sub-regional).
The two scales considered in the current study are (1) regional (study-wide) and (2) subregional (Murray-Sunset and Hattah-Kulkyne National Parks). Both scales consist of
heterogeneous land units encompassing a range of vegetation patches that are repeated in
a similar way across the area under consideration (Forman and Godron 1986; Forman
1995; McGarigal and McComb 1995). This heterogeneity will influence how the plant
communities present respond to fire, as fire is unlikely to burn consistently throughout all
vegetation patches. For example, communities such as those dominated by eucalypts
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will burn, whilst others such as the Belah/Chenopod dominated communities will largely
remain unburnt (Cheal 2003, 2006a). At both scales, fire will act in the same way, in that
it will either burn or not burn a particular community at a particular point. Whilst fire
will act in the same way at both scales, the end result of proportion burnt vs. unburnt may
differ greatly. At the regional scale, the larger area may result in a larger proportion of
burnt (or unburnt) than at the sub-regional scale.
But what happens within those communities that do burn? Does fire merely reset the
clock and the community reverts back to what was there pre-fire, or does a new
community emerge with a composition significantly different to what was present prefire? The answer to this question involves the prevailing fire regime and especially the
fire return interval. Should the current regime of frequent fire continue, then fire will
likely reset the clock and the post-fire community will be the same as or very similar to
the pre-fire community. In areas where the fire interval becomes more frequent, perhaps
due to controlled burning or climate change, fire-sensitive communities such as those
dominated by Callitris verrucosa will decline and eventually disappear (Bradstock et al.
2006). Within the eucalypt-dominated communities considered in this study, it is
expected that fire predominately resets the clock and the post-fire communities revert
back to their pre-fire composition (excluding the fire ephemeral flush immediately
following fire). It should also be noted that the community’s ability to revert to their prefire composition is affected by both past fire history and the current fire event. That is,
the current fire may have occurred quickly after the previous fire and some species may
not have reached reproductive maturity and replenished either their seed banks or bud
banks (resprouting species), thus influencing their ability to return to the post-fire
community. Therefore, while I expect the eucalypt-dominated shrublands of the mallee
to largely revert to their pre-fire composition, it is acknowledged that this relies on fire
history characteristics not directly addressed in my study. This is a lifeform/structural
response, but whether mallee systems return to a floristically similar type remains poorly
documented.
This study considers the relative influence of time-since-fire and environmental variation
on the plant community of the Murray-Mallee at two spatial scales: regional (study-wide)
and sub-regional (Hattah-Kulkyne and Murray-Sunset National Parks). At both scales,
the relative strength of the relationship between plant community change and (a) timesince-fire, (b) environmental factors, and (c) time-since-fire and environmental factors,
was investigated. A number of predictions can be made including: (a) community
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composition change does occur with time-since-fire; (b) species diversity and richness
will be at their highest in the years immediately post-fire before declining with increasing
time-since-fire, and; (c) time-since-fire increases in importance for determining
community composition as the scale of investigation decreases. Further, it is expected
that bottom-up processes (climate and environment) will be stronger drivers of plant
community change at the regional scale. In contrast, at the sub-regional scale, the topdown processes of fire will be of increased importance in influencing plant community
variation; however, bottom-up processes will still be the key drivers of plant community
change.

3.2 Methods
These methods relate only to a subset of the data collected and the way in which those
data were collected in the field and subsequently analysed. Throughout this chapter, two
scales of analysis are used: region and sub-region. Briefly, region refers to the whole
study area (the Murray-Mallee of Victoria, South Australia and New South Wales) and
sub-region refers to a park/reserve within the region (Murray-Sunset and Hattah-Kulkyne
National Parks) (Figure 3.4). Sampling points were clustered in mosaics containing 30
points in total. The number of time-since-fire age classes in each mosaic varied between
one and five (based on time-since-fire age groups from the predicted fire year of Clarke
et al. (2010). Details on the methodology behind the time-since-fire age classes and
sampling point selection can be found in Chapter 2. The vegetation pilot study, which
helped inform the habitat assessments, is also described in Chapter 2.
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Figure 3.4: The regional and sub-regional scales of the Murray-Mallee study area (circles
within reserves represent mosaics of sampling points).

3.2.1 Floristic surveys
Vegetation surveys were undertaken in all 28 mosaics between June and August 2007.
Surveys were undertaken at this time as the focus was on woody perennial species (see
below). Sampling points were located in vegetation that was representative of a
particular time-since-fire age class.
A quadrat (50 x 10 m) was used to survey the vegetation at each sampling point. All
woody perennial species, Victorian Key Fire Response Species (Cheal 2006b) and
selected non-woody perennial species (e.g. Triodia scariosa, fire ephemeral species,
Chenopodiaceae and Zygophyllaceae species) were recorded. Non-woody perennials,
biennials and annuals were not recorded (excluding the exceptions above). Hence,
measures of richness and diversity reported in this study under-estimate their true value.
Woody perennial species were targeted as these species are less likely to be impacted on
by variation in environmental conditions (e.g. drought, rainfall, seasonality) and are
therefore considered more reliable for large-scale comparisons. It is acknowledged that
the non-woody species recorded are somewhat ad-hoc but were included either due to
their abundance in the vegetation (e.g. T. scariosa) or their perceived importance in fire
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planning (Victorian Key Fire Response Species) or their perceived importance to a
particular faunal group being studied as part of the broader Mallee Fire and Biodiversity
Project. Each species was given a modified Braun-Blanquet abundance value2 across the
quadrat.
Nomenclature follows: Harden (1992, 1993, 2000, 2002), Barker et al. (2005) and,
Walsh and Stajsic (2007). Plant specimens were identified to species level where
possible with the exception of some difficult genera (commonly Chenopodiaceae,
Fabaceae and Asteraceae) which were identified to either genus or family level.
At each sampling point, information was also recorded on topographic position and soil
texture. The topographic positions recorded were: flat, clay swale, sandy swale, dune
slope and dune crest. Flat and swale were differentiated by distance from the nearest
dune. If dunes were visible from the sampling point, then the topographic position was a
swale and if dunes were not visible, the topographic position was considered flat. Soil
texture was determined by the bolus method of McDonald et al. (1998), and recorded as
one of nine possible soil types: clay, loamy sand, sand, sandy clay, sandy clay loam,
sandy loam, silty clay, silty clay loam and silty loam.

3.2.2 Analysis
In this chapter, data analyses were undertaken to investigate two central themes: (1) the
relationship between plant community composition and time-since-fire, and (2) the key
drivers of plant community composition. The data were investigated at two scales:
regional and sub-regional. The same analyses were carried out at both scales, the only
difference being the contributing number of sampling points and the overall number of
time-since-fire age classes. The predicted time-since-last-fire (in years) of Clarke et al.
(2010) were used for all analyses. For the multivariate analyses these were grouped
together into time-since-fire age groups (0 – 10, 11 – 20, 21 – 40, 41 – 60, 61 – 80, and
>80) for clarity (Table 3.2). Community diversity and richness analyses were run
without the groups i.e. each sampling point retained its individual time-since-fire age.

2

Modified Braun-Blanquet codes: + (few individuals), 1 (any number of individuals <5% cover), 2 (any
number of individuals 6 – 25% cover, 3 (any number of individuals 26 – 50% cover), 4 (any number of
individuals 51 – 75% cover) and 5 (any number of individuals 76 – 100% cover).
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Table 3.2: Spatial distribution of time-since-fire age classes used in floristic analysis. Reserves are listed from south (left) to north (right).
Timesince-fire
age class

Billiatt
Conservation
Park

MurraySunset
National
Park

HattahKulkyne
National
Park

Mallee
Cliffs
National
Park

Gluepot
Reserve

Petro
Reserve

Lethero
Reserve

Tarawi
Nature
Reserve

Scotia
Sanctuary

Danggali
Conservation
Park

0 – 10

0

10

0

1

18

0

1

1

0

13

11 – 20

5

9

0

0

0

10

1

0

0

0

21 – 40

1

48

0

22

20

5

15

7

20

13

41 – 60

3

30

8

1

20

0

0

2

3

0

61 – 80

1

22

5

2

7

0

0

13

2

1

>80

0

18

7

3

4

0

0

6

1

2
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Topographic position and soil texture were simplified for use in analyses. Topographic
position was simplified to dune (both crest and slope), swale (both sandy and clay) and
flat. Soil texture was simplified to clay (clay and silty clay), loam (loamy sand), sandy
clay (sandy clay and sandy clay loam), sand (sand and sandy loam) and silt (silty clay
loam and silty loam) on the basis of clay content and sand particles (McDonald et al.
1998). Plant specimens identified to species or genus level were used for analysis, whilst
unidentified species were excluded. All species recorded at the genus level were treated
as one i.e. if a sampling point had two or more Eucalyptus sp. recorded then these were
treated as one during analysis. Twelve and five unidentified species were excluded at the
regional and sub-regional scales respectively. The climatic variables used at both scales
were annual figures calculated from Bureau of Meteorology data (Bureau of Meteorology
2008a). The data were generated in one of two ways: Barnes 2-D meteorological
analysis (annual evaporation and rainfall variability) or ANU 3-D spline surface fitting
algorithm (annual rainfall and maximum temperature). Rainfall variability is calculated
as an index of rainfall occurrence:

over a 12 month period where

90p, 50p and 10p refer to the 90th, 50th and 10th percentiles respectively (Bureau of
Meteorology, unpublished data). At both scales, annual rainfall, annual rainfall
variability, annual evaporation, soil texture, topographic position and time-since-fire
were used. At the regional scale, annual maximum temperature was also included,
however, it was excluded at the sub-regional scale as only two temperatures were
recorded (23ºC and 24ºC).
Investigation of the relationship between time-since-fire, environmental gradients and
key community indices
Two indices were used to represent different aspects of plant communities: ShannonWiener species diversity (H') and Margalef species richness (d – which is correlated to
the total number of species found per sampling point). These were calculated using the
DIVERSE routine in Primer 6 (version 6.1.11) on untransformed abundance data from
sampling points at both the regional (n = 381) and sub-regional (n = 156) scales. The
Shannon-Wiener index is an approximate measure because species abundances were
based on Braun-Blanquet cover values rather than densities (Quinn and Keough 2002).
The relationship between time-since-fire, environmental variables and community
indices was examined using generalised linear mixed models (GLMMs) in the R 2.10.1
statistical programme (R Development Core Team 2009). The environmental variables
used were soil texture, topographic position and annual means for rainfall, rainfall
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variability, evaporation and maximum temperature (Table 3.3). The Gaussian
distribution was used for the community richness models as the data were normally
distributed. In contrast, the Poisson distribution was used for the community diversity
models as the data were non-normal and transformation techniques did not improve their
normality.
GLMMs were used because it is possible to account for variation in the data that is
simply a result of sampling point location and therefore, the calculated deviance
explained refers only to the predictor variable(s) of interest (e.g. time-since-fire or
rainfall) (Bolker et al. 2009; O'Hara 2009). The Akaike Information Criterion (AIC) was
used to determine the best model for GLMMs. In instances where more than one model
had the same AIC value, the model with the lower number of predictor variables was
selected (Quinn and Keough 2002). The best model is presented for each response
variable. In addition, spatial autocorrelation between sampling points was examined
using Moran’s I. Spatial autocorrelation is the lack of independence between pairs of
sampling points at a particular distance apart, that are more or less similar than would be
expected for randomly located sampling points (Legendre 1993; Overmars et al. 2003).
It was tested for to determine if each sampling point could be considered an independent
observation and therefore, a true replicate within a time-since-fire age class. Moran’s I
was used to investigate four neighbourhood zones (nearest 10, 30, 50 and 100 sampling
points) with p > 0.05 indicating no spatial autocorrelation. The calculation of Moran’s I
was undertaken using R script provided by Greg Holland (Deakin University).
Calculation of deviance explained for the GLMM models was undertaken using R script
provided by Jane Elith (School of Botany, University of Melbourne).
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Table 3.3: Environmental variables used in floristic analyses. (GLMM = generalised
linear mixed models, NMDS = non-metric multi-dimensional scaling, ANOSIM =
analysis of similarity, SIMPER = similarity percentage analysis, CAP = canonical
analysis of principal components and CCA = canonical correspondence analysis.)
Variable

Scale

Analysis

Time-since-fire

Regional and sub-regional

GLMM, NMDS ordination, ANOSIM,
SIMPER, CAP and CCA

Soil texture

Regional and sub-regional

GLMM and CCA

Topography

Regional and sub-regional

GLMM and CCA

Average annual
rainfall

Regional and sub-regional

GLMM and CCA

Average annual
rainfall
variability

Regional and sub-regional

GLMM and CCA

Average annual
evaporation

Regional and sub-regional

GLMM and CCA

Average annual
maximum
temperature

Regional and sub-regional

GLMM and CCA

Average annual
minimum
temperature

Regional and sub-regional

GLMM

Investigation of the relationship between time-since-fire and plant community variation
Multivariate analyses were used to investigate the relationship between time-since-fire
and plant community variation using square root transformed Braun-Blanquet cover
abundance data to reduce the effect of quantitatively dominant species when producing a
similarity matrix of sampling points with respect to their plant communities. A similarity
matrix is a measure of how similar the different sampling points are in terms of species
composition. Thus, the similarity matrix depends equally on both the abundance values
of the frequent and less frequent species (Clarke and Warwick 2001). The Bray-Curtis
similarity matrix was chosen because it meets many criteria important in ecological
studies (Clarke and Warwick 2001).
Following transformation and the production of a Bray-Curtis similarity matrix, nonmetric multidimensional scaling (NMDS) ordination was used to examine the influence
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of time-since-fire on mallee plant communities at both scales. The NMDS provided a
method of visualising the relationship between sampling points; points closer together
are more similar to each other and those further apart are dissimilar (Clarke and Gorley
2006). The key is the stress value associated with the ordination. Stress <0.05 indicates
an excellent representation of the data, <0.1 indicates a good ordination with little chance
of misinterpretation, <0.2 indicates still useful but other measures should be used to
cross-check conclusions, and >0.3 the points have been placed arbitrarily in ordination
space and this is probably not the correct technique to explore the data (Clarke and
Warwick 2001).
An analysis of similarity (ANOSIM) was used at both scales to determine the similarity
(or lack of it) between different time-since-fire age groups. The ANOSIM was run from
the Bray-Curtis similarity matrix so was based purely on the similarity of sampling point
one to sampling point two and so on, based on their plant communities overall
composition (that is, individual species and their abundance are not directly assessed).
The R-value given indicates the strength of the differences between groups and the ‘p’
value provides the level of significance of this result. The R-value is not unduly affected
by variation in the number of samples across groups. However, the number of samples
per group affects the ‘p’ value; with higher levels of significance being possible with a
larger number of samples. Thus, the R value is the key to interpreting ANOSIM results
(Clarke and Warwick 2001).
Whilst NMDS and ANOSIM demonstrate differences between a priori groups, similarity
percentage analysis (SIMPER) can be used to determine the similarity within and the
dissimilarity between such groups (here, time-since-fire based on floristic abundances)
(Clarke and Warwick 2001). A SIMPER was run on the square root transformed data at
both scales in order to determine which species were particularly characteristic of each
time-since-fire age block, and which species differentiate between those blocks. The cutoff used for the SIMPER analysis was 90%, (meaning only those species contributing to
a total of 90% abundance were shown in the similarity and dissimilarity tables).
The final step in this part of the analysis was to run a canonical analysis of principal
components (CAP) on the Bray-Curtis similarity matrix. This was run in
PERMANOVA+ (version 1.0.1), an extension programme within the Primer 6 suite.
CAP is used to identify axes through a multivariate cloud of points that are either (1) the
best at discriminating amongst a priori groups (here, time-since-fire) (discriminant
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analysis), or (2) have the strongest correlation with some other set of variables (canonical
correlation) (Anderson et al. 2008). The cross-validation in CAP uses data from each
individual sampling point in turn, (here, sampling points with associated species
composition and abundances) and determines the ability of the model to correctly
classify that sample into its a priori group. The cross-validation results give specific
information about how distinct the groups are and how well the axes discriminate
between the groups (Anderson et al. 2008). Here the cross-validation results provided
information on how well floristic composition and abundance discriminate between
different time-since-fire age classes.
This analysis was run on the data sets at both scales. From the CAP analysis, it is also
possible to superimpose vectors corresponding to correlations (here Spearman) of
individual species with the CAP axes. This post-hoc approach can be used for
exploratory purposes rather than formal statistics; however, given the CAP axes have
been drawn to separate groups as much as possible, it is reasonable to assume that any
variables (species) which show an increasing or decreasing relationship with the axes
will most likely be the ones that are more-or-less responsible for observed differences
between groups (Anderson et al. 2008). A cut-off of R ≥ 0.4 was used for both scales as
this gave a reasonable number of species characteristic of different time-since-fire ages.
Investigation of the key drivers of plant community variation
Plant community distribution is a result of many factors including environmental
conditions and disturbance regime (Table 3.3). These conditions include physical (soil
texture and topography) and climatic (e.g. rainfall and evaporation) conditions. The
disturbance regime is fire or more correctly, time-since-fire. At both scales, annual
rainfall, annual rainfall variability, annual evaporation, soil texture, topographic position
and time-since-fire were used. At the regional scale, annual maximum temperature was
also included. The blocked time-since-fire age groups from the predicted fire years were
used.
A canonical correspondence analysis (CCA) was run on data from both scales. This
technique incorporates both floristic and environmental data for each sampling point to
determine the relationship between the floristic and environmental characteristics. It
creates linear combinations of the environmental variables allowing for maximum
separation of species based on those variables. This produces eigenvalues which
measure the degree of separation between sampling points (ter Braak 1986). The
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resulting ordination can show both sampling points and species with the environmental
vectors indicating the maximum change of the particular environmental variable across
the ordination. Generally, the longer the vector the more important the associated
environmental variable is for determining the relationship between sampling points and
species (ter Braak 1987). CCA was carried out in PC-ORD (version 4) (McCune and
Mefford 1999) on square-root transformed cover abundance values and normalised
environmental variables. The environmental data were normalised so that the different
measurement units did not unduly affect the results.

3.3 Results
3.3.1 The influence of time-since-fire on plant community composition
across two spatial scales: sub-regional and regional
At the sub-regional scale, 117 species were recorded from 33 families. These included
108 species identified to species level, seven to genus and two to family level. In
contrast, at the regional scale, 175 species from 39 families were recorded. Of these, 156
were identified to species level, 12 to genus level and seven to family (see Appendix 2
for species lists at both scales). At both scales, the most common families were
Myrtaceae, Chenopodiaceae and Mimosaceae.
The eucalypts and Triodia scariosa were the most common species at both scales. The
maximum number of eucalypt species recorded at any one sampling point (a 500 m2) at
the sub-regional scale was seven (Figure 3.5a). At the regional scale, at least one
eucalypt species was present within all 500 m2 sampling points, with a maximum of six
eucalypt species recorded at nine sampling points (Figure 3.5b). The most common
eucalypt was Eucalyptus dumosa, occurring in 21% and 71% of sampling points at the
regional and sub-regional scales respectively (Figure 3.6). Triodia scariosa was
approximately equally abundant at both scales, being present at 72% (regional) and 69%
(sub-regional) of sampling points.
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Figure 3.5: The frequency of the number of eucalypt species per 500 m2 sampling point
at the: (a) sub-regional, and (b) regional scales.
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Figure 3.6: Frequency of Eucalyptus species at the: (a) sub-regional, and (b) regional
scales. (Eucalypt species: 1 – Eucalyptus cyanophylla, 2 – E. calycogona, 3 – E. costata
subsp. murrayana, 4 – E. gracilis, 5 – E. oleosa subsp. oleosa, 6 – E. leptophylla, 7 – E.
socialis, 8 – Eucalyptus sp., and 9 – E. dumosa.)

69

Chapter 3

Investigation of the relationship between time-since-fire, environmental gradients and
key community indices
At both scales, spatial autocorrelation was not evident when considering each sampling
points nearest 10, 30, 50 or 100 neighbours. Thus, the sampling points can be considered
to be independent of one another and hence, can be analysed as if they were independent
replicates.
At the sub-regional scale, Shannon-Wiener community diversity and Margalef
community richness both showed a similar relationship with time-since-fire (Figure 3.7).
Generalised linear mixed models (GLMMs) for diversity showed that the model
incorporating time-since-fire best represented variation over time (Table 3.4). In
contrast, GLMMs for community richness indicated rainfall variability best explained
variation in the data (Table 3.4). The level of deviance explained differed by
approximately 13% between the worst (topographic position) and best (all variables)
model of community diversity. However, models of community richness varied by
approximately 3% between the worst (rainfall variability) and best (all variables) models.
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Figure 3.7: The relationship between: (a) Shannon-Wiener diversity, and (b) Margalef
richness and time-since-fire at the sub-regional scale. Each point represents an individual
500 m2 sampling point.
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Table 3.4: The influence of time-since-fire and rainfall variability on plant community
diversity and richness at the sub-regional scale. (AIC = Akaike Information Criterion.)
Model

Diversity

Richness

GLMM

Coefficients

AIC

Deviance
explained
(%)

Estimate

Standard
error

Intercept
Time-since-fire

0.886
-0.002

0.111
0.002

19.72

7.98

Intercept
Rainfall variability

2.539
0.971

1.728
2.661

360.3

39.72

At the regional scale, Shannon-Wiener species diversity and Margalef species richness
also showed similar results with increasing time-since-fire (Figure 3.8). The range of
values of both diversity and richness was consistent with increasing time-since-fire and
clear trends with time-since-fire were not seen. GLMMs for both community diversity
and richness showed that models incorporating rainfall only best represented variation in
these indices over time (Table 3.5). For both indices, there was less than 3.5% difference
between the model explaining the greatest variation and the least variation in the data.
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Figure 3.8: The relationship between: (a) Shannon-Wiener diversity, and (b) Margalef
richness and time-since-fire at the regional scale. Each point represents an individual
500 m2 sampling point.
Table 3.5: The influence of time-since-fire and rainfall on plant community diversity and
richness at the regional scale. (AIC = Akaike Information Criterion.)
Model

Diversity

Richness

GLMM

Coefficients

AIC

Deviance
explained
(%)

Estimate

Standard
error

Intercept
Rainfall

0.863
-0.05

0.033
0.033

45.42

5.5

Intercept
Rainfall

3.821
-0.196

0.102
0.101

1036

28.1
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Investigation of the relationship between time-since-fire and plant community variation
At the sub-regional scale, the 0 – 10 and 11 – 20 time-since-fire age classes are the most
coherent i.e. the floristic abundance at the sampling points within those blocks were
similar to each other (Figure 3.9a). In contrast, the other time-since-fire age classes are
much more widespread; suggesting the floristic composition within those groups is more
varied. This pattern was also seen at the regional scale (Figure 3.9b), where no clear
time-since-fire gradient was evident. Analysis of similarity (ANOSIM) underlined the
minimal influence of time-since-fire on floristic composition seen at both scales.
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Figure 3.9: Variation in plant communities recorded at 500 m2 sampling points
incorporating a range of time-since-fire age classes at the: (a) sub-regional, and (b)
regional scales.
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At the sub-regional scale an ANOSIM indicated a significant, though weak, degree of
differentiation between time-since-fire age classes (R = 0.15, p = 0.0001). The ANOSIM
indicated that the 0 – 10 vs. 11 – 20 time-since-fire age class comparison was the most
different (R = 0.713, p = 0.0002). As indicated in the NMDS ordination, these two
groups were the most different to all other time-since-fire age classes. The degree of
differentiation between all other time-since-fire age blocks was either insignificant or
weakly significant (Table 3.6).
An ANOSIM showed a stronger degree of differentiation, in terms of floristic
composition, between time-since-fire age classes at the regional scale (R = 0.179, p =
0.0001). The between group comparisons showed varying degrees of differentiation with
11 – 20 vs. 61 – 80 years post-fire the most dissimilar (Table 3.7; R = 0.427, p = 0.001).
Comparisons between all other groups showed varying degrees of strength, although the
11 – 20 years post-fire group was generally the most different.
Table 3.6: Analysis of similarity between time-since-fire age groups based on their
floristic composition at the sub-regional and regional scales. (Only results with R ≥ 0.4
are presented.)
Time-since-fire
age groups

R statistic

P statistic

Sub-regional

0 – 10 vs. 11 – 20

0.713

0.0002

Sub-regional

11 – 20 vs. 61 – 80

0.494

0.0001

Sub-regional

11 – 20 vs. 21 – 40

0.401

0.0001

Regional

11 – 20 vs. 61 - 80

0.427

0.0001

Scale

At the sub-regional scale, SIMPER analysis indicated that seven species contributed
more than 10% to the within time-since-fire age class similarity. One of these species,
Triodia scariosa, was present in all time-since-fire age classes and the remaining six
species were present in between one and five time-since-fire age groups (Table 3.8).
Two species were also found that contributed more than 5% to the dissimilarity between
time-since-fire age groups (Table 3.7). However, most species showed little contribution
to the overall dissimilarity.

76

Chapter 3

Table 3.7: Species characteristic of each time-since-fire age group at the sub-regional
scale.
Time-since-fire
age group (years)

Average
similarity

Average
dissimilarity

Contribution
(%)

Eucalyptus dumosa

0 – 10
21 – 40
41 – 60
61 – 80
>80

7.27
4.62
5.39
6.15
5.89

-

16.12
14.54
18.23
20.51
18.83

Eucalyptus socialis

0 – 10
61 – 80

7.21
3.20

-

15.99
10.66

Triodia scariosa

0 – 10
11 – 20
21 – 40
41 – 60
61 – 80
>80

6.13
5.58
3.82
4.05
4.83
5.68

-

13.60
12.54
12.02
13.69
10.66
18.15

Eucalyptus
leptophylla

>80

3.48

-

11.13

Sclerolaena
diacantha

61 – 80

3.09

-

10.29

>80
61 – 80 vs. >80

4.03
-

3.74

12.89
5.21

>80

3.67

-

11.73

0 – 10 vs. 61 – 80
0 – 10 vs. >80

-

3.62
6.67

5.03
5.08

Species

Eucalyptus costata
subsp. murrayana
Leptospermum
coriaceum
Eremophila
crassifolia

In contrast, five species contributed more than 10% to the within time-since-fire age
group similarity at the regional scale. No species were present in all time-since-fire age
groups; however, T. scariosa and Eucalyptus dumosa were present in five time-since-fire
age groups. The remaining species were present in between one and four time-since-fire
age groups (Table 3.8). No species contributed more than 5% to the dissimilarity
between time-since-fire age groups.
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Table 3.8: Species characteristic of each time-since-fire age group at the regional scale.
Time-since-fire
age group (years)

Average
similarity

Average
dissimilarity

Contribution
(%)

Eucalyptus dumosa

0 – 10
21 – 40
41 – 60
61 – 80
>80

5.53
4.52
2.89
4.51
3.13

-

15.48
15.18
11.43
16.11
13.17

Triodia scariosa

0 – 10
11 – 20
21 – 40
61 – 80
>80

5.65
7.63
7.57
4.26
2.67

-

15.82
21.19
25.41
15.20
11.24

Eucalyptus socialis

0 – 10
21 – 40
61 – 80
>80

5.66
3.41
3.26
2.58

-

15.85
11.43
11.66
10.84

Eucalyptus oleosa
subsp. oleosa

41 – 60

3.28

-

12.99

Halgania cyanea

11 - 20

3.99

-

11.07

Species

At the sub-regional scale, the 11 – 20 year post-fire group was the most clearly separated
from all others. A canonical analysis of principal components (CAP) showed this group
and the 0 – 10 year post-fire class were the most consistently correctly allocated to their a
priori time-since-fire age groups (77.8% of sampling points). The overall misclassification error was 47% (or 74 of 156 sampling points) (Table 3.9). Spearman
correlations within the CAP analysis at the sub-regional scale indicated that Maireana
pentatropis and Eucalyptus costata subsp. murrayana were correlated with increasing
time-since-fire (≥ 41 years post-fire). Seven species were strongly correlated with the 11
– 20 years post-fire group including Halgania cyanea, Hibbertia virgata, Leptospermum
coriaceum and Aotus subspinescens. Beyeria opaca, Eucalyptus leptophylla, Maireana
appressa, Maireana pyramidata and Melaleuca lanceolata subsp. lanceolata were all
correlated with the 21 – 40 years post-fire group.
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Table 3.9: Classification of sampling points to post-fire years based on floristic
abundances at the sub-regional scale (CAP analysis).
Classified time-since-fire age groups (years)
Original timesince-fire age
groups (years)

0 - 10

11 – 20

21 – 40

41 – 60

61 – 80

>80

Total
sampling
points

%
Correct

0 – 10

7

0

0

1

1

0

9

77.8

11 – 20

1

7

0

0

0

1

9

77.8

21 – 40

4

0

35

3

5

1

48

72.9

41 – 60

3

2

6

8

10

9

38

21.1

61 – 80

1

0

2

6

13

6

28

46.4

>80

0

1

1

5

5

12

24

50.0

At the regional scale, CAP analysis also allocated the 11 – 20 year post-fire group most
consistently to its a priori time-since-fire age class (85.7% of sampling points). The
lowest correct allocation of sites to the mapped time-since-fire age group was 34.3% for
the 41 – 60 years post-fire group (Table 3.10). The overall mis-classification error was
41.7% (or 159 of 381 sampling points). Spearman correlations of species with timesince-fire age classes indicated a moderately different set of species at the regional scale
than the sub-regional scale. Halgania cyanea was again strongly correlated with the 11 –
20 years post-fire group. Beyeria opaca and Triodia scariosa were strongly correlated
with the 21 – 40 years post-fire group. Enchylaena tomentosa var. tomentosa and
Olearia pimeleoides subsp. pimeleoides were correlated with increasing time-since-fire.
Table 3.10: Classification of sampling points to post-fire years based on floristic
abundances at the regional scale (CAP analysis).
Classified time-since-fire age groups (years)
Original timesince-fire age
groups (years)

0 – 10

11 – 20

21 – 40

41 – 60

61 – 80

>80

Total
sampling
points

%
Correct

0 – 10

32

4

4

2

1

0

43

74.4

11 – 20

2

18

0

1

0

0

21

85.7

21 – 40

7

4

108

10

12

7

156

69.2

41 – 60

2

2

9

23

17

14

67

34.3

61 – 80

0

0

9

13

22

9

53

41.5

>80

1

1

2

9

9

19

41

46.3
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Investigation of the key drivers of plant community variation
A Canonical Correspondence Analysis (CCA) described strong gradients of variation in
plant composition in relation to environment and time-since-fire variables. At the subregional scale, rainfall and time-since-fire were the most important determinants of plant
community composition and sampling point distribution (Table 3.11 and Figure 3.10).
Correlations between species and environmental variables were all high (> 0.76) for the
three axes and Monte-Carlo tests were significant at p < 0.01. Those species, such as the
eucalypts and Triodia scariosa, that are centred on axis one were widespread across the
sub-region. Species (e.g. Olearia rudis) in the upper half of the ordination were largely
associated with decreasing time-since-fire and rainfall, whereas species (e.g. Callitris
verrucosa) in the lower half of the ordination were largely associated with increasing
time-since-fire and rainfall. The relationship between these specie and time-since-fire
may also be a reflection of their life history e.g. O. rudis is a post-fire ephemeral so it is
to be expected that it is associated with decreasing time-since-fire. In contrast, C.
verrucosa and similar species may be associated with increasing time-since-fire as a
result of continuous growth of individuals or increased density of individuals as a result
of inter-fire recruitment.
Table 3.11: Correlations between environmental variables and floristic abundance at the
sub-regional scale.
Variable

Correlations
Axis two

Axis one

Axis three

Rainfall

0.817

-0.428

-0.217

Rainfall variability

-0.445

-0.247

0.008

Evaporation

-0.121

0.397

0.395

Maximum temperature

0.072

-0.127

0.626

Time-since-fire

0.159

-0.818

0.405

Topographic position

-0.564

-0.274

-0.299

Soil texture

0.245

0.028

0.082

Eigenvalue

0.343

0.188

0.134

4.0

6.2

7.7

% variance explained
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Figure 3.10: The relationship between environmental variables and floristic composition
at the sub-regional scale. (Points represent species.)
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Rainfall, maximum temperature and rainfall variability were the strongest determinants
of floristic composition within 500 m2 sampling points at the regional scale (Table 3.12).
Correlations between species and environmental variables were all high (> 0.77) for the
three axes and Monte-Carlo tests were significant at p < 0.01. The lower half of the
ordination is predominantly made up of the southern and western sampling points, which
receive higher rainfall and may be inhabited by a greater number of heathy species (e.g.
Melaleuca uncinata and Babingtonia behrii) than the northern, lower rainfall end of the
region (Figure 3.11). Species close to axis one tend to be widespread across the region
(e.g. the eucalypts and Triodia scariosa) and those further away from axis one are more
localised to either the higher or lower rainfall end of the region. Figure 3.12 indicates the
importance of time-since-fire to regional floristic abundance when considering axes three
vs. two and three vs. one.
Table 3.12: Correlations between environmental variables and floristic abundance at
sampling points at the regional scale.
Variable

Correlations
Axis two

Axis one

Axis three

Rainfall

0.824

0.254

0.371

Rainfall variability

-0.195

-0.780

0.127

Evaporation

0.308

-0.317

0.116

Maximum temperature

-0.329

-0.932

0.037

Time-since-fire

-0.352

0.182

0.858

Topographic position

-0.672

0.198

0.019

Soil texture

0.123

0.101

-0.014

Eigenvalue

0.377

0.212

0.134

3.1

4.9

6.0

% variance explained
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Figure 3.11: The relationship between environmental variables and floristic composition
at the regional scale. (Points represent species.)
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Figure 3.12: The relationship between time-since-fire and environmental variables at the
regional scale considering: (a) axes three vs. one, and (b) axes three vs. two. (Points
represent species. Species associated with higher rainfall are similar to those in Figure
3.11 above. Species assoaciated with time-since-fire are similart to those in Figure 3.10
above.)
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3.4 Discussion
3.4.1 The influence of time-since-fire on plant community composition
across two spatial scales: sub-regional and regional
The effect of fire has been studied in numerous ways (Table 3.1 and Appendix 1) but the
current study, conducted over the distribution of the mallee shrubland ecosystem, has
shown that floristic composition does not show a clear relationship with time-since-fire
across the entire landscape. Rather, climatic gradients are of great importance on the
variation observed in plant community composition (based on abundance) across the
region. In contrast, at the sub-regional scale, time-since-fire is of increasing importance
in determining the plant community; however, climatic gradients are still important.
Investigation of the relationship between time-since-fire, environmental gradients and
key community indices
It was expected that time-since-fire would have an impact on the plant community
composition of mallee shrublands and one way to measure this is to compare community
indices such as diversity and richness between time-since-fire age classes. This influence
would likely be stronger at the sub-regional than the regional scale. Within the MurrayMallee, we would predict an initial peak in species diversity and richness in the first 2 – 3
years immediately following fire before a steady decline with increasing time-since-fire.
However, changes in community indices are not clear at either the regional or subregional scales. There was no apparent peak in the early post-fire years followed by a
steady decline; instead, wide fluctuation within the same range of values was seen across
all time-since-fire age classes. This variation within the same time-since-fire age class
has been observed in chaparral vegetation associations in California where temporal
change in richness was not consistent across the landscape (Keeley et al. 2005). Bell and
Koch (1980) reported significant site to site variation in species richness and diversity
within a single time-since-fire age class which disguised the peak in the indices
following fire. It is possible this is also the case here, as each time-since-fire age class
has many 500 m2 sampling points which are geographically dispersed with
approximately 265 km between the most distant sampling points. However, within a
small number of sites in similar mallee shrublands in New South Wales, a marked
increase in species diversity was seen following fires (Noble 1989b). This increase was
promoted by the “flush” of herbaceous species in the early post-fire years.
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The increase in species diversity and richness in the first few years immediately
following fire is also seen in other plant communities e.g. Jarrah forest, heathland, other
semi-arid vegetation and chaparral vegetation (Russell and Parsons 1978; Bell and Koch
1980; Enright et al. 1994; Keeley et al. 2005; Wright and Clarke 2007). A key outcome
of these studies is the steady decline in species richness and diversity following the peak
(at 2 – 3 years post-fire). This peak has been attributed to the increased presence of fire
ephemeral species (Bell and Koch 1980; Noble 1989b; Wright and Clarke 2007), the
incidence of rainfall following fire which encourages and maintains growth of annuals
(Noble 1989b; Keeley et al. 2005), and the incidence of resprouting species within the
community (Bell and Koch 1980; Noble 1989b). The presence of fire ephemerals is
likely to be a key factor within Murray-Mallee shrublands as a number of species (e.g.
Convolvulus remotus and Olearia rudis) were only seen at sampling points up to three
years post-fire. The presence of resprouting species in these shrublands is also important
as a number of species such as the eucalypts, and some species of Acacia and Melaleuca
all resprout following fire and thus influence species diversity and richness. These
resprouting species are able to influence these indices because their recovery is almost
immediate as they do not rely on suitable conditions for germination, seedling
establishment and survival. Furthermore, they do not then “drop out” of the system
within a short time frame as they are long-lived species, generally with a lifespan of
decades to centuries (Pausas and Bradstock 2007) dependent on the species.
Environmental factors, such as rainfall, are also important in the years immediately
following fire and can influence species diversity and richness patterns. Annual species,
in particular, will be stimulated by rainfall and, in an early post-fire community,
experience less competition than in older or more mature vegetation. Within the mallee
shrublands studied, rainfall explained approximately 2% and 28% of the variance of both
community diversity and richness at the sub-regional scale and the regional scale
respectively. This is not an unexpected result in the Murray-Mallee where water stress is
an important limiting factor in vegetation dynamics. Thus, rainfall is important in
determining plant community diversity and richness, although whether this applies more
to the immediate post-fire years during the seedling establishment phase than the longer
term is unknown. The importance of rainfall during the first five years post-fire was
found to be positively correlated with species richness in chaparral communities (Keeley
et al. 2005). A similar relationship may occur within mallee communities as the shortlived species rely on rainfall to establish and complete their life cycles. However,
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rainfall should also be considered in context with other environmental variables such as
rainfall variability and evaporation and other limiting factors such as soil type and timesince-fire. Evaporation, for example, will influence the effectiveness of any rainfall
event for plant growth. Soil type and rainfall interact through the inverse soil texture
effect (Alizai and Hulbert 1969; Noy-Meir 1973) whereby rainfall is used more
effectively by plants in sandier soils than soils with a higher clay content.
Investigation of the relationship between time-since-fire and plant community variation
Fire influences plant communities by burning them and the time-since-fire event should
play a role in determining the floristic composition of the community. For example, a
community at two years post-fire should be compositionally different to a community at
20 years post-fire simply because species such as the fire ephemerals have already
completed their life cycles. Thus, a strong time-since-fire gradient would be expected;
however, at the regional scale in the Murray-Mallee, this was not seen. Some time-sincefire age groups do show significant differences to others but, overall, plant community
composition is very similar with eucalypts and Triodia scariosa dominating all age
classes after fire. At the sub-regional scale, the influence of time-since-fire on plant
community composition is stronger, with the 11 – 20 year post-fire group significantly
different to all other time-since-fire age classes. The exclusion of most annual, semiperennial and non-woody perennial species has potentially contributed to the lack of
clear time-since-fire gradient, especially in the more recently burnt areas as it is these
species that mark these sites as recently burnt from a composition point of view. Thus,
within this study the overwhelming uniformity imposed by the eucalypts and T. scariosa
effectively masks subtle changes in community composition at both scales. Analyses
were undertaken excluding the eucalypts and T. scariosa; however, a clear time-sincefire gradient was still not apparent (data not presented), suggesting that time-since-fire is
either not an important determinant of community composition at these scales or it needs
to be considered in conjunction with other factors such as climate, in particular rainfall,
and environment. Thus, changes in the mallee shrublands of this community are subtle
and intergrading.
Within mallee shrublands it is generally accepted that the pre-fire community will
eventually re-establish itself post-fire providing the fire return interval remains unaltered
or at least similar to that which has occurred historically (Noble 1989b). This can be
seen in the current study where the suite of species present over time is largely
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consistent, with unique species principally belonging to the immediate post-fire age
classes and comprising mostly fire ephemeral species. Fire ephemerals have the ability
to complete their life cycle in a short (1 – 3 years) time frame, thus ensuring their ability
to re-establish following the next fire. Whilst there may not be a clear gradient in
vegetation associated with time-since-fire and the two scales investigated, time-since-fire
does play a role in terms of the suite of species that are present within particular timesince-fire age classes (e.g. Bradstock 1989; Cheal et al. 1979).
Similar findings in mallee vegetation at Yathong Reserve (New South Wales) indicate
that establishment is curtailed or even prevented for several decades after the initial postfire flush (Bradstock 1989). In other mallee communities at Yara (New South Wales)
and Wyperfeld National Park (Victoria), little change was seen in community
composition between the 1960s and 1980s (Holland 1986). Thus, it may be that what
happens in the first three years immediately following fire is of utmost importance in
determining vegetation composition and structure in mallee communities for decades.
This is difficult to test directly within the current study as the number of sampling points
burnt within the previous three years was limited (5.8% and 6% of sampling points at the
sub-regional and regional scale respectively) and was outweighed by the number of
sampling points in later time-since-fire age classes. Further, many of the species
recorded within the younger time-since-fire age classes were also recorded within the
older classes, thus indicating minimal changes in species richness with increasing timesince-fire.
Investigation of the key drivers of plant community variation
Dodson (1982) stated that the broad patterns of mallee vegetation across their geographic
range are determined by climate; however, it is the soil which controls the arrangement
of species. Within the Murray-Mallee shrublands of this study, this statement holds true.
Time-since-fire was not the key driver of community composition at the regional scale,
despite being of increased importance when considering different axis configurations
from the CCA bi-plots. Time-since-fire was of increased importance at the sub-regional
scale. At both scales, rainfall was an important determinant of floristic composition,
which underlines the importance of rainfall to seedling germination, establishment and
growth in the years immediately following fire. The inclusion of rainfall variability and
maximum temperature at the regional scale further underlines the importance of climate,

88

Chapter 3

i.e. whilst rainfall may be a key driver of plant community variation, its interaction with
other climatic variables is also important.
The climatic variables also influence the grouping of sampling points within the regional
and sub-regional scales. Those with similar values for each climatic variable tend to
group together to reflect the sampling design, and the influence of time-since-fire or
floristic composition then clusters, otherwise geographically distant, sampling points
together. Although time-since-fire does influence plant community composition at the
sub-regional scale, the impact of climatic variables such as rainfall also structure the
relationship between plant communities or sampling points. This influence of multiple
variables with climatic or environmental variables being of greater importance than timesince-fire has also been seen in heathlands, Jarrah forest and coastal sand dune
communities. For example, heathlands at Wilson’s Promontory were divided by site
location rather than time-since-fire, with the conclusion that unknown factors such as soil
moisture were overshadowing any time-since-fire influences (Russell and Parsons 1978).
The moisture regime was also considered to be of importance in Jarrah forests where
plant communities grouped together based on their physical location within the landscape
rather than time-since-fire (Bell and Koch 1980). On Fraser Island, sand dune
community composition did differ between fire frequencies, however, the overriding
influence on species composition was regional and related to the dune system in question
(Spencer and Baxter 2006). It is also important to note that time-since-fire and fire
frequency both influence plant community composition separately and in conjunction.
For example, Morrison et al. (1995) found that composition of sandstone communities
was determined by the combined influence of time-since-fire and fire frequency.
Whilst these studies underline the importance of site characteristics in determining
community composition, they do not help to untangle how these factors interact. Perhaps
one way to do this, or at least see a clear time-since-fire effect on vegetation, would be to
consider changes in plant functional traits rather than species composition. Briefly,
different species display different traits, such as resprouting or seeding, that allow them
to inhabit a particular site and exist within the current fire regime. Within the MurrayMallee region it could be hypothesised that species with the ability to resprout would
predominately be found in areas experiencing short fire cycles (~ 30 years) and obligate
seeder species would predominately be found in areas experiencing long fire cycles (>
200 years) (Pausas and Bradstock 2007). These traits would also influence how the
89

Chapter 3

species themselves perpetuate the fire cycle characteristic of their region of the mallee
landscape. These ideas will be expanded upon in later chapters.

3.4.2 Successional models and their application to the Murray-Mallee
There are a number of successional models that describe how plant communities respond
to disturbance. The initial floristic composition model appears to be the most suitable in
describing post-fire succession within the Murray-Mallee. This model states that the
“final” community composition is directly related to the “initial” floristic composition or
the species that are present immediately following the disturbance. That is, the species
present directly after the disturbance (here fire) will determine all further shifts in
dominance. The life cycle and attributes of these species will determine whether or not
they will be dominant at any particular time-since-disturbance (fire) (Egler 1954). In
particular, Egler (1954) emphasised the importance of site occupancy by a species or
suite of species as being able to restrict subsequent entry of other species rather than the
initial species altering the environment to facilitate the arrival of the next suite of species
and so on until the final community composition was reached.
Within this mallee community, it appears that the plant community does follow the initial
floristic composition model. That is, those species that resprout following fire, e.g. the
eucalypts, tend to be present both immediately following fire and decades later as a result
of their life span. However, other species such as the fire ephemerals are present for a
short time post-fire, replenishing their soil seed bank for germination after the next fire.
Then there are those species such as the Acacias and chenopods that do not come back
immediately following fire but do re-enter the community at some point post-fire that is
suitable for their germination and establishment. A number of these species will also
invariably drop out of the community once their life cycle is complete (but temporal
rescue is possible because they possess long-lived soil seed banks). Thus, they do not fit
into the strict definition of initial floristic composition but they also do not fit classical
succession theory (relay floristics) as they may not be replaced by another species or
suite of species; instead the gap in the community may remain as it ages.

3.4.3 Limitations of the study
It is possible that the space-for-time approach used in this study masked some of the
changes that may have been seen in species composition had either a longitudinal or
Before/After-Control/Impact (BACI) study been undertaken. A longitudinal study
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investigating species composition at a smaller set of point following fire over several
years would allow for a closer study of community change. However, the early years of
this study were dominated by drought and it is possible that insufficient rainfall may have
occurred thus limiting compositional change. A BACI study may also have been limited
by the drought as fires (the ‘impact’) may have been difficult to implement and
regeneration following fire may have been limited. Thus, the decision to focus on woody
perennials, T. scariosa and key non-woody perennials (e.g. the chenopods) may well
reflect the bulk of the species that would have been recorded under the other approaches
during drought. It also avoids ‘false’ differences in community composition due to local
variation in rainfall. Further, the space-for-time approach was used as the broader Mallee
Fire and Biodiversity Project focussed on the influence of time-since-fire on fauna and
vegetation had to be recorded within this context. This approach may have limited
investigation of some factors of the fire regime (e.g. fire return intervals) but it did
provide an extensive and important data set within the eucalypt-dominated mallee
shrublands.

Conclusion
Fire is an inevitable part of the mallee landscape. The plant communities present have
the ability to respond to and survive fire through a number of mechanisms. For the
Murray-Mallee plant community, time-since-fire is not a key driver of composition
change at the regional and sub-regional scales. Instead, environmental gradients
(bottom-up processes) are predominately responsible for the organisation of plant
communities. However, community composition is only one way to measure vegetation
change in relation to time-since-fire, and it is possible that other measures such as
structural change will reflect a time-since-fire gradient and this will be investigated in the
following chapter.
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Chapter 4 – Recovery of mallee vegetation structure with timesince-fire
Abstract
The recovery of mallee vegetation structure with time-since-fire across its range is poorly
understood. Three elements of structural recovery (eucalypt density and basal area, litter,
and Triodia scariosa hummock development) were quantified to examine the key
influences on this trajectory. Each of these components recovered at different rates and
in their own way following fire. The eucalypts recover first, resprouting from
lignotubers. Triodia scariosa recovers by either resprouting or germinating from seed.
Litter recovery is reliant on the rate of vegetation development. A number of key trends
were observed: (1) litter layer increases slowly with time-since-fire, (2) T. scariosa
frequency peaks at 30 years post-fire but cover remains consistent thereafter, and (3)
frequency of eucalypts shifts from lower height classes to taller height classes with
increasing time-since-fire. Environmental characteristics, particularly rainfall and
evaporation, were important determinants of the rate of structural recovery; however,
time-since-fire is the key driver of much structural recovery in the Murray-Mallee.

4.1 Introduction
Mallee vegetation can largely be thought of as fire-adapted because fire frequency is
considered high and plant species responses reflect a long-history of both bottom-up and
top-down controls on species composition. Indeed, most mallee eucalypts may be
viewed as “pyro-gladiators”, capable of persisting under sustained high fire frequencies,
although season of fire will influence survival (Noble et al. 1980; Noble 1989a, b).
However, different components of the community respond over different timescales to
fire (see Chapter 3 for plant community composition changes with time-since-fire). In
this chapter, I address the recovery of plant community structure with time-since-fire. In
particular, I consider mallee eucalypt stand recovery, Triodia scariosa patch
development, and litter layer dynamics. These structural aspects are important for fauna
habitat and flammability, and their heterogeneity will also contribute to patch resource
flows (i.e. water and nutrients).
A simplified post-fire trajectory can be described for mallee vegetation based on
regeneration strategies and plant life-history. This trajectory will differ between the three
structural elements considered here. The eucalypts are likely to be the first to re-appear
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after fire as they resprout from lignotubers resulting in dead stems surrounded by many
small coppicing stems (Figure 4.1). By comparison, both T. scariosa and litter recovery
will likely lag in their response to fire (Figures 4.2 and 4.3). Triodia scariosa is capable
of recovering from a soil seed bank or resprouting or both post-fire (Noble and Vines
1993), although the reasons for this are unclear. Litter recovery will be dependent on the
level of vegetation combustion but, in general, will recover slowly post-fire as the
vegetation recovers.
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Figure 4.1: The level of structural complexity in Murray-Mallee plant communities at
approximately: (a) 6 months, and (b) two years post-fire. Note the quick return of the
eucalypts with Triodia scariosa and other elements following at a slower pace. (a =
Mallee Cliffs National Park and b = Danggali Conservation Park)
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Figure 4.2: The level of structural complexity in Murray-Mallee plant communities at
approximately: (a) 11, and (b) 27 years post-fire. Note the increasing accumulation of
litter and connectivity of Triodia scariosa. (Murray-Sunset National Park)
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Figure 4.3: The level of structural complexity in Murray-Mallee plant communities burnt
in: (a) 1975, and (b) pre-1972. Note the increasing accumulation of litter, decreased
connectivity of Triodia scariosa and fewer stemmed eucalypts. (a = Murray-Sunset
National Park and b = Hattah-Kulkyne National Park)

96

Chapter 4

These post-fire trajectories depend on a number of factors including regeneration
strategies following fire, competition between species, and environmental characteristics
(e.g. rainfall). Mallee eucalypts are capable of both resprouting from lignotubers and
germinating from seed (Parsons 1968b; Noble 1982; Wellington and Noble 1984; Bishop
1990; Noble 2001). The literature suggests that resprouting is the dominant long-term
recovery mechanism, as although many seedlings may germinate post-fire, their longterm survival is low (e.g. Noble 1982; Wellington 1989), and appears to be dependent on
rainfall following the germination event (Wellington and Noble 1985a, b). Over the very
long term, germination and seedling survival is required to replenish the eucalypt
population at least once every few hundred years (Wellington 1989).
Triodia scariosa, like the eucalypts, is capable of both resprouting and germinating from
seed (Jacobs 1980; Noble and Vines 1993; Rice and Westoby 1999). The reasons behind
this ability to resprout, germinate from seed, or both at different sites remains unclear and
investigations into soil types and other site characteristics have failed to find a definitive
answer for either the evolutionary factors selecting for these traits or the ecological
factors producing the observed patterns. However, it is possible that natural selection
may favour T. scariosa plants able to regenerate from basal meristems in drier areas
because it minimises reliance on the rainfall regime (Noble and Vines 1993). As with the
eucalypts, rainfall appears to be an important determinant both of germination and
seedling survival with studies of Triodia species elsewhere (e.g. Triodia pungens)
showing that germination is linked to soil moisture and continued survival to both
subsequent rainfall and root mass (Burbidge 1943; Allan and Southgate 2002). The
density of T. scariosa will peak at approximately 20 years post-fire before beginning a
slow decline with increasing time-since-fire (Noble 1989a).
Of these two vegetative components of mallee shrublands, the eucalypts contribute more
to the litter layer than does T. scariosa as its dead material tends to remain within the
plant (Allan and Southgate 2002; Bowman et al. 2008). Thus, the recovery of the litter
layer relies not only on eucalypt recovery post-fire, but also on the shrub and herb layers
that make up the mallee vegetation community as a whole. It may continue to
accumulate as time-since-fire increases or it may reach a plateau at some point post-fire
as the vegetation contributing to it fluctuates with time-since-fire. Some literature
suggests it will reach an asymptote at approximately 50 years post-fire as the vegetation
contributing to it decreases in cover (e.g. Bradstock 1990). Information on these postfire trajectories; however, is not readily available to compare mallee plant community
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structural recovery, and how this may vary across the range of the ecosystem. Instead,
most studies have considered structural layers when determining flammability and fuel
loads of mallee plant communities (e.g. Noble 1989a, b). Thus, this study will add to the
knowledge base on mallee shrubland structural change over time-since-fire.
This study considers the relative influence of time-since-fire and environmental variation
on the structural recovery of the Murray-Mallee plant community. The relative strength
of the relationship between structural recovery and, (a) time-since-fire, (b) environmental
factors, and (c) their interaction was investigated. This was undertaken in order to: (1)
determine structural component recovery of mallee plant communities with increasing
time-since-fire; and (2) investigate how key environmental variables may influence the
rate of structural recovery over the range of the ecosystem. A number of predictions can
be made including: (a) frequency of litter will increase with time-since-fire, (b) frequency
of Triodia scariosa will peak at approximately 30 years post-fire before declining, (c) T.
scariosa growth form will change from predominately hummocks to rings as time-sincefire increases, and (d) eucalypt frequency within the different height classes will fluctuate
with increasing time-since-fire favouring the lower classes immediately following fire
before shifting to the higher classes. Time-since-fire will be an important determinant of
these changes; however, environmental variables, in particular rainfall, will also play an
important role.

4.2 Methods
As in the previous chapter, region refers to the whole study area (the Murray-Mallee of
Victoria, South Australia and New South Wales). A sampling point is one of 30 possible
points located within a mosaic; however, the area surveyed differed depending on the
data recorded. The 50 m transect was the starting point for all measurements at each
sampling point. Structural (height classes) and Triodia scariosa data were collected
along this transect. The eucalypt data were also collected along this transect but within a
belt transect. Additional T. scariosa data were collected at three points along this
transect. See below for further details on data collection. Details on the methodology
behind the time-since-fire age classes, as well as sampling point selection, can be found
in Chapter 2.
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4.2.1 Structural measurements
Litter dynamics
The point quadrat method was used to record the presence of litter at 1 m intervals along
a 50 m transect at each sampling point. These data will be referred to as transect data
throughout this chapter.
Triodia scariosa stand structure
The point quadrat method was also used to record the presence of T. scariosa. These
data will also be referred to as transect data.
Triodia scariosa growth type (hummock vs. ring) (Figure 4.4), height, and diameter at
the widest part of the plant were recorded for the nearest four specimens at each of three
locations (0, 25 and 50 m) along the 50 m transect. In addition, where T. scariosa
formed rings, the internal diameter was measured. All dimensions were recorded in
centimetres. These data were recorded as anecdotal evidence suggests that as time-sincefire increases, T. scariosa hummocks die out in the middle to form rings and thus, the
presence or absence of rings may indicate an approximate age since fire. These data will
be referred to as radial transect data throughout this chapter.
Total T. scariosa cover was recorded within the 50 m x 10 m belt transect used for the
flora surveys (see Chapter 3). A modified Braun-Blanquet cover abundance rank was
recorded for each sampling point at which T. scariosa occurred. The Braun-Blanquet
cover abundance was used to minimise differences in visual estimates of cover as this
data was collected as part of the broader Mallee Fire and Biodiversity Project with eight
to eleven different assessors.
Eucalypt density and basal area
The presence of eucalypts in four height classes (<0.5 m, 0.5 – 1 m, 1 – 2 m and >2 m)
was also recorded using the point quadrat method described above. This data will also be
referred to as transect data throughout this chapter.
Total stem density was recorded within a 50 m x 4 m belt transect at each sampling point.
Species identity, number of stems per tree, stem diameter, and the status of each stem
(dead vs. live) were recorded for the first ten trees encountered along each transect. Stem
diameter was measured at approximately 30 cm from ground level at the widest point of
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the stem, avoiding any unrepresentative swellings. Measurements were made to the
nearest centimetre. Average eucalypt canopy height was estimated visually within each
belt transect. These data will be referred to as belt transect data throughout this chapter.

Figure 4.4: Two types of Triodia scariosa growth form are obvious in the MurrayMallee: (a) hummock, and (b) ring. Rings form when hummocks senesce in the centre
and such plants are thought to be indicative of a longer time-since-fire. (Murray-Sunset
National Park)
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4.2.2 Analysis
In this chapter, data analyses were undertaken to investigate two central themes: (1) the
relationship between structural recovery and increasing time-since-fire, and (2) the
relationship between key environmental variables and structural recovery. The data were
investigated at the regional scale. The predicted time-since-last-fire (in years) of each
transect as determined by Clarke et al. (2010), was used for all analyses. For analyses
involving environmental data, annual means for rainfall, rainfall variability and
evaporation (Bureau of Meteorology 2008) were used. The data were generated in one of
two ways: Barnes 2-D meteorological analysis (rainfall variability and evaporation), and
ANU 3-D spline surface fitting algorithm (rainfall).
A mixture of generalised additive mixed models (GAMMs) and generalised linear mixed
models (GLMMs) were used to investigate the relationship between structural recovery
and time-since-fire. Both GAMMs and GLMMs were undertaken in the R statistical
programme v 2.10.1 (R Development Core Team 2009). GAMMs were used where the
predicted response was non-linear. GAMMs allow for the relationship between the
response variable and predictor variable(s) to be viewed without choosing a particular
mathematical function (i.e. parametric form) (Crawley 2007; Musio et al. 2007). A nonparametric smoother is used as it allows for comparison of the relative merits of various
different models in explaining variation in the response variable (Crawley 2007).
GAMMs, being mixed models, also allow for the use of a random factor which accounts
for variation in the data that is simply a result of sampling point location. GLMMs were
used where the predicted response was linear. GLMMs also allow for the use of a
random factor and thus the calculated deviance relates only to the predictor variable(s) of
interest (e.g. time-since-fire or rainfall) (Bolker et al. 2009; O'Hara 2009).
The Akaike Information Criterion (AIC) was used to determine the best model for both
GAMMs and GLMMs. In instances where more than one model had the same AIC
value, the model with the lower number of predictor variables was selected (Quinn and
Keough 2002). The best model is presented for each response variable, except where
there were two models with the same AIC value where both are presented. The deviance
explained by each model was calculated using R script provided by Jane Elith (School of
Botany, University of Melbourne). In addition, spatial autocorrelation between sampling
points was examined using Moran’s I. Spatial autocorrelation is the lack of
independence between pairs of sampling points at a particular distance apart, that are
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more or less similar than would be expected for randomly located sampling points
(Legendre 1993; Overmars et al. 2003). It was tested for to determine if each sampling
point could be considered an independent observation and therefore a true replicate
within a time-since-fire age class. Moran’s I was used to investigate four neighbourhood
zones (nearest 10, 30, 50 and 100 sampling points) with p > 0.05 indicating no spatial
autocorrelation. The calculation of Moran’s I for both GAMMs and GLMMs was
undertaken using R script provided by Greg Holland (Deakin University).
Litter dynamics
The occurrence of litter was calculated by summing the total number of hits per transect.
This was converted to percent frequency by simply multiplying the total number of hits
by two for each transect The potential correlations between litter, time-since-fire and
key environmental variables was investigated using GAMMs. The Gaussian distribution
was used.
Triodia scariosa stand structure
The occurrence of T. scariosa and percent frequency were calculated in the same way as
litter. The relationship between percent frequency and time-since-fire was examined
graphically and with GAMMs which also incorporated key environmental variables. The
Poisson distribution was used and predictions for change in T. scariosa percent
frequency over time were run from the ‘best’ model. Total cover of T. scariosa was
investigated graphically and using GAMMs. The midpoint of the Braun-Blanquet cover
abundance ranks was used. GAMMs were run using the Gaussian distribution and
predictions for change in T. scariosa cover over time were run from the ‘best’ model.
For both of these measures of T. scariosa, outlying data points were removed before
running GAMMs in order to maximise prediction reliability. Outlying data points were
defined as those between 111 and 164 years post-fire because the spread of actual data
points was limited to six (111, 115, 117, 128, 138 and 164 years) and two (154 and 164
years) data points for percent frequency and cover respectively.
Growth types (rings and hummocks) were graphed against time-since-fire as both total
number recorded and by dimension (height and diameter). This was done in order to
determine if T. scariosa growth over time followed a succession from a building phase
through a mature phase to a degenerate phase (sensu Watt 1947). GAMMs were carried
out on abundance data and average height for T. scariosa rings and hummocks
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respectively. Prior to running the GAMMs, outlying radial transects were removed in
order to maximise prediction reliability. Outlying radial transects were defined as those
between 111 and 164 years old because the spread of actual data points was limited to
two radial transects (154 and 164 years post-fire). Abundance data were not used for T.
scariosa hummocks as numbers were consistent across all time-since-fire age classes,
thus confounding the relationship between time-since-fire and hummock development.
Average height was chosen as field observations indicated that “older” hummocks were
taller which is related to the amount of time available for growth following fire. The
number of rings was not normally distributed so the Poisson distribution was used in
modelling. In contrast, average hummock height was normally distributed so the
Gaussian distribution was used. Predictions for change in T. scariosa dynamics over
time were run from the ‘best’ model for both rings and hummocks.
Eucalypt density and basal area
The occurrence of eucalypts was calculated by summing the total number of hits per
height class for each transect. Percent frequency was calculated in the same way as for
litter. The relationship between percent frequency (within each height class) and timesince-fire was investigated graphically and using GLMMs which also incorporated key
environmental variables. The Poisson distribution was used. Average eucalypt canopy
height was investigated graphically and using GLMMs. For the GLMMs, the data were
square root transformed to achieve normality, thus the Gaussian distribution was used.
GLMMs investigated the relationship between average eucalypt canopy height, timesince-fire and key environmental variables.
Total number of live stems was investigated in relation to time-since-fire and key
environmental variables. The total number of live stems were counted per lignotuber and
then summed across species within each belt transect and recorded against a time-sincefire age group (n = 340). This information is presented graphically as the percent
frequency of live stems per time-since-fire age group. The relationship between total
numbers of live stems, time-since-fire and key environmental variables was also
investigated using GAMMs. Prior to running the GAMMs, outlying belt transects were
removed in order to maximise prediction reliability. Outlying belt transects were defined
as those between 111 and 164 years post-fire because the spread of actual data points was
limited to six belt transects (111, 115, 117, 128, 138 and 164 years post-fire). The data
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were non-normal so the Poisson distribution was used. Predictions for change in
eucalypt live stem density over time were run from the ‘best’ model.
Mean basal area of eucalypts was calculated by determining the basal area for each stem
within the belt transect using πr2. Eucalypt basal area was then calculated by summing
stem basal area per tree. The mean was then calculated by averaging all tree basal areas
within each belt transect across species, so that there was one value per belt transect.
This information was investigated graphically and using GLMMs. GLMMs investigated
the relationship between mean basal area, time-since-fire and key environmental
variables. The Poisson distribution was used.

4.3 Results
Spatial autocorrelation was not evident when considering each sampling point’s nearest
10, 30, 50 or 100 neighbours. Thus, the sampling points can be considered independent
of one another and hence, be analysed as if they were independent replicates.

4.3.1 Litter recovery post-fire
Percent frequency of litter increased relatively rapidly for the first 11 years post-fire
before slowing and remaining largely within the same range (30 – 70%; Figure 4.5a).
Models of litter frequency with time-since-fire and key environmental variables indicated
that time-since-fire and rainfall were the strongest drivers of change in frequency (Table
4.1). Time-since-fire predictions more closely mirrored the relationship seen in the data
collected suggesting that time-since-fire was a stronger driver of litter frequency than
rainfall (Figures 4.5b and 4.5c).
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Figure 4.5: The relationship between: (a) frequency of litter and time-since-fire, and
predicted post-fire dynamics of litter frequency over a 110 year period with (b) timesince-fire, and (c) rainfall, across the Murray-Mallee. (b and c – The solid line represents
the predicted values and is a smoothed model based on the raw data and the dotted lines
indicate the 95% confidence interval.)
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Table 4.1: Generalised additive mixed models (GAMMs) describing the relationship
between litter frequency, time-since-fire and rainfall across the Murray-Mallee. Details
of the smoothed terms for each predictor are shown. (edf = estimated degrees of
freedom; AIC = Akaike Information Criterion. Significant results are indicated in bold.)
Predictor variables

Smoothed terms
edf

F

p

Time-since-fire

4.701

44.92

<0.0001

Rainfall

2.911

5.59

0.001

AIC

Deviance
explained
(%)

3147

37.89

4.3.2 Triodia scariosa recovery post-fire
Frequency of Triodia scariosa peaked at approximately 30 years post-fire before slowly
declining thereafter (Figure 4.6a). GAMMs indicated that time-since-fire was the
primary driver of change in T. scariosa frequency over time (Table 4.2), with the
predicted relationship mirroring the relationship seen in the data collected (Figure 4.6b).
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Figure 4.6: The relationship between: (a) frequency of Triodia scariosa and time-sincefire, and (b) predicted post-fire dynamics of T. scariosa frequency over a 110 year
period, across the Murray-Mallee. (b – The solid line represents the predicted values and
is a smoothed model based on the raw data and the dotted lines indicate the 95%
confidence interval.)

Table 4.2: Generalised additive mixed models (GAMMs) describing the relationship
between Triodia scariosa and time-since-fire in the <0.05m height class across the
Murray-Mallee. Details of the smoothed terms for each predictor are shown. (edf =
estimated degrees of freedom; AIC = Akaike Information Criterion. Significant results
are indicated in bold.)
Predictor variables

Time-since-fire

Smoothed terms
edf

F

p

8.491

1061

<0.0001
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Deviance
explained
(%)

3501

13.03
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Triodia scariosa cover was largely consistent with increasing time-since-fire, with cover
occurring within the same range (1 – 15%; Figure 4.7a). The highest cover occurs
between 10 and 75 years (approximately 65%); however, this was recorded at a small
number of sampling points only. GAMMs indicated that time-since-fire was the most
important driver of T. scariosa cover over time (Figure 4.7b and Table 4.3).

Figure 4.7: The relationship between: (a) cover of Triodia scariosa and time-since-fire,
and (b) predicted post-fire dynamics of T. scariosa cover over a 110 year period, across
the Murray-Mallee. (b – the solid line represents the predicted values and is a smoothed
model based on the raw data and the dotted lines indicate the 95% confidence interval.)
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Table 4.3: Generalised additive mixed models (GAMMs) describing the relationship
between Triodia scariosa cover and time-since-fire across the Murray-Mallee. Details of
the smoothed terms for each predictor variable are shown. (edf is the estimated degrees
of freedom; AIC = Akaike Information Criterion. Significant results are indicated in
bold.)
Predictor variables

Time-since-fire

Smoothed terms
edf

F

p

5.085

18.7

<0.0001

AIC

Deviance
explained
(%)

1743

19.35

Triodia scariosa occurs in two growth forms, hummocks and rings, with the latter
generally becoming more abundant as time-since-fire increases. Whilst the number of T.
scariosa rings does increase from approximately 30 years post-fire, the number of
hummocks remains consistent across all time-since-fire age classes (Figure 4.8).

Figure 4.8: The frequency of Triodia scariosa: (a) hummocks and (b) rings, with respect
to time-since-fire across the Murray-Mallee.
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For both growth forms, average height and diameter measurements are all centred within
a small range of values e.g. average diameter of T. scariosa hummocks is centred around
40 – 100 cm and average external diameter of rings is centred around 35 – 80 cm
(Figures 4.9 and 4.10). None of the T. scariosa measurements show a clear progression
from a building to mature to degenerate phase; however, all could be considered to be in
a building phase from 0 – 36 years post-fire and a mature phase from 37 years post-fire
onwards. It is considered that the building phase continues to 36 years post-fire as T.
scariosa measurements are still increasing until that point and at >37 years are generally
fluctuating within the same range of values.

Figure 4.9: The relationship between Triodia scariosa hummock average: (a) height, and
(b) diameter and time-since-fire, across the Murray-Mallee.
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Figure 4.10: The relationship between Triodia scariosa ring average: (a) height, (b)
external diameter, and (c) internal diameter and time-since-fire, across the MurrayMallee.
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Generalised additive mixed models (GAMMs) of T. scariosa ring abundance and average
hummock height indicated that both showed a significant relationship with time-sincefire (Tables 4.4 and 4.5). Both growth types of T. scariosa showed non-linear patterns of
change following fire. T. scariosa ring abundance increased relatively rapidly for the
first 35 years following fire, peaking at approximately 60 years post-fire, before
declining slowly with increasing time-since-fire (Figure 4.11). The average hummock
height increases relatively rapidly for the first 20 years post-fire and remains more or less
consistent (with a slow decline) after that (Figure 4.12). Time-since-fire predictions were
more reliable for average hummock height than the evaporation predictions suggesting

Predicted number of Triodia scariosa
rings

that time-since-fire is the more important driver of average hummock height.
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Figure 4.11: Predicted post-fire dynamics of the number of Triodia scariosa rings over a
110 year period. (The solid line represents the predicted number of T. scariosa rings and
is a smoothed model based on the raw data and the dotted lines indicate the 95%
confidence interval.)
Table 4.4: Generalised additive mixed models (GAMMs) describing the relationship
between the number of Triodia scariosa rings and time-since-fire. Details of the
smoothed terms for time-since-fire are shown. (edf is estimated degrees of freedom; AIC
= Akaike Information Criterion. Significant results are indicated in bold.)
Predictor
variable
Time-since-fire

Smoothed terms
edf

2

p

7.1662

126.3

<0.0001

112

AIC

Deviance
explained
(%)
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32.32
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Figure 4.12: Predicted post-fire dynamics for Triodia scariosa average hummock height
with: (a) time-since-fire, and (b) evaporation, over a 110 year period. (The solid line
represents the predicted values and is a smoothed model based on the raw data ,and the
dotted lines indicate the 95% confidence interval.)
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Table 4.5: Generalised linear mixed models (GAMMs) describing the relationship
between average hummock height of Triodia scariosa, time-since-fire and evaporation.
Details of the smoothed terms for time-since-fire and evaporation are shown. (edf is
estimated degrees of freedom; AIC = Akaike Information Criterion. Significant results
are indicated in bold.)
Predictor
variables

Smoothed terms
edf

F

p

Time-since-fire

6.772

18.928

<0.0001

Evaporation

3.402

8.645

<0.0001

AIC

Deviance
explained
(%)

2832

32.81

4.3.3 Eucalypt recovery post-fire
Eucalypt frequency of both <0.5 m and 0.5 – 1 m height classes was highest in the years
immediately following fire (Figure 4.13a and b). Time-since-fire similarly played a
significant role in determining their frequency (Table 4.6). A GLMM incorporating
time-since-fire and rainfall best explains the variation in eucalypt frequency over time
(Table 4.6). Within the 1 – 2 m and >2 m height classes, eucalypt frequency is relatively
consistent across time-since-fire ages classes (Figure 4.13c and d); however, at >2 m
eucalypt frequency is lowest in recently burnt (< 11 years post-fire) belt transects.
Eucalypt frequency in the 1 – 2 m height class was best explained by a GLMM
incorporating rainfall only; however, a second model (time-since-fire and rainfall) had an
equivalent AIC value (Table 4.6). Within the >2 m height class a GLMM incorporating
time-since-fire, rainfall and rainfall variability best explained the frequency of eucalypts
over time (Table 4.6).
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Figure 4.13: Frequency of the eucalypts at: (a) <0.5 m, (b) 0.5 – 1 m, (c) 1 – 2 m, and (d) >2 m, across the Murray-Mallee with respect to time-sincefire.
115

Chapter 4

Table 4.6: Generalised linear mixed models (GLMMs) of eucalypt frequency with timesince-fire and key environmental variables in the four height classes across the MurrayMallee. (The best model is shown for each. Significant results are indicated in bold.
AIC = Akaike Information Criterion.)
Model

GLMM

Coefficients
Estimate

Standard error

Intercept

-0.623

1.744

Time-since-fire

-0.0284

0.0036

Rainfall

0.016

0.0035

Evaporation

-0.0018

0.0009

Eucalypts

Intercept

-3.541

0.869

0.5 – 1 m

Time-since-fire

-0.0135

0.0027

Rainfall

0.0139

0.0031

Eucalypts

Intercept

-0.801

0.727

1–2m

Rainfall

0.0065

0.0026

Eucalypts

Intercept

4.549

1.104

Time-since-fire

0.0087

0.0006

Rainfall

-0.0042

0.0025

Rainfall
variability

-2.058

0.8604

Eucalypts
<0.5 m

>2 m

AIC

Deviance
explained
(%)

521

40.37

587.1

28.78

1019

20.55

1826

35.56

Average eucalypt canopy height increased with increasing time-since-fire, although this
was consistently between 4 – 8 m from approximately 45 years post-fire (Figure 4.14).
Models (GLMMs) of average eucalypt canopy height showed varying levels of deviance
explained (40 – 67%). Time-since-fire was significantly related to variation in average
eucalypt canopy height over time (Table 4.7)
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Figure 4.14: Average eucalypt canopy height with respect to time-since-fire across the
Murray-Mallee.
Table 4.7: Generalised linear mixed models (GLMMs) of average eucalypt canopy height
and time-since-fire across the Murray-Mallee. (Significant results are indicated in bold.
AIC = Akaike Information Criterion.)
GLMM

Coefficients
Estimate

Standard error

Intercept

4.468

0.049

Time-since-fire

0.013

0.0007

AIC

Deviance
explained
(%)

282.5

66.17

The number of live stems fluctuates with time-since-fire, peaking at approximately 35
years post-fire before declining with increasing time-since-fire (Figure 4.15a). GAMMs
indicated that the number of live stems was significantly associated with time-since-fire
(Table 4.8). Whilst, two models had equivalent AIC values, predictions were run from
the model with the lower number of predictor variables (time-since-fire only). The
relationship between total number of live stems and time-since-fire is non-linear; a sharp
increase is seen to approximately 25 years post-fire (Figure 4.15b). A steady decline
follows to approximately 45 years post-fire before remaining relatively constant with
increasing time-since-fire.
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Figure 4.15: The relationship between: (a) frequency of live stems and time-since-fire,
and (b) predicted post-fire dynamics of total number of live stems over a 110 year period,
across the Murray-Mallee. (b – the solid line represents predicted values and is a
smoothed model based on the raw data and the dotted lines indicate the 95% confidence
interval.)

118

Chapter 4

Table 4.8: Generalised additive mixed models (GAMMs) describing the relationship
between the total number of live stems, time-since-fire and rainfall variability across the
Murray-Mallee. Details of the smoothed terms for each predictor variable are shown for
both models. (The two best models are shown. edf is the estimated degrees of freedom.
AIC = Akaike Information Criterion. Significant results are indicated in bold.)
Model

Predictor
variables

Smoothed terms
edf

2

p

1

Time-since-fire

7.521

577.1

<0.0001

2

Time-since-fire

7.497

583.23

<0.0001

1

48.46

<0.0001

Rainfall
variability

AIC

Deviance
explained
(%)

1121

42.22

1121

45.05

Mean tree basal area increased from approximately 11 years post-fire, with the majority
of belt transects having a similar area of <600 cm2 (Figure 4.16). GLMMs of mean tree
basal area, time-since-fire and key environmental variables indicated that a model
incorporating time-since-fire and rainfall variability best explained change over time
(Table 4.9).
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Figure 4.16: The relationship between mean tree basal area and time-since-fire across the
Murray-Mallee.
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Table 4.9: Generalised linear mixed models (GLMMs) of mean tree basal area, timesince-fire and environmental variables across the Murray-Mallee. (Significant results are
indicated in bold. AIC = Akaike Information Criterion.)
Model

1

GLMM

Coefficients
z value

p

Intercept

38.81

<0.0001

Time-since-fire

60.96

<0.0001

Rainfall variability

-3.74

0.0018

AIC

Deviance
explained
(%)

2991

75.6

4.4 Discussion
4.4.1 Key findings
This study indicates a number of key trends seen in structural recovery within the
Murray-Mallee. At ground level, the frequency of the litter layer increases rapidly at first
before remaining relatively consistent with increasing time-since-fire. In the ground
stratum of the vegetation, Triodia scariosa frequency peaks at 30 years post-fire before
declining; however, cover remains consistent across the time-since-fire range.
Differences in T. scariosa growth types indicated that the hummock growth type was
relatively consistent over time, whereas the ring growth type tends not to appear until
approximately 30 years post-fire. Within the eucalypt component, the number of live
stems initially increased with time-since-fire before ultimately decreasing with timesince-fire, whilst mean tree basal area increases with time-since-fire. The frequency of
eucalypts within the different height classes shifts predictably from the lower classes to
the taller classes as time-since-fire increases and the trees move from predominantly
coppicing individuals to multi-stemmed to single-stemmed individuals. Time-since-fire
is the key driver in many of these relationships, with environmental characteristics
important but not the primary driver(s).

4.4.2 Litter recovery post-fire
Mallee vegetation recovers at different rates post-fire and how it recovers influences the
litter layer below it. In the years immediately following a fire, the amount of litter will
be low and accumulates steadily over time. The ground layer itself will be consumed by
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the fire but any remaining vegetation (e.g. overstorey from a low severity fire) will soon
begin to replenish the litter layer. This replenishment will occur as scorched plant
material fall from the canopy of the remaining plants. Thus, the amount of litter at one
year post-fire following a low severity fire may be much greater than that following a
high severity fire which consumes all vegetation present (Bradstock 1990). The
frequency of litter increased to approximately 50 years post-fire before remaining
relatively consistent with increasing time-since-fire. This mirrors a predicted decline in
accumulation rate with a plateauing effect from approximately 50 years post-fire (e.g.
Bradstock 1990).
Litter levels are influenced not only by fire intensity and vegetation but also by rates of
decomposition over time. Within the Murray-Mallee little is known about rates of litter
decomposition but it is expected that decomposition does play a role in litter levels as
time-since-fire progresses. Plant litter decomposition is facilitated by many factors
including soil microbes, climate and herbivores (especially termites in semi-arid
ecosystems). Burrows (1976) found little difference in litter biomass at the beginning
and end of a three year study into litter dynamics in a mallee regrowth community
(approximately 10 years post-disturbance). When compared to an older mallee site
(approximately 38 years post-disturbance) litter biomass was almost identical suggesting
that equilibrium had been reached between litter input and decomposition within 15 years
post-disturbance. Within the current study, litter frequency is still exhibiting change at
110 years post-fire.
The amount of litter present is also influenced by the density of the vegetation above it.
This makes intuitive sense; one would expect a higher level of litter under dense
vegetation compared to sparse vegetation, i.e. the denser the vegetation the greater the
amount of foliage, bark and twigs that can form the litter layer. Generalised additive
mixed models (GAMMs) incorporating all vegetation present and time-since-fire
indicated that both were significantly related to the frequency of litter (data not
presented). Time-since-fire is the central component of this relationship as it is
inextricably linked both to litter frequency and the vegetation that influences the litter
layer. In general, the more time that has elapsed following fire, the denser the vegetation
is and therefore, the greater the available input into the litter layer.
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4.4.3 Triodia scariosa recovery post-fire
Triodia scariosa is the dominant component in the ground stratum over time, and is more
frequent than the eucalypts. This is consistent with other studies in mallee vegetation
where the rapid regrowth of Triodia resulted in it forming a greater proportion of plant
cover than the eucalypts in the years immediately post-fire (Jacobs 1980). The cover of
T. scariosa reflects this dominance and remains relatively consistent over time.
Triodia scariosa occurs as two growth forms throughout the Murray-Mallee, hummocks
and rings, and these have generally been thought to differentiate early time-since-fire
areas (hummocks) from later time-since-fire areas (rings) (e.g. Jacobs 1980). This is
clearly an oversimplification of the relationship. In general, as time-since-fire increases
so too does the number of T. scariosa rings, whilst the number of hummocks remains
relatively consistent. This is contrary to reports of a shift from predominantly hummocks
to rings with increasing time-since-fire (Allan and Southgate 2002). There are a number
of potential reasons why hummock numbers remained consistent over time. Firstly, it is
possible that T. scariosa plants identified in the field as hummocks in older radial
transects are not hummocks in the same way as they are in younger radial transects. That
is, these ‘hummocks’ were once part of a ring in which senescence has continued beyond
the centre of the plant (i.e. the original hummock to ring transformation) resulting in
multiple fragments or ‘hummocks’. However, the consistency in average diameter of
these hummocks suggests that the ‘hummocks’ are in fact hummocks. It is possible that
whilst a shift from hummock to ring growth type does occur in some Triodia species,
T. scariosa may be a species where both occur but neither dominates. Further, T.
scariosa may recruit between fires and thus the hummock growth form will remain more
common than the ring growth form.
From a dimensional point of view, average height remained consistent for both growth
forms within the same size range across all time-since-fire age classes. This is contrary
to the findings of Burrows et al. (2006) who found that three Triodia species in the Great
Sandy Desert increased in height with time-since-fire before plateauing approximately
18 – 20 years post-fire. However, it does agree with Noble and Vines (1993) who found
that T. scariosa hummock height varied little after 10 – 15 years post-fire. Whilst neither
growth form showed a strict progression from building to mature to degenerate phases
(sensu Watt 1947), all dimensions measured do exhibit a building phase followed by a
mature phase. The consistency of T. scariosa hummock and ring dimensions and overall
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presence may preclude an “obvious progression” because, although they do go through a
building phase in the early post-fire years and then enter the mature phase, it appears they
reach a steady state at that point and, within the time-since-fire period considered here,
do not reach a degenerate phase. Indeed, T. scariosa hummocks at Birdwood Station
(NSW) continued to expand in diameter for 20 – 30 years post-fire (Noble and Vines
1993), and may have reached a steady state at that point. In addition, GAMMs
incorporating structural layers overhanging T. scariosa and time-since-fire indicated that
time-since-fire was the primary driver of T. scariosa dimensions (data not presented).
Structural layers were significantly related to T. scariosa average hummock height and
diameter when time-since-fire was excluded, but explained minimal variation in the data
(R2 <5%). In contrast, structural layers were not significantly related to T. scariosa ring
dimensions (average height, internal and external diameters) irrespective of the inclusion
or exclusion of time-since-fire.

4.4.4 Eucalypt recovery post-fire
Mallee eucalypts predominantly respond to fire by resprouting or coppicing from
lignotubers. This results in a large number of small (< 1.5 cm diameter) stems
surrounding the fire-killed or damaged (pre-fire) stems. In the first six months following
fire, mallee eucalypt lignotubers may have as many as 70 stems. This number decreases
to approximately 20 – 30 stems at seven years post-fire, and to less than 10 stems by 100
years post-fire (Holland 1969a). In the current study, the data was presented as total
stems per site for clarity due to the large number of sampling points. Whilst this could be
expected to be influenced by eucalypt density it was not as only sites with ten measured
trees were included in analysis. Further, the number of stems per eucalypt within the
current study closely mirrored the relationship seen by Holland (1969a) (data not
presented). Rapid resprouting enables mallee eucalypts to regain their canopy very
quickly following fire (Noble 1989a). The strong resprouting response results in variable
frequency of eucalypts at different heights within mallee vegetation over time. At the
lower height classes (<0.5 m and 0.5 – 1 m), eucalypt frequency is highest in the years
immediately following fire, but is low overall, often below 10%. In the taller height
classes (1 – 2 m and >2 m), there is a subtle shift from high frequency in the early postfire years to low frequency in those years, and a relatively consistent frequency overall,
although the >2 m height class does show a slight increase from 11 years post-fire. This
is coupled with increasing canopy height over time, i.e. as the canopy gets taller its
frequency in the lower height classes declines. The shift from low to tall height classes is
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related to mallee eucalypt biology, community structure and environmental
characteristics.
Within temperate eucalypt-dominated forests in Australia, much has been made of the
light requirements of canopy species. The general structure of these open forests is one
of multiple understorey layers below an emergent canopy layer, with all species having
varying light requirements and strategies to capture that light (e.g. Ashton 2000;
Lindenmayer et al. 2000). In contrast, semi-arid environments, such as the MurrayMallee, do not exhibit such defined structural layers. These layers do exist but at
different times post-fire the (tall) shrub layer may be approximately similar in height to
the eucalypts. The arrangement of the different structural layers in the Murray-Mallee
may be a reflection of soil characteristics and water availability rather than light
requirements. Mallee plant communities can be best described as open shrublands where
the canopy is comprised of eucalypts 2 – 10 m tall (Parsons 1994), and crown overlap is
minimal (Holland 1969a). Thus, the shift from low to taller height classes seen in the
eucalypts is most likely to primarily be a result of continued annual growth rather than
competition for light resources. Height increases in the understorey layers in MurrayMallee plant communities are also unlikely to be primarily related to competition for
light, due to the minimal shading effects of the eucalypt overstorey. Instead, understorey
plant heights are likely to be limited by available water and soil type. The structural
layering of these communities is linked to the environmental carrying capacity of the area
in which they occur.
Structural measurements of mallee eucalypt species within the study area all show a high
level of consistency from belt transect to belt transect with increasing time-since-fire.
For example, mean basal area peaked at approximately 35 years post-fire; however, the
majority of belt transects fell within the same range of basal area over the time-since-fire
period studied (≤ 600 cm2). The consistency of measurements over time suggests that
environmental carrying capacity is regulating mallee plant communities. That is, the
characteristics (soil type, mineral content and climate) of a particular sampling point
limit the density of eucalypts (and other vegetation) that occurs. Therefore, changes in
any one structural component with time-since-fire will be subtle, as the overall carrying
capacity remains the same. Mean basal area, although relatively consistent over time,
may actually change subtly i.e. in the early post-fire years numerous stems at 1 – 10 cm
diameter are effectively equivalent to four stems at 10 – 20 cm at (for example) 80 years
post-fire.
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The climate, in particular rainfall, and soil fertility will influence this carrying capacity,
resulting in subtle differences between wetter and drier areas of the Murray-Mallee.
Although not explicitly tested here, it is possible that the northern Murray-Mallee which
receives less rainfall has lower densities of eucalypts but they are taller and have fewer,
larger stems. In contrast, at the southern end, eucalypt stem density would be higher as a
result of higher rainfall, but competition would result in smaller stems (Parsons 1994).
Holland (1986) also reported a decrease in eucalypt density, stature and growth rates with
decreasing rainfall total in mallee ecosystems. This influence of climate could also be
linked to the long-lived nature and low adult mortality of mallee eucalypts as they are
effectively able to self-replace. That is, following fire the eucalypts resprout and
eventually return to their pre-fire state. This phenomenon is also seen in the savannas of
Kakadu National Park (Northern Territory) where the overall trend is one of stability and
self-replacement among tree species (Lehmann et al. 2009).

Conclusion
Fire is an integral component of Murray-Mallee plant communities and influences how
those communities recover post-fire. The structural components considered here showed
significant relationships with time-since-fire, many remaining within a consistent range
from approximately 30 – 40 years post-fire. Whereas floristic composition was driven by
environmental variation across the Murray-Mallee landscape, structural recovery was
driven by time-since-fire. Environmental variation does play its part but only in
conjunction with time-since-fire, rather than instead of time-since-fire.
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Chapter 5 – How important is the soil seed bank as a
mechanism for recovery after fire in the Murray-Mallee?
Abstract
Because the role of fire on seed germination from the soil seed bank in mallee
ecosystems is poorly studied, I examined the effects of heating on germination from soil
in a glasshouse emergence trial. Heat resulted in both higher species richness and
abundance of germinants than unheated controls. The majority (65%) of species that
germinated in this study can be considered ‘generalists’ germinating in both heat-treated
and untreated soil samples. Time-since-fire had few effects on the suite of species that
germinated from the soil seed bank, with the majority of species germinating in all timesince-fire periods. Herbaceous species were the dominant lifeform in the soil seed bank.
Significant differences were observed; however, in the composition of the standing and
soil seed bank floras, with many resprouting species were not seen in the soil seed bank.
The soil seed bank would appear to be an important mechanism for the recovery of many
herbaceous species in the Murray-Mallee flora, but would appear to play a smaller role
for recovery after fire for the lifeforms such as shrubs which characterise these
ecosystems.

5.1 Introduction
In fire-prone ecosystems, it is assumed that plant species are well-adapted to frequent fire
because they have life-history attributes that promote their persistence. Resprouting is
one key strategy to survive fire, as an individual (Vesk 2006). By contrast, germination
from either canopy- or soil-stored seed is a key strategy of species-level survival through
fire events. For species dependent on post-fire regeneration from the soil seed bank,
seedling density after a fire will likely be influenced by the distribution of seed in the
soil, the pre-requisite germination cues (e.g. heat, smoke and ash), and the post-fire
environment (e.g. nutrient levels, rainfall and temperature) (Dixon et al. 1995; Whelan
1995; Bond and van Wilgen 1996; Auld et al. 2000). Currently, the soil seed bank
dynamics of mallee ecosystems are poorly documented and their variation with respect to
time-since-fire poorly characterised.
Soil seed banks can be important sources of recovery following disturbance in many
ecosystems (Keeley and Fotheringham 2000; Lloyd et al. 2000; Santana et al. 2010).
Species recovery from the persistent (i.e. long-lived) soil seed bank is largely influenced
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by seed dormancy which can be split into multiple types: primary, secondary, physical,
morphological, physiological, chemical and morphophysiological (e.g. Fenner 1985;
Baskin and Baskin 1998; Keeley and Fotheringham 2000; Murdoch and Ellis 2000). The
main purpose of dormancy is to prevent germination into unfavourable conditions i.e.
those in which seedling survival is likely to be minimal and thus the possibility of
subsequent seed production is low (Bell 1999). Whilst the finer details of the latter five
dormancy types are not strictly relevant here, it is important to note that physical
dormancy in the form of hard-seeded species is an important seed bank mechanism in
several Murray-Mallee woody species. Many members of the Fabaceae and Mimosaceae
have hard seeds that require a fire-related cue (usually heat) to overcome dormancy
(Auld and O'Connell 1991; Enright and Kintrup 2001; Santana et al. 2010). Primary and
secondary dormancy differ in that primary dormancy develops during seed maturation on
the maternal plant, i.e. the seeds are shed dormant, while secondary dormancy is induced
after shedding (Fenner 1985; Baskin and Baskin 1998; Murdoch and Ellis 2000).
Secondary dormancy generally occurs when seeds are dispersed at times unsuitable for
germination (Fenner 1985). Additionally, deep dormancy avoids complete germination
of the seed bank, so that some residual seed remains should the environmental conditions
that promoted germination prove to be unsuitable for seedling survival (Bell et al. 1993;
Westoby 1981 in Bell 1999). All forms of dormancy have the ability to influence the
standing vegetation as a seed will only germinate under the right environmental
conditions (e.g. adequate rainfall) which may also need to be coupled with the correct
germination cues (e.g. heat, smoke and ash associated with fire).
Heat and smoke are important triggers for germination from the soil seed bank in fireprone Australian ecosystems (Clarke et al. 2000; Read et al. 2000; Wills and Read 2002;
Hill and French 2003). Fire alters the physical environment; increased light availability,
heated soil and chemical leachates from smoke (e.g. butenolides) and charcoal have been
demonstrated to stimulate germination (Whelan 1995; Bond and van Wilgen 1996;
Kulkarni et al. 2007). Heat, in particular, breaks seed dormancy in hard-seeded species
(Auld and O'Connell 1991; Bond and van Wilgen 1996). However, temperature
requirements and optimal duration of heating differ between species, with the
temperatures required by some species being lethal for other species. Within mallee
communities the level and type of fuel that burns during a fire has a direct impact on
maximum soil temperature reached during a fire which influences patterns of seed
dormancy (i.e. heat breaking dormancy), germination and mortality (Bradstock et al.
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1992). Eucalypt fuel can expose seed in the soil to higher temperatures than Triodia or
Acacia fuel and thus provides both the greatest opportunity for the germination of hardseeded species and also the greatest mortality for species with lower temperature
requirements (Bradstock et al. 1992).
Both smoke- and charred wood-stimulated germination is seen in many families e.g.
Dilleniaceae, Myrtaceae and Proteaceae (e.g. Dixon et al. 1995; Enright et al. 1997;
Keeley and Bond 1997). Whilst many species are stimulated to germinate by chemical
constituents of smoke and charred wood in various forms (e.g. aqueous and gaseous), the
physiological mechanism of the smoke response is under investigation with some active
constituents conclusively defined and others still being investigated (Keeley and
Fotheringham 2000; Fenner and Thompson 2005). Much work has been done in order to
determine these constituents and numerous chemicals have been tested e.g. nitrate,
ethylene and nitrogen dioxide; however, these do not appear to work consistently across
all charred wood and smoke stimulated species (Keeley and Fotheringham 2000; Fenner
and Thompson 2005). Further, Keeley and Fotheringham (1998) found that pH plays an
important role in the effectiveness of KNO3 as a smoke-related germination cue, with
germination of two chaparral species was not enhanced at pH 6-6.5 but was enhanced at
pH 3-4.
Kulkarni et al. (2007) found that the butenolide (3methyl-2H-furo[s,3-c]pyran-2-one)
KAR1, a chemical constituent of smoke, significantly increased the percent germination
of Acacia hebeclada compared to an untreated control under three light regimes under
laboratory conditions. However, Acacia mearnsii and Acacia robusta showed variable
responses to KAR1. Both exhibited increased germination, although only A. mearnsii,
under constant dark conditions, was significantly different to the control. Other work
involving KAR1 on Australian natives (Grevillea eriostachya, Stylidium affine, Solanum
spp. and Asteraceae species) all highlight the variability of the compound in stimulating
germination, with some species showing enhanced germination, suppressed germination
or no effect (Merritt et al. 2006; Commander et al. 2008; Downes et al. 2010). A second
butenolide compound (3,4,5-trimethlyfuran-2(5H)-one(2,3,4-trimethylbut-2-enolide)) has
been shown to have an inhibitory effect on germination (Light et al. 2010). It has been
suggested that the two butenolide compounds act together in nature to maximise
germination post-fire under the right environmental conditions (e.g. adequate rainfall),
i.e. KAR1 promotes germination and the second butenolide compound does not suppress
it because condition are good for maximum germination (Light et al. 2010). From these
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examples, it is apparent that a number of different chemical constituents of smoke
stimulate germination and that the level of stimulation is species-specific.
Heat and smoke have been shown to increase seed germination in heathland, grassland,
grassy forests and woodland communities with varying success, and increases in species
richness are often found in comparison to untreated controls (Enright and Kintrup 2001;
Wills and Read 2002; Hill and French 2003). The germination cues for the soil seed
bank of plants found in the Murray-Mallee; however, have been little studied. Those
studies which have taken place have focused on the regeneration of eucalypts (e.g.
Wellington and Noble 1985b; Bishop 1990) or simply recorded the species which have
germinated from seed post-fire (e.g. Noble 1989b). In this Chapter, I trialled a number of
fire-related germination cues including heat, smoke, heat-smoke combination and no
treatment in a pilot study (see Appendix 3) before focussing on heat and no treatment.
Smoke and heat-smoke were not included in the larger study as they produced the lowest
number of germinants of the four treatments used in the pilot study. Twenty-two species
were recorded from the five month pilot study. The same two species were dominant
within all treatments: Calandrinia eremaea and Crassula sieberiana and no species were
unique to a particular treatment. Species composition was not significantly different
between treatments; however, the total number of individuals germinated was
significantly different between treatments.
In this Chapter, I ask: (1) what is the contribution of the soil seed bank to recovery of
species after fire? (2) does time-since-fire influence aspects of the soil seed bank such as
size and composition? (3) is soil heating necessary to cue germination of soil seed bank
species? (4) what is the similarity between above- and below-ground vegetation and is
this consistent between time-since-fire age periods?

5.2 Methods
5.2.1 Soil collection
Three time-since-fire periods were targeted in the soil seed bank study: pre-1970s, 1980s
and post-2004. Soil was collected at 180 of the 840 sampling points across the MurrayMallee. Initially, each time-since-fire period had an equal number of sampling points
(60); however, further fine tuning of fire-scar mapping (see Chapter 2) after soil
collection resulted in some sampling points changing fire period. The final breakdown
is: 63 pre-1970s, 56 1980s and 61 post-2004 sampling points. A sampling point is one of
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30 possible points located within a mosaic of which there are 28 across the study area.
Each mosaic contains a number of different time-since-fire periods. At each sampling
point, 30 soil cores were collected and bulked. Each soil core was collected using a hand
auger, approximately 9.8 cm deep and 7.2 cm in diameter. Soil cores were collected
within a 50 m x 10 m quadrat every 5 m at three points: both edges and the midline of the
quadrat (Figure 5.1).

Figure 5.1: Soil collection within a 50 x 10 m quadrat at sampling points across the
Murray-Mallee.
Soil was collected in March – April 2007 and stored dry in paper bags until required for
glasshouse trials. Before use, each soil sample was thoroughly mixed and large soil
clumps were crushed by hand during mixing.

5.2.2 Glasshouse trials
Half tray punnets were used with a 2 cm layer of soil over 2 cm of steam sterilised Debco
seed raising mix. Each punnet contained 469 cm2 of soil by area and 938 cm3 by
volume. Soil samples from the 180 sampling points were treated with one of two
germination treatments: none (control) and heat (80ºC for one hour). A review of soil
seed bank and heat treatments literature indicated that 80°C and one hour were
commonly used in such experiments. The two heat treatments for each sampling point
were treated separately so as to be true replicates i.e. they were put into separate ovens at
different times. Soil temperatures were measured with a soil temperature probe during
heating in one tray per oven. Temperatures fluctuated over the one hour period and all
but one batch reached a minimum of 80 ºC (81.9 – 83.8 ºC). That batch reached a
maximum of 77.5 ºC. There were two trays for each treatment from each sampling point,
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giving 720 trays in total (180 sampling points x 2 treatments x 2 trays). Trays were
randomly placed on the benches of two glasshouses interspersed with trays containing
seed raising mix only.
The glasshouse trial ran from September 2007 to October 2008. Samples were watered
twice daily from the outset by an automatic watering system with a fine mist spray.
Hand watering also occurred on a daily basis during the summer months to prevent
seedling death. Automatic watering was changed to once daily during winter and
returned to twice daily during spring. Monitoring occurred weekly for the first five
months and then occurred fortnightly for the final seven months. Trays were randomised
at each monitoring session (within each glasshouse) to prevent positioning artefacts
affecting the trial results. The removal of moss from trays occurred in June 2008. Some
trays had a significant amount of moss cover and it was thought that this may prevent or
limit seed germination. During monitoring germinants were named generically e.g.
species one or Eucalyptus sp. and were potted out for later identification. Subsequent
germinants of the same species were recorded and removed. Planted out specimens
were housed in a shadehouse and hand watered as required. Notes and photos were taken
at planting out and during the specimen’s growth until samples were collected for
identification. This continued beyond the completion of the glasshouse trials until all
possible species identification had occurred. Unfortunately, not all seedlings could be
identified due to seedling death or lack of flowering or fruiting preventing complete
species identification. Four species were excluded from all analyses as they were present
as glasshouse weeds, occurring within seedling mix only trays as well as soil trays.

5.2.3 Vegetation survey
The standing vegetation at the 180 sampling points was re-surveyed between October –
December 2007. The re-survey was undertaken as the initial vegetation survey focused
primarily on woody perennials (see Chapter 3) and for the purposes of comparison
between the standing and soil seed bank floras, all species present needed to be recorded.
The same 50 m x 10 m quadrat was used and all species present were given an
abundance value based on the Domin scale3. The Domin scale was used in this survey as
all sampling point were assessed by one assessor (myself) and it allows for a better
understanding of the cover of the species present.
3

Domin scale: 1 (<4% with few individuals), 2 (<4% with several individuals), 3 (<4% with many
individuals), 4 (4-10%), 5 (11-25%), 6 (26-33%), 7 (34-50%), 8 (51-74%), 9 (75-90%), and 10 (91-100%).
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For the glasshouse and field surveys, nomenclature follows Barker et al. (2005), Harden
(1992, 1993, 2000, 2002), and Walsh and Stajsic (2007). Plant specimens were
identified to species level where possible with the exception of some specimens that were
not flowering or fruiting which were identified to either genus or family level.

5.2.4 Analysis
Summary data such as species richness, lifeform and number of unique species were
generated from an Access database containing all soil seed bank and standing flora
information. Seed densities were calculated using the number of germinants per soil
volume converted to seedling density per m2. Soil seed bank size was then divided into
small (<100 seedlings m-2), medium (100 – 300 seedlings m-2) or large (≥ 300 seedlings
m-2). Whilst the published literature has many sources which report seed or seedling
density per m2 (or some other unit area), I found it very difficult to find papers that then
classified these density measurements into soil seed bank size classes. As such these
figures (i.e. < 100 or ≥ 300 seedlings per m-2) are largely arbitrary but do take into
account reported seed or seedling densities from similar Mediterranean-type vegetation.
Analysis of variance (ANOVA) was used to investigate the effect of germination
treatment, fire period and the interaction between them on species richness. Margalef
species richness was calculated for each sampling point using the DIVERSE routine in
Primer (version 6.1.11). ANOVAs were undertaken in R (version 2.10.1) (R
Development Core Team 2009). Tukey post-hoc tests were carried out to determine
which fire periods, germination treatments and fire period x germination treatment
combinations were significantly different to each other.
Comparison of the standing and soil seed bank floras
Multivariate analyses were used to investigate the relationship between the standing and
soil seed bank floras using scaled abundance codes of species composition as the
abundance measures were different between the two floras. Species lists were compiled
for each flora and the Domin code or number of germinants was converted to a scaled
abundance code (Table 5.1). These were then combined. Data were square-root
transformed prior to analysis in order to minimise the influence of overly large or small
values. A Bray-Curtis similarity matrix was generated from these data in Primer (version
6.1.11). This matrix was chosen because it meets many criteria important in ecological
studies (Clarke and Warwick 2001).
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Table 5.1: Scaled abundance codes used for the standing and soil seed bank floras.
Flora
Standing

Original code

New code

1
2

Uncommon (1)

3
4
5
6
7
8
9
10
Soil seed bank

Was recorded as actual
number of germinants

Low (2)
Medium (3)
High (4)
Very high (5)
0 – 10 = uncommon (1)
11 – 20 = low (2)
21 – 50 = medium (3)
51 – 100 = high (4)
>100 = very high (5)

A non-metric multidimensional scaling (NMDS) ordination was used to examine the
differences and similarities between the standing and soil seed bank floras. The NMDS
provided a method of visualising the relationship between sampling points; points closer
together are more similar to each other (Clarke and Gorley 2006) (see Chapter 3 for
further detail). An analysis of similarity (ANOSIM) was undertaken to determine the
similarity (or lack of it) between the two floras. The R-value given indicates the strength
of the differences between groups and the ‘p’ value provides the level of significance of
this result. Both the NMDS and ANOSIM were run from the Bray-Curtis similarity
matrix on transformed scaled abundance data.
Similarity percentage analysis (SIMPER) can be used to determine the similarity within
and the dissimilarity between different a priori groups (here, floras based on species
composition) (Clarke and Warwick 2001). The SIMPER was run on scaled abundance
data in order to determine which species were particularly characteristic of each flora and
which species differentiate them. The cut-off used for the SIMPER analysis was 90%
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(meaning only those species contributing to a total of 90% abundance were shown in the
similarity and dissimilarity tables).
Similarity analyses between the soil seed bank and standing vegetation for each sampling
point were undertaken using Jaccard’s qualitative similarity index and the quantitative
similarity ratio (Jongman et al. 1987; Welling and Laine 2000), between time-since-fire
age periods. The qualitative similarities were calculated using the equation: SJ = c / (A +
B –c) where A is the total number of species in the standing vegetation, B is the total
number of seedlings from the soil seed bank, and c is the number of species shared
between the standing and seedling floras (Jongman et al. 1987; Welling and Laine 2000).
Species abundance data always have many zeros (i.e. species are absent from some or
many sampling points), so a quantitative index was used. This index weights the
presence or absence of a species differently, with respect to abundance differences when
the species is present (Jongman et al. 1987). The quantitative similarity ratio (SR) was
calculated using the equation: SRij = ∑kYkiYkj / (∑kYki2 + ∑kYkj2 - ∑kYkiYkj) where Yki is the
abundance of the kth species in the standing flora, and Ykj is the abundance of the kth
species in the seed bank flora, and YkiYkj is the number of species shared by the two floras
(Ball 1966 cited in Jongman et al. 1987; Welling and Laine 2000). The abundances of
species in the standing and seed bank floras were converted to comparable percentages,
so that the sums of the number of seedlings and percent cover of standing vegetation
were both 100 at each sampling point (Welling and Laine 2000; Venn and Morgan
2010). For both indices, values close to one indicated a close similarity between the
standing and seed bank floras, and values close to zero indicate low similarity. These
values were averaged within each time-since-fire age period within each reserve and
graphed for comparison. Analysis of variance (ANOVA) was run at sampling point level
for both indices with respect to time-since-fire period. Tukey post-hoc tests were carried
out to determine which time-since-fire periods were significantly different to each other.

5.3 Results
Ninety-six species from 33 families germinated in the glasshouse trials. These included
74 species identified to species level, 11 to genus level, three to family level and eight
species that were unable to be identified prior to seedling death (Appendix 4). The most
speciose family was Asteraceae; however, Crassulaceae was the dominant family when
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considering total number of individuals. The most common species were Crassula
sieberiana, Calandrinia eremaea and Austrostipa scabra subsp. falcata.

5.3.1 Time-since-fire and germination treatments
Species richness was highest in the heat treatment and pre-1970s fire period (Table 5.2).
However, generalist species richness within each category accounted for ≥ 75% of the
total number of species, indicating low numbers of unique species within each timesince-fire period or treatment. Analysis of variance indicated that germination treatment
did significantly influence species richness (F = 4.778, p = 0.03), whereas fire period did
not (F = 1.075, p = 0.34). When considering species richness within the two soil
treatments in each time-since-fire period, total richness was similar for both treatments in
all time-since-fire periods (Figure 5.2). The interaction between fire period and
germination treatment was not significant (F = 0.304, p = 0.74). Tukey post-hoc tests
showed that no combinations of fire period and germination treatment were significantly
different to any other combinations, although 1980s-heat vs. pre-1970s-control was
approaching significance (p = 0.06).
Table 5.2: The number of species per germination treatment, time-since-fire period and
lifespan. (The number of annuals, perennials and biennials excludes the eight species
that were unable to be identified at any level. These values are pooled counts across all
replicates).
Heat

Control

Pre-1970s

1980s

Post-2004

Total species

83

76

76

73

71

Unique species

20

13

7

9

8

Annuals

37

38

38

32

36

Perennials

40

33

36

35

31

Biennials

1

0

0

1

0
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Figure 5.2: Species richness within the two soil treatments by time-since-fire period.
(Light grey is the control treatment, and dark grey is the heat treatment).
Each germination treatment contained a number of unique species (Table 5.3); excluding
species identified to family level only. A number of these species were also unique to
one of the time-since-fire periods, with all time-since-fire periods also having additional
unique species (Table 5.4). Thirteen species were recorded within one germination
treatment within one time-since-fire period e.g. Gnephosis tenuissima germinated from
untreated soil from pre-1970s burnt sampling points only (Table 5.5). The overall group
of unique species were predominantly recorded as one individual within the germination
treatment or time-since-fire period and there were no significant differences between
germination treatments, time-since-fire periods or combined time-since-fire and
treatment.
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Table 5.3: The number of individuals germinated for species unique to each treatment.
Species

Control treatment

Dissocarpus paradoxus

3

Eragrostis dielsii

2

Gnephosis tenuissima

1

Goodenia willisiana

1

Harmsiodoxa blennodioides

1

Paspalidium jubiflorum

2

Pogonolepis muelleriana

2

Senecio glossanthus

2

Heat treatment

Acacia spinescens

5

Brachyscome lineariloba

6

Calotis cymbacantha

5

Chrysocephalum apiculatum

4

Eclipta platyglossa

1

Einadia nutans subsp. nutans

1

Eucalyptus sp. 3

2

Gahnia lanigera

1

Goodenia varia

1

Grevillea sp.

2

Hypericum gramineum

1

Lactuca serriola

1

Pelargonium australe

5

Poranthera microphylla

1

Pseudognaphalium luteoalbum

1

Senecio sp.

1
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Table 5.4: The number of individuals germinated for species unique to each time-sincefire period.
Species

Pre-1970s

Eclipta platyglossa

1

Einadia nutans subsp. nutans

1

Eucalyptus sp. 3

2

Gnephosis tenuissima

1

Goodenia varia

1

Goodenia willisiana

1

Podolepis capillaris

3

1980s

Acacia spinescens

5

Chenopodium cristatum

2

Grevillea sp.

2

Lactuca serriola

1

Poranthera microphylla

1

Senecio sp.

1

Post-2004

Gahnia lanigera

1

Harmsiodoxa blennodioides

1

Hypericum gramineum

1

Pseudognaphalium luteoalbum

1

Senecio glossanthus

2
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Table 5.5: The number of individuals germinated for species which were unique to both a
time-since-fire period and a treatment combination.
Species

Time-since-fire period and
treatment

Number of individuals
germinated

Acacia spinescens

1980s heat

5

Eclipta platyglossa

Pre-1970s heat

1

Einadia nutans subsp.
nutans

Pre-1970s heat

1

Eucalyptus sp. 3

Pre-1970s heat

2

Pre-1970s control

1

Pre-1970s heat

1

Pre-1970s control

1

1980s heat

2

Post-2004 control

1

Post-2004 heat

1

1980s heat

1

Post-2004 control

2

1980s heat

1

Gnephosis tenuissima
Goodenia varia
Goodenia willisiana
Grevillea sp.
Harmsiodoxa blennodioides
Hypericum gramineum
Lactuca serriola
Senecio glossanthus
Senecio sp.

The number of annual, perennial and biennial species differed little between germination
treatments and time-since-fire periods (Table 5.2). Small herbaceous species were the
dominant lifeform (58 species), with shrubs the second most common (Figure 5.3).
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Figure 5.3: The number of species per lifeform found in the soil seed bank of the
Murray-Mallee. (The eight unidentified species were excluded from these data.)

5.3.2 Soil seed bank size
Medium soil seed banks (100 – 300 seedlings m-2) were most common no matter how
defined e.g. by treatment, time-since-fire or both (Tables 5.6-5.8). The 16 species which
were heat-cued all had small soil seed banks (10 – 32 seedlings m-2). Of the 61 species
that germinated in both treatments, a small soil seed bank was the most common (40
species) and a medium soil seed bank was the second most common (16 species)
(Appendix 5). Five species had large soil seed banks: Calandrinia granulifera,
Wahlenbergia communis, Austrostipa scabra subsp. falcata, Calandrinia eremaea, and
Crassula sieberiana (in order of increasing size).
Table 5.6: The number of sampling points per seed bank size with respect to germination
treatments.
Seed bank size

Heat treatment

Control treatment

Small

48

72

Medium

104

86

Large

28

20

Absent

0

2
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Table 5.7: The number of sampling points per seed bank size with respect to fire period.
Seed bank size

Pre-1970s fire
period

1980s fire period

Post-2004 fire
period

Small

23

11

13

Medium

30

39

40

Large

10

6

8

Table 5.8: The number of sampling points per seed bank size with respect to germination
treatment within fire periods.
Seed bank
size

Pre-1970s
control

Pre-1970s
heat

1980s
control

1980s heat

Post-2004
control

Post-2004
heat

Small

26

21

24

5

22

12

Medium

26

33

28

30

32

41

Large

9

9

4

11

7

8

Absent

2

0

0

0

0

0

5.3.3 Comparison of the standing and soil seed bank floras
Species composition between the standing and soil seed bank floras differed substantially
(Figure 5.4), with a greater number of species recorded in the standing than the soil seed
bank flora (178 vs. 96 species; see Appendix 4 for species lists). For a small number of
species (31), overlap did occur between the two floras (Table 5.9); however, this was not
reflected in further analysis. No one lifeform was particularly dominant, with herbs and
small shrubs the most common species. The Asteraceae was the most strongly
represented (26%); however, 16 families had species in both floras. An analysis of
similarity (ANOSIM) instead further underlined the differences in composition of the
two floras (R = 0.908, p = 0.0001). A similarity percentage analysis (SIMPER) reflected
the number of unique species within each flora, in particular the standing vegetation
(dissimilarity of 97.2%). There were 126 and 44 unique species in the standing and soil
seed bank floras respectively excluding species that species that were not identified to
species level e.g. Acacia sp. (Appendix 4).
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Figure 5.4: Comparison of the standing and soil seed bank floras based on species
composition across the Murray-Mallee. ( = seed bank and
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Table 5.9: Species that occurred in both the standing and soil seed bank floras.
Family

Species

Lifeform

Mimosaceae

Acacia spinescens

Shrub

Asteraceae

Actinobile uliginosum

Herb

Asteraceae

Angianthus tomentosus

Herb

Poaceae

Austrostipa scabra subsp. falcata

Grass

Asteraceae

Calotis cymbacantha

Herb

Chenopodiaceae

Chenopodium desertorum subsp. desertorum

Asteraceae

Chrysocephalum apiculatum

Herb

Convolvulaceae

Convolvulus remotus

Herb

Crassulaceae

Crassula sieberiana

Herb

Lamiaceae

Dicrastylis verticillata

Small shrub

Chenopodiaceae

Dissocarpus paradoxus

Small shrub

Sapindaceae

Dodonaea bursariifolia

Shrub

Myoporaceae

Eremophila glabra

Shrub

Asteraceae

Gnephosis tenuissima

Herb

Goodeniaceae

Goodenia varia

Goodeniaceae

Goodenia willisiana

Herb

Proteaceae

Grevillea sp.

Tree

Haloragaceae

Haloragis odontocarpa forma pterocarpa

Herb

Xanthorrhoeaceae

Lomandra leucocephala

Asteraceae

Olearia lepidophylla

Small shrub

Asteraceae

Podolepis capillaris

Herb

Euphorbiaceae

Poranthera microphylla

Herb

Asteraceae

Rhodanthe moschata

Herb

Cyperaceae

Schoenus subaphyllus

Herb

Chenopodiaceae

Sclerolaena convexula

Herb

Chenopodiaceae

Sclerolaena diacantha

Herb

Rhamnaceae

Stenanthemum leucophractum

Poaceae

Triodia scariosa

Grass

Goodeniaceae

Velleia connata

Herb

Lamiaceae

Westringia rigida

Small shrub

Zygophyllaceae

Zygophyllum aurantiacum subsp. aurantiacum

Small shrub

Sub-shrub

Small shrub

143

Grass-like

Small shrub

Chapter 5

Similarity indices (qualitative and quantitative) showed low levels of similarity between
the standing and soil seed bank floras, within the different time-since-fire age periods
(Figure 5.5). Sampling points at Gluepot Reserve within the post-2004 fire period
showed the highest level of similarity. Analysis of variance (ANOVA) indicated that
time-since-fire period was significantly related to the quantitative similarity index (F =
6.2703, p = 0.0023). The time-since-fire periods most different to each other were post2004 vs. 1980s and pre-1970s vs. post-2004 burnt periods (p = 0.0023 and p = 0.037
respectively).

Figure 5.5: Average: (a) qualitative similarity (SJ), and (b) quantitative similarity (SR) of
the species within the soil seed bank and standing flora of the Murray-Mallee with timesince-fire.
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5.4 Discussion
The study of soil seed banks in mallee ecosystems has largely been ignored in the
literature. This seems somewhat curious given the important role that soil seed banks
can play in post-fire recovery in many fire-prone communities (e.g. heathlands and
grasslands), and their role for temporal dispersal of many short-lived species. The
findings of this study suggest that (a) few species were cued by aspects of fire events
(e.g. temperature heating of the soil), (b) medium soil seed banks (100 – 300 seedlings
m-2) were common, (c) time-since-fire has little effect on the size and composition of the
soil seed banks (i.e. there was no evidence of seed banks accumulating with time), and
(d) species composition in the soil seed bank and standing floras was substantially
different with only 31 overlapping species.
Higher species richness than found here has been observed in heated versus unheated
soils in other Australian ecosystems (e.g. Hill and French 2003; Wills and Read 2002,
2007). In this study, 20 (21%) additional species germinated in the heat treatment
relative to the control. Of these 20 species, 16 were herbs which are predominately
seasonal species that germinate with adequate rainfall, e.g. Brachyscome lineariloba and
Chrysocephalum apiculatum, may have been absent from control samples more as a
result of seed distribution in the soil than heat being a specific germination requirement.
Three shrub and one tree species did germinate only (in low numbers) in the heat
treatment suggesting heat as a germination cue may be of more importance for them e.g.
Acacia spinescens. While species, such as the Acacias, have hard seeds that
predominantly remain dormant until broken by a heat cue, it is difficult to prove this
conclusively from the current study given the low level of germination (five individuals).
A substantial proportion of the soil seed bank species (65%) germinated in both
treatments, suggesting heat is not an important germination cue per se for many of the
species that occur in the mallee or that heat may need to occur in conjunction with smoke
or other germination triggers. Indeed, of the species that occurred in both treatments,
only five germinated more commonly in heat than control treatments (> 10 seedlings;
data not presented).
The lack of additional shrub and/or tree species germinating from the heat treatment,
especially species of the Fabaceae and Mimosaceae families, may be a result of the
duration of heat applied. A number of studies have investigated multiple temperatures
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over multiple durations and found that germination response is influenced both by the
temperature used and the duration to which the seeds are exposed to it (e.g. Auld and
O'Connell 1991; Santana et al. 2010), Thus, whilst temperatures >60 ºC (Auld and
O'Connell 1991; Auld and Bradstock 1996; Santana et al. 2010) are usually sufficient to
break dormancy in fire-cued species in eastern Australia, the duration at which the soil
temperature was maintained at 80 ºC (i.e. > 60 °C) may not have been sufficient in this
study to maximise germination of heat-cued species.
Additionally, time-since-fire had relatively little effect on the richness of the soil seed
bank. Wills and Read (2007) also found that total species richness in sandplain heath
was not significantly influenced by time-since-fire. Each time-since-fire period did have
a number of unique species; however, the majority of species (73%) occurred in all three
time-since-fire age periods. This may be related to the level of residual seeds remaining
in the soil seed bank following fire. For example, if many species within the MurrayMallee exhibit complete germination of soil-stored seed following fire, then their
‘capture’ in a soil seed bank is reliant on individuals replenishing their soil seed bank
before soil collection occurs, and also on seed remaining viable. Time-since-fire could,
therefore, influence the outcomes of a soil seed bank study. For example, in the current
study a fire occurred at Gluepot Reserve in December 2006, approximately six month
prior to soil collection (early March 2007). Many species had germinated in the field
between the fire and soil collection; however, it is possible that a proportion of these had
not yet replenished their soil seed bank and residual seed levels may have been low. This
could therefore influence germination in the glasshouse trials as the soil collected may
have had fewer seeds (of all or a proportion of species) than if it had been collected a
year later without another fire event. Auld and Denham (2006) found three species
(Acacia suaveolens, Grevillea speciosa and Grevillea buxiflora) in the Sydney region
had little residual seed in the top 5 cm of soil following fire, whilst more seed was found
at 5 – 10 cm and 10 – 15 cm. In the current study, a portion of soil below 5 cm (5 –
approximately 9.8 cm) was collected. However, seeds are less frequent at those depths
and thus the seed available for germination, especially from Gluepot Reserve where
some sampling points burnt in 2006, may have been substantially less than that from
sampling points burnt in the 1980s or pre-1970s. These ‘older’ sampling points are also
reliant on seed within the soil still being viable and thus, germination may also be low if
only small numbers of species form long-term persistent soil seed banks. That being
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said, time-since-fire did not appear to be a major determinant of species composition of
the soil seed banks of the Murray-Mallee.
The dominant lifeforms in the soil seed bank were annual and perennial herbs. Many of
these species; however, are common in sandplain vegetation across south-eastern
Australia and presumably, are not fire-cued for their persistence. For many annuals,
winter rainfall is likely to be a more important determinant of temporal abundance. The
low numbers of shrub and tree species in the sampled Murray-Mallee soil seed bank is
possibly due to the large number of bradysporous (e.g. Callitris spp.) and resprouting
(e.g. eucalypts) species found in the study area. The relationship between different
regenerative strategies is discussed in Chapter 6. It is also possible that the germination
cues required by some shrub and tree species were not provided and therefore, additional
species in the soil seed bank did not germinate. Whilst smoke was used individually and
together with heat in the pilot study, these treatments resulted in few additional species.
Thomas et al. (2003) highlighted the importance of using both key fire-related cues –
heat and smoke – individually and together in all germination studies of fire-prone
vegetation. It may be that the increased duration of the main study (12 months) and the
temperature and ‘rainfall’ fluctuations seen seasonally in the glasshouses may have
resulted in increased species richness had smoke treatments been used. Indeed, Auld and
Bradstock (1996) and Santana et al. (2010) suggest that soil temperatures following fire
may be of equal importance to temperatures during the fire and that the two interact to
influence germination of, in particular, heat-cued species after fire. Further, water stress
is an important factor in the Murray-Mallee and the level of rainfall following fire will
significantly impact not only on germination but also on seedling establishment and
survival. Within the glasshouse study, water stress was managed in that automatic
watering occurred together with additional hand watering in the hotter month thus
ensuring maximum germination of rainfall dependent species. Therefore, while some
species may not have received the ‘correct’ germination cues, others may have e.g.
annual forbs that germinate in response to rainfall rather than fire-related cues.
Soil seed bank size ranged from 10 (untreated) to 1844 (heat treated) seedlings m-2 with
medium (100 – 300 seedlings m-2) soil seed banks consistently the most common across
treatment, time-since-fire period, and combined time-since-fire period and treatment.
These values are generally lower than those found in other ecosystems e.g. Henderson et
al. (1988) found seed densities ranging from 124 – 39 060 seeds per m2 in desert
grasslands of New Mexico and Enright and Kintrup (2001) found seed densities ranging
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from 4227 ± 184 (untreated) to 12 547 ± 449 (smoke treated) seedlings per m2 in
Eucalypt woodlands of south-east Australia. Soil seed bank studies within the northern
Murray-Mallee are limited. One such study near Mildura (northern Victoria) recorded
seedling densities of 6157 seedlings m-2 (Carroll and Ashton 1965). Whilst, this figure is
higher than the seedling densities of the current study, it appears to be a combined total
from six individual sites rather than the result of the separate sites. Species-specific seed
densities of species that occur within the Murray-Mallee are consistent with the soil seed
bank densities of the current study (see Appendix 5). Grice and Westoby (1987) found
that soil seed banks of Acacia victoriae and Senna spp. ranged from 52 – 3900 and 5 –
400 seeds per m2 respectively in different seasons and years. Hunt (2001b) found that
soil seed banks of Atriplex vesicaria varied with both distance from watering points (in
grazed lands) and year with the smallest soil seed bank of 11 ± 8.6 seeds per m2 at 1610
m from the watering point to 626 ± 315.2 seeds per m2 at 2800 m from the watering
point. A. vesicaria was not recorded from the soil seed bank but was recorded in the
standing vegetation in the present study.
The standing and soil seed bank floras differed substantially with only 31 species
overlapping. It is possible that a significant proportion of the standing species would not
be found in the soil seed bank because they rely on other regenerative strategies e.g.
resprouting and canopy-stored seed. The lack of similarity between the standing and soil
seed bank floras has been found in numerous studies of Australian soil seed banks (e.g.
Wills and Read 2002; Hill and French 2003; Page et al. 2006). These differences
between standing and soil seed bank flora can be linked to the differences in spatial
scales at which they were sampled. That is, the 50 x 10 m quadrat in which the standing
vegetation was surveyed would always be expected to show greater species richness than
a limited volume of soil collected at 30 non-random points within the same quadrat. This
soil sample was then further reduced for use in the glasshouse trials.
Low levels of similarity between standing and soil seed bank floras in terms of the
qualitative and quantitative ratios were seen. However, time-since-fire was significantly
related to the quantitative ratio of species abundances. The post-2004 fire period was
significantly different to both the 1980s and pre-1970s fire periods, whereas there was no
significant difference between the 1980s and pre-1970s fire periods. This is in contrast
to the findings of Wills and Read (2007) who found no significant relationship between
the similarity indices used and time-since-fire. However, both studies found increasing
similarity between the standing and soil seed bank floras with increasing time-since-fire.
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Limitations of the study
Soil seed bank studies can use one of three methods: emergence, flotation and
elutriation/washing. The method chosen is generally dependent on the aims of the study,
ease of the method and availability of the equipment required. This study used the
seedling emergence method as a key component of the study was to investigate the
effects of fire-related germination cues.
Species that were present in the standing vegetation and do have a soil seed bank may not
have germinated in the current study because they require a complex set of germination
cues beyond what was provided. That is, they may need both heat and smoke with above
average rainfall which the level of watering in the glasshouses was unable to mimic, or a
temperature different to the 80 ºC provided or for a different duration to that provided
here. One way to determine the reliability of the soil seed bank results would be to
follow post-fire recovery recording which species germinated from a soil seed bank or
the canopy, and also recording species that resprouted. This could involve a series of
post-fire surveys and would improve estimates of standing vegetation species richness
and potentially increase the similarity between soil seed bank and standing vegetation
floras. That is, a species may germinate in both the standing vegetation and soil seed
bank floras but not be recorded in the standing vegetation as it may not have established
successfully and thus an one-off survey after this point would not record its presence.
Soil could also be collected and a glasshouse study undertaken concurrently. Upon
completion of the glasshouse trials soil could be sieved to find remaining seed which
could then be tested for viability, thus ensuring as complete a species list as possible.
This would enable a more complete understanding of the importance of the soil seed
bank in post-fire recovery in the Murray-Mallee.

Conclusion
The majority of the species observed in this study did not have a soil seed bank (i.e. were
seen in the standing vegetation but not in the soil) or, where seedling emergence from the
soil seed bank did occur, the species were characterised by a small soil seed bank that
was not heat-cued to germinate. The differences between the standing and soil seed bank
flora highlight the possibility of additional species being seen in the standing vegetation
post-fire and the importance of different regenerative strategies of species. That is, a
number of the species found in the standing vegetation do not form a soil seed bank and
return post-fire through other means. This is an idea that will be explored in the next
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Chapter where I classify the life-history adaptations to fire to better characterise post-fire
persistence in the Murray-Mallee.
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Chapter 6 – Plant fire response traits along a rainfall gradient
Abstract
Two hundred and twenty-five species from the Murray-Mallee were categorised
according to their regeneration strategy and the relationship between regeneration type
and rainfall was investigated. Overall, the proportion of obligate seeders was higher
(48%) in the flora, followed by facultative seeders (28%), non-persistent species (16%)
and obligate resprouters (8%). The proportion of obligate resprouters and seeders in the
flora showed a slight increase and decrease respectively with declining rainfall. While,
the proportion of non-persistent species showed a stronger increase with declining
rainfall and facultative seeders remained consistent. Relationships with the rainfall
gradient varied at this broad level with obligate seeders and non-persistent species
significantly related to the gradient, while facultative seeders and obligate resprouters
were not. Within the key groups studied (lifeforms, key families) relationships with the
rainfall gradient also varied e.g. low shrub facultative seeders and non-persistent species
both decreased with declining aridity. Other groups such as woody and herbaceous
resprouters and non-sprouters all showed a significant relationship with rainfall;
however, the proportion of species within each category was consistent. Regeneration
strategy is important when considering post-fire recovery of species but clear
relationships between strategy and rainfall were not always seen.

6.1 Introduction
Plants exhibit a number of strategies to both survive fire events and then recover after
fire. Regeneration strategies to survive fire fall into two broad categories: resprouting
and reseeding. Resprouters survive disturbance as individuals by regrowing from
dormant buds (protected by soil or bark) (Gill 1981b; Vesk and Westoby 2004; Cheal
2006a), while seeder species recover from propagules protected from fire by soil or in
woody capsules in the canopy (Franklin et al. 2004; Pausas and Bradstock 2007). A
third regeneration strategy is also recognised: facultative seeders which both resprout and
regenerate by seed following fire (Delfs et al. 1987; Cheal 2006a; Pausas and Bradstock
2007). Facultative species vary in their ability to resprout/seed and this seems to be
underpinned by the fire event and preceding fire history. For example, Noble (1989a)
found that consecutive autumn fires greatly reduced the resprouting ability of mallee
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eucalypts, thus making these species more reliant on seedling regeneration for their
continued survival in the community.
The relationship between the geographic range of a vegetation type and the fire response
traits of the component species may vary, thereby making generalisations difficult
(Keeley 1986). The mallee shrublands of south-eastern Australia provide an opportunity
to study the distribution of species’ fire response traits along a geographic gradient. The
gradient can be thought of as a simple north-south rainfall gradient whereby rainfall is
more plentiful and reliable in the south and less plentiful and reliable in the north (i.e.
more xeric). This gradient is also likely to represent an evolutionary ‘fire-productivity’
gradient, with higher productivity and fire frequency at the southern end, and lower
productivity and fire frequency at the northern end of the gradient (Pausas and Bradstock
2007). Species’ fire response traits are predicted to change along this gradient as
different traits are better suited to particular disturbance regimes, e.g. the ability to
resprout in the face of frequent disturbance can be considered advantageous in
comparison to obligate seeding where the interval between disturbances may be too short
to allow for seed reserve replenishment (Keeley 1986; Enright et al. 1998; Vesk and
Westoby 2004). Indeed, Pausas and Bradstock (2007) found that the number of
resprouting species was more frequent at the southern end of a fire-productivity gradient
in the mallee and conversely, the number of obligate seeders was higher at the northern
end of the gradient. That is, more resprouting species were seen under a higher
disturbance (fire) regime and more obligate seeding species under a less frequent
disturbance (fire) regime. Pausas and Bradstock (2007) highlighted the importance of
the interaction between productivity and fire and underlined the difficulty in
disentangling the two factors when investigating changes in species’ traits along a
gradient. Thus, when studying changes in species’ traits along a geographic gradient it is
necessary to consider what factors may vary along the gradient and, therefore, influence
the vegetation present along that gradient. Here, the fire-productivity gradient is
represented by the rainfall gradient as it influences the level of productivity and thus the
probability of fire.
Evolutionary history is important both in terms of fire history and the distribution of
species’ fire response traits along the geographic gradient. Long-term fire history
indicates that fire has generally been more frequent during warmer periods and less
frequent during cooler periods (Daniau et al. 2010; Mooney et al. 2011). It is not
possible to pinpoint exactly when a particular genus or species first showed their
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particular adaptation (resprouting, seeding or both) but it can be assumed that these
features have been present for millennia. Evidence of fire has been shown to go hand-inhand with the first terrestrial plants, approximately 443 million years ago, and different
fire regimes have occurred over this time as a result of changing climatic conditions
(Pausas and Keeley 2009). These fluctuations in fire frequency would have resulted in
species migrations, redistributions and extinctions (Singh et al. 1981) impacting on plant
community composition which in turn influences fire frequency. Thus, vegetation types
have also fluctuated over evolutionary time, generally changing from rainforest to
sclerophyll forests and woodlands over much of Australia. Eucalypt dominance of
sclerophyll vegetation began in the Pliocene (5 – 2 million years ago) (Crisp et al. 2004
and references therein), and the successive phases of establishment and maintenance of
sclerophyllous vegetation were linked to both climatic change (wetter periods) and fire
frequency (Singh et al. 1981; Crisp et al. 2004 and references therein). While eucalypt
dominance sclerophyll vegetation may be relatively recent, specialised epicormic
resprouting within the genus originated approximately 60 – 62 million years ago in the
earliest Palaeogene (Crisp et al. 2011). Crisp et al. (2011) also found a significant link
between the evolution of epicormic resprouting and the timing of movement by
Myrtaceae species into the flammable sclerophyll biome suggesting that the species of
this family are inexorably linked with fire and the vegetation in which it readily occurs.
Thus, during this time the ability to resprout may have become favoured over seeding in
more productive, more frequently burned areas of the range of mallee vegetation.
This may further be linked to a plant’s ability to survive water stress in the first few
seasons post-fire and presumably throughout its lifespan. Frazer and Davis (1988) found
that obligate seeder seedlings in Californian chaparral vegetation were less susceptible to
water stress than a facultative species (Malosma laurina) exhibiting greater survival
during the summer drought period. Conversely, M. laurina resprouts were better
survivors than all seedlings and contributed more to the adult community composition,
thus, suggesting that low seedling survival is offset by high resprouting success and vice
versa (Frazer and Davis 1988). This differential survival of resprouter and obligate
seeder seedlings was also seen in south-west Western Australia and South African
fynbos. In Western Australia, Enright and Lamont (1992) found Banksia attenuata (a
resprouter) suffered higher seedling mortality along a topographic gradient (swale to
dune crest) than did two obligate seeding species (B. hookeriana and B. leptophylla).
Erica species are widespread in South African fynbos and include both seeding and
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resprouting species. Ojeda (1998) found seedlings of the obligate seeder Erica species
exhibited enhanced survival during the summer drought period compared to seedlings of
resprouting Erica species. Thus, resprouting may be important to allow a species to
return quickly following fire but resprouter seedling regeneration may be disadvantaged
compared to obligate seeder seedlings due to lower levels of survival over the first
summer period.
In this Chapter, I principally ask: do the fire response traits vary substantially in mallee
vegetation across its geographic range? In order to answer this question, I consider a
portion of the gradient studied by Pausas and Bradstock (2007) but study it in much
greater floristic and fire history detail than they did. The gradient study encompasses a
fire-productivity gradient from higher rainfall (329 mm) in the south to lower rainfall
(221 mm) in the north. Fire frequency also differs along this gradient with the north
experiencing less frequent fire (i.e. longer fire return intervals), fewer fire years and less
area burnt when fire does occur than the south. From the available satellite imagery
period (1972 – 2007) few areas have burnt more than once (2.3%) and less total area has
been burnt at the northern (23%) than the southern (57%) end of the gradient (Avitabile
et al. in review). Pausas and Bradstock (2007) also found a similar relationship with
fires occurring more frequently and burning larger areas at the southern end of the
gradient. Unfortunately, long-term (thousands of years) differences in fire frequency
along the gradient are unknown, but can be assumed to be similar to the findings of
Pausas and Bradstock (2007) and Avitabile et al. (in review) as the majority of those fires
were ignited by lightning which is the long-term ignition source within the MurrayMallee.
The geographic gradient is represented by average annual rainfall in this Chapter. In
general, higher rainfall in the south is coupled with lower maximum and minimum
temperature, evaporation and rainfall variability, and vice versa in the north.
Temperature has potentially also played a role in regeneration strategy evolution e.g.
resprouting is an equally good defence against frost damage (O'Brien et al. 1986; O'Brien
1989) as it is against fire. The reliability or variability of rainfall is also important and
may be involved in the distribution of plant traits in Mediterranean-type climates
(Cowling et al. 2005) such as the mallee. Both temperature and rainfall variability are
strongly correlated with rainfall and in the interests of simplicity will be accounted for by
the rainfall gradient. Different plant traits e.g. resprouting or seeding following
disturbance are linked not only to the disturbance but also to the climate in which they
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occur. In this study, the fire-productivity gradient is represented by rainfall as it plays an
important role in both fire and productivity and therefore the evolution of species’ fire
response traits. I hypothesise that: (1) facultative species will be dominant across the
geographic range of mallee vegetation as having both regenerative strategies should
increase survival probability in fire-prone semi-arid areas, (2) herbaceous species will
predominantly be obligate seeding species and be more frequent at the southern end of
the fire-productivity gradient, and (3) important plant families within the Murray-Mallee
will exhibit a predominance of one regeneration strategy across their component species.

6.2 Methods
6.2.1 Climate
The Murray-Mallee of south-east Australia can largely be thought of as semi-arid with
low annual rainfall and high summer temperatures. Climatic data (rainfall, rainfall
variability, evaporation and maximum temperature) were obtained from the Bureau of
Meteorology and all values were the annual mean. Climatic data was obtained from the
following stations: Ouyen, Waleup, Werrimull and Mildura (Victoria), Loxton, Gluepot,
Karoonda, Lameroo, Danggali (Canopus and Hypurna) and Desford (South Australia),
Broken Hill Airport, Pooncarie, Wentworth and Wamberra (New South Wales). Initial
analysis indicated that rainfall, evaporation, rainfall variability and maximum
temperature were all correlated to varying degrees and, as all were correlated with
rainfall (R = 0.38 – 0.53), rainfall would be used to represent the north-south gradient.
The rainfall data were generated using an ANU 3-D spline surface fitting algorithm
(Bureau of Meteorology 2008b). The relationship between rainfall and the north-south
gradient was also investigated using linear regressions in R v2.10.1 (R Development
Core Team 2009) to further confirm rainfall was a good surrogate for the climate (see
Chapter 2).

6.2.2 Floristic surveys and plant regeneration strategies
Floristic surveys were undertaken in the Murray-Mallee, together with a soil seed bank
study. Data were collected from 835 sampling points clustered within 28 mosaics across
10 reserves within the study area (Figure 6.1). The study was set up to investigate the
influence of time-since-fire on Murray-Mallee plant communities. Time-since-fire was
determined using satellite imagery (1972 – 2007). Both floristic surveys and the soil
seed bank data were collected within this framework. One floristic survey collected data
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within all available time-since-fire age classes (Chapter 3) and the soil seed bank study
(glasshouse trials and standing vegetation survey; Chapter 5) collected data within
targeted time-since-fire age classes (pre-1970s, 1980s and post-2004). Floristic
information differed between surveys with one (Chapter 3) focussing on woody
perennials and key non-woody species (e.g. Triodia scariosa and chenopods) and the
other (Chapter 5) recording all species present. However, within this Chapter, timesince-fire is not the focus, but rather, the relationship between fire response of native
species and the rainfall gradient.

Figure 6.1: The Murray-Mallee study area of south-eastern Australia. (Blue circles
represent the mosaics within each reserve.)
In this Chapter, a species list from the floristic surveys and glasshouse trials was
generated (master species list – Appendix 6). All exotic species were excluded because
my interest was in the fire traits of native species that have been exposed to the climatefire environment over millennia. A small number of native species (18) were also
excluded as information on fire response was either unavailable or varied between
sources and could not be confidently assigned to a specific fire response. This is
156

Chapter 6

potentially due to species’ traits changing over their distribution. This species list was
used to generate a trait database using published data (Specht 1966a; Hodgkinson and
Griffin 1982; Jessop and Toelken 1986; van der Moezel et al. 1987; Bradstock 1989;
Noble 1989b; Morelli 1990; Bell et al. 1993; Noble and Vines 1993; Morelli and
Forward 1996; Hunt 2001a, b; Bradstock and Cohn 2002b; Carter and Cheal 2004;
Chong and Walker 2005; Cheal 2010) supplemented by expert opinion. The key traits
were (a) fire response and (b) seed bank type (Table 6.1 and Appendix 6) and these were
the basis for determining the relationship between species, their attributes (e.g. lifeform)
and the rainfall gradient. A number of other traits (e.g. seed bank longevity, post-fire
establishment and time to reproductive maturity) were also considered; however,
information was often lacking on these traits or it may vary within a species’ distribution
and thus, they were not examined further. Fire response traits were defined as R+
capable of resprouting post-fire whereas R- were not, and P+ were capable of returning
from a persistent seed bank post-fire whereas P- were not (Pausas and Bradstock 2007;
Table 6.1). A number of species are facultative seeders (can both resprout and seed postfire); however, not all species do that equally e.g. some species may be able to regenerate
both ways but primarily resprout or seed post-fire. These species were recorded not as
facultative seeders but as either obligate seeders or obligate resprouters e.g. Melaleuca
uncinata is predominantly a resprouter (90%) post-fire with seed regeneration occurring
approximately 10% of the time (Carter and Cheal 2004); hence it was classified as an
obligate resprouter.
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Table 6.1: Fire response and seed bank categories used in the traits database of MurrayMallee plant species. (R refers to resprouting, P refers to seeding and +/- indicates
whether the species is able to resprout or seed.)
Trait

Categories

Fire response

R+P+

Facultative seeder – can resprout or return as seedlings
post-fire

R+P-

Obligate resprouter – can only resprout post-fire

R-P+

Obligate seeder – can only return as seedlings post-fire

R-P-

Non-persistent species – do nor resprout post-fire and
seeds must be dispersed from neighbouring unburnt areas

Seed bank
type

Canopy
Soil

Definition

Seed is stored in the canopy
Seed is stored in the soil

Soil/canopy

Seed is stored both in the soil and retained on the plant

Surface

Seed occurs on the soil surface without forming a soil
seed bank

Unknown

No information currently available

Species lists were generated for each of the 28 mosaics on the rainfall gradient, from the
master species list (Appendix 6). These lists were then used to investigate the
relationship between species traits and the rainfall gradient graphically and using linear
regression in R v. 2.10.1 (R Development Core Team 2009). Species were weighted by
abundance using the Braun-Blanquet abundance recorded during the habitat assessments
(Chapter 3). Where species were recorded only in the seed bank study (Chapter 5)
Braun-Blanquet cover values were determined by converting the Domin abundance
(standing vegetation only) or the number of individuals (glasshouse germinants only;
Table 6.2).
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Table 6.2: The conversion from Domin abundance (standing vegetation recorded in the
seed bank study) and number of individuals (of germinants recorded in the seed bank
study) to Braun-Blanquet abundance.
Braun-Blanquet abundance4

Domin abundance5

Number of individuals

+

1–2

1–5

1

3

6 – 10

2

4–5

11 – 15

3

6–7

16 – 20

4

8

21 – 25

5

9 – 10

26 – 30

The key families chosen were Mimosaceae, Myrtaceae and Myoporaceae as their species
are important constituents of mallee plant communities. Differences in the number of
species per fire response were examined qualitatively. The distribution of the number of
species across the rainfall gradient was examined using linear regression for species traits
within these families. All other linear regressions were based on the proportion of
species within each fire response individually or per grouping variable (lifeform,
resprouter vs. non-sprouter, woody and herbaceous resprouters and non-sprouters, seeder
vs. non-seeder, and seed bank type). The proportion of species was calculated within
each mosaic using the weighted abundance of each species divided by the total
abundance of species in the mosaic and multiplied by 100 e.g. (60 ÷ 125) x 100 = 46.875
which is the proportion of facultative seeders in mosaic one. The lifeforms considered
were herb, low shrub, tall shrub, mallee eucalypts and tree6). Seed bank type was
examined at two levels: across all species (soil, canopy and soil/canopy) and within
obligate seeders (soil and canopy). Species with an unknown seed bank type were
excluded from these analyses as there were only two species in this category and thus,
they would not greatly enhance any relationship between seed bank type and the rainfall
gradient. Species with a surface seed bank were also excluded from these analyses as
none were seeders (i.e. they were non-persistent species (R-P-)).

4

Braun-Blanquet abundance: + = few individuals, 1 = any number of individuals <5%, 2 = any number of
individuals 6-25%, 3 = any number of individuals 25-50%, 4 = any number of individuals 51-75% and 5 =
any number of individuals 76-100%.
5
Domin abundance: 1 = few individuals <4%, 2 = several individuals <4%, 3 = many individuals <4%, 4 = 410%, 5 = 11-25%, 6 = 26-33%, 7 = 34-50%, 8 = 51-74%, 9 = 75-90%, and 10 = 91-100%.
Lifeform categories predominantly follow Pausas and Bradstock (2007) – herb, low shrub (<0.5 m), tall shrub (0.5 –
3.5 m) and mallee eucalypts. An additional lifeform of tree comprises any plants >3.5 m. Grasses and graminoids are
included in the herb lifeform as they are present only in low numbers and also to minimise the number of lifeforms
used.
6
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6.3 Results
Two hundred and twenty-five species were recorded from the standing vegetation
surveys and glasshouse trials (Appendix 6). These species were recorded from 48
families of which the most speciose were Asteraceae and Chenopodiaceae. Obligate
seeding species were most common (48%) and were predominantly shrub and
herbaceous species. Facultative seeding species were less common (28%) but comprised
approximately 30% of the shrub species. Non-persistent species (16%) occurred only as
herbs and shrubs. Obligate resprouting species were least common (8%) and were
predominantly shrubs (Table 6.3).
Table 6.3: The number of species per fire response in key lifeforms. (Low and tall
shrubs have been combined and mallee eucalypts are included in the tree category.)
Herb

Shrub

Tree

Total species

Obligate seeder

43

58

8

109

Facultative seeder

12

40

10

62

Obligate resprouter

6

11

2

19

Non-persistent species

12

23

0

35

Soil seed bank

60

101

5

166

Canopy seed bank

1

6

7

14

Soil/canopy seed bank

0

0

8

8

Surface

12

23

0

35

Unknown

0

2

0

2

The proportion of facultative seeding species remained consistent across the rainfall
gradient. Both obligate resprouting and non-persistent species showed a decrease in
number of species with increasing rainfall, although this trend was stronger in nonpersistent species. In contrast, the proportion of obligate seeder species showed an
increase in number of species with increasing rainfall (Figure 6.2). Linear regression
underlined the consistency in facultative seeding species with no significant relationship
between them and the rainfall gradient. Obligate resprouters which showed only a slight
trend of change were also not significantly related to the rainfall gradient (Table 6.4).
Both obligate seeding and non-persistent species were significantly influenced by the
rainfall gradient (Table 6.4).
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Figure 6.2: The proportion of: (a) facultative seeding, (b) obligate resprouting, (c) obligate seeding, and (d) non-persistent species across the rainfall
gradient. (Note different y-axes.)
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Table 6.4: The relationship between fire response and the rainfall gradient. (Linear
regressions based on the proportion of species per fire response within each mosaic.
Significant results are indicated in bold.)
Fire response

t value

p

Deviation explained (%)

Facultative seeders

-0.4737

0.666

0.73

Obligate resprouters

-1.135

0.267

4.72

Obligate seeders

3.631

0.001

33.65

Non-persistent species

-4.43

0.0001

43.01

Herbaceous species were more common (73 species) than low and tall shrubs (66 species
each), trees (12 species) and mallee eucalypts (8 species). The most common fire
response in all but the mallee eucalypts was obligate seeding (Figure 6.3). The
proportion of species per fire response within each lifeform varied but many contained
low species numbers across the rainfall gradient e.g. tall shrub obligate resprouters were
more common at the northern end of the gradient but were consistently low in number
(Figure 6.4). The proportion of species within some lifeforms (per fire response) was
significantly influenced by the rainfall gradient e.g. tall shrub obligate seeders, whilst
others were not e.g. tall shrub facultative seeders (Table 6.5).
45
40
Number of species

35
30
25
20
15
10
5
0
herb

low shrub

tall shrub

mallee eucalypt

tree

Lifeform
Facultative seeder

Obligate resprouter

Obligate seeder

Non-persistant species

Figure 6.3: The number of facultative seeding, obligate resprouting and obligate seeding
species within each lifeform.
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Figure 6.4: The distribution of: (a) low shrub
obligate resprouters, (b) low shrub
facultative seeders, (c) low shrub nonpersistent species, (d) tall shub obligate
resprouters, (e) tall shrub obligate seeders,
and (f) tree obligate seeders, along the
rainfall gradient. (Facultative seeders
(mallee eucalypt, tall shrub and tree),
obligate resprouters (herb, low shrub and
tree), obligate seeders (herb and low shrub)
and non-persistent species (herb, tall shrub,
mallee eucalypt and tree) were not shown as
species numbers were consistent, dominated
by zeros or there were no species within the
particular combination of lifefrom and fire
response trait.. Note different y-axes.)
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Table 6.5: The relationship between fire response of species within key lifeforms and the
rainfall gradient. (Linear regressions based on the proportion of species per fire response
per mosaic within each lifeform. Significant results are indicated in bold.)
Lifeform and fire response

t - value

p

Deviance explained (%)

-1.427

0.165

7.26

Herb obligate resprouters

1.89

0.069

12.08

Herb obligate seeders

0.791

0.436

2.35

Herb non-persistent species

-0.976

0.338

3.53

Low shrub facultative seeders

4.926

<0.0001

48.28

Low shrub obligate resprouters

4.166

0.0003

40.03

Low shrub obligate seeders

1.482

0.15

7.78

Low shrub non-persistent
species

-6.073

<0.0001

58.65

Mallee eucalypt facultative
seeders

0.094

0.353

44.2

Tall shrub facultative seeders

-1.852

0.075

11.66

Tall shrub obligate resprouters

-4.549

0.0001

44.32

Tall shrub obligate seeders

5.072

<0.0001

49.73

Tall shrub non-persistent
species

-1.25

0.222

5.67

Tree facultative seeders

-1.637

0.114

9.35

Tree obligate resprouters

-1.394

0.175

6.95

Tree obligate seeders

3.321

0.028

17.16

Herb facultative seeder

The proportion of resprouters vs. non-sprouters was consistent across the rainfall gradient
and not significantly related to it (p = 0.329). Separating the species into woody and
herbaceous resprouters and non-sprouters generally did not change this trend. However,
slight increases (woody non-sprouters) and decreases (woody resprouters) were seen
north to south; values were within the same range for all comparisons (Figure 6.5).
Herbaceous non-sprouters were more common than herbaceous resprouters, and both
showed a significant relationship with the rainfall gradient. The proportion of woody
resprouters was higher than that of woody non-sprouters; however, both showed an
equally significant relationship with the rainfall gradient (Table 6.6).
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Figure 6.5: The proportion of: (a) herbaceous resprouters, (b) herbaceous non-sprouters,
(c) woody resprouters, and (d) woody non-sprouters, along the rainfall gradient. (Note
different y-axes.)
Table 6.6: The relationship between woody or herbaceous resprouters and non-sprouters
and the rainfall gradient. (Linear regressions based on the proportion of species within
each category within each mosaic. Significant results are indicated in bold.)
Trait

t-value

p

Deviation explained (%)

Woody resprouters

-3.054

0.005

26.41

Woody non-sprouters

3.054

0.005

26.41

Herbaceous resprouters

2.27

0.032

16.54

Herbaceous non-sprouters

-2.27

0.032

16.54
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The proportion of seeding and non-seeding species was consistent across the rainfall
gradient; however, the proportion of seeders (>65%) was always higher than the
proportion of non-seeders (<30%; Figure 6.6). The proportion of seeder and non-seeder
species were significantly related to the rainfall gradient; however, both showed an
equally significant relationship with the rainfall gradient (t = 4.824, p <0.0001). Seed
bank type across all species varied, with more canopy seed bank species at the southern
end; however, both soil seed banks and soil/canopy seed banks were generally consistent
across the rainfall gradient (Figure 6.7). Linear regression indicated significant
relationships between the proportion of species with soil and canopy seed banks and the
rainfall gradient (Table 6.7).
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Figure 6.6: The relationship between seeding and non-seeding species along the rainfall
gradient.
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Figure 6.7: The relationship between species with: (a) soil, (b) canopy, and (c)
soil/canopy seed banks and the rainfall gradient. (Note different y-axes.)
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Table 6.7: The relationship between the rainfall gradient and the proportion of seeding
species with soil, canopy or soil/canopy seed banks. (Linear regressions based on the
proportion of species within each seed bank type within each mosaic. Significant results
are indicated in bold.)
Seed bank type

t-value

p

Deviation explained (%)

Soil

-2.929

0.006

24.81

Canopy

4.373

0.0001

43.8

Soil/canopy

-0.637

0.529

1.53

However, when considering obligate seeder species only, soil seed banks were most
common (100 species) with few (8) species having canopy-stored seed. Linear
regressions indicated no significant relationship between average annual rainfall and the
proportion of species with seed bank type (Table 6.8).
Table 6.8: The relationship between the rainfall gradient and the proportion of obligate
seeding species with soil or canopy seed banks. (Linear regressions based on the
proportion of species within each seed bank type within each mosaic.)
Seed bank type

t-value

p

Deviation explained (%)

Soil

-0.597

0.556

1.365

Canopy

0.597

0.556

1.365

Twelve families contained obligate resprouting species with Myoporaceae comprising
the most species (four). Myrtaceae contained the most facultative seeding species (12),
whereas obligate seeding species were most common in Mimosaceae (Figure 6.8).
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Figure 6.8: The number of species per fire response in key families. (Non-persistent
species are not shown as none occurred within these families.)
Myrtaceae facultative seeders were more common along the rainfall gradient than
Mimosaceae and Myoporaceae facultative seeders (Figure 6.9a). Myrtaceae and
Myoporaceae obligate seeders were present in consistently low numbers (≤ 3 species)
along the rainfall gradient. The number of Mimosaceae obligate seeders was higher at
the southern end of the rainfall gradient than at the northern end; however, numbers were
still low (≤ 6 species; Figure 6.9b).
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Figure 6.9: The relationship between rainfall and Mimosaceae, Myrtaceae and
Myoporaceae: (a) facultative seeders, and (b) obligate seeders. Obligate resprouters are
not shown as numbers were consistently low (≤ 4 species) for all families. (Mim =
Mimosaceae, Myr = Myrtaceae and Myo = Myoporaceae. Note different y-axes.)
Overall, the number of species exhibiting each fire response within these families was
low; however, Mimosaceae obligate seeding and Myrtaceae facultative seeding species
did show a trend of increasing number of species north to south (Figure 6.10). Linear
regressions indicated Mimosaceae and Myrtaceae facultative and obligate seeders and
obligate resprouters were significantly related to the rainfall gradient. Both Myoporaceae
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facultative seeders and obligate resprouters were significantly related to the rainfall
gradient, while obligate seeders were not (Table 6.9).

Figure 6.10: The relationship between rainfall and: (a) Mimosaceae obligate seeders, and
(b) Myrtaceae facultative seeders. (Facultative seeders (Mimosaceae and Myoporaceae),
obligate seeders (Myrtaceae and Myoporaceae) and obligate resprotuers (Mimosaceae,
Myrtraceae and Myoporaceae) are not shown as numbers were consistently low. Note
different y-axes.)
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Table 6.9: The relationship between the fire response of species within key families and
the rainfall gradient. (Linear regressions are based on total number of species per fire
response within each family per mosaic. Mimosaceae obligate resprouters are not shown
as there were no species within this category. Significant results are indicated in bold.)
Family and fire response

t - value

p

Deviance explained (%)

Mimosaceae facultative seeders

-4.775

<0.0001

46.73

Mimosaceae obligate seeders

2.914

0.007

24.61

Myrtaceae facultative seeders

2.598

0.015

20.61

Myrtaceae obligate resprouters

2.512

0.018

19.53

Myrtaceae obligate seeders

3.101

0.004

27

Myoporaceae facultative seeders

-4.036

0.0004

38.5

Myoporaceae obligate
resprouters

-5.93

<0.0001

57.49

Myoporaceae obligate seeders

0.086

0.932

0.436

6.4 Discussion
Relationships between fire responses within different grouping variables and the rainfall
gradient varied. The proportion of species was often consistent across the gradient (e.g.
facultative seeders, obligate resprouters, seeders vs. non-seeders); however, trends were
present within some grouping variables. Numbers of woody non-sprouters and woody
resprouters, for instance, both showed slight trends of increases and decreases
respectively with declining aridity. Obligate seeding species were most common overall
and within all lifeforms (except the mallee eucalypts). Distribution of low shrub species
were consistently significantly related to the rainfall gradient with both facultative
seeders and obligate resprouters more common at the southern (higher rainfall) end while
non-persistent species were more common at the northern (lower rainfall) end of the
gradient. Seed bank type showed varying relationships with the rainfall gradient. When
all seeder species were considered, both the proportion of species with soil seed banks
and canopy seed banks were significantly related to the rainfall gradient; however, these
showed no significant relationship with the rainfall gradient when only obligate seeders
were considered.

172

Chapter 6

6.4.1 Relationship between fire response traits and the rainfall gradient
The relationship between the proportion of species within each fire response category
varied along the rainfall gradient. Facultative seeding species were consistent and not
significantly related to the rainfall gradient. Obligate resprouters were also not
significantly related to the rainfall gradient but did show a slight trend of decreasing
numbers of species in the flora with declining aridity. Both the proportion of obligate
seeding and non-persistent species showed a significant relationship with the rainfall
gradient, increasing and decreasing respectively with declining aridity. These results
differ from those of Pausas and Bradstock (2007) who found significant differences in all
fire response traits with respect to their fire-productivity gradient. However, unlike the
current study Pausas and Bradstock (2007) found a marked increase and decrease north
to south in facultative and obligate seeding species respectively and a consistent number
of obligate resprouting and non-persistent species. It is possible that these trends
(especially facultative and obligate seeders) were driven more by the species composition
of the most southern, wettest part of the mallee. That is, the current study’s most
southerly point is Murray-Sunset National Park, while Pausas and Bradstock (2007) also
include the Little and Big Desert National Parks which are generally comprised of more
heathy mallee than Murray-Sunset National Park. Furthermore, the number of species
available for allocation to fire response strategy was markedly different between the two
studies. This was especially apparent in the differences in the proportion of resprouter
species at Murray-Sunset National Park and Danggali Conservation Park where Pausas
and Bradstock (2007) reported 39% and 27% respectively. In the current study, the
proportion of resprouters was essentially equivalent (38% and 37% at Murray-Sunset
National Park and Danggali Conservation Park respectively) which would reduce the
strength of any trend seen in fire response along the rainfall gradient.
While trends in species’ fire responses were not seen at this level, they were seen within
some of the different lifeforms. Pausas and Bradstock (2007) found no overall
(significant) difference between lifeforms along their fire-productivity gradient.
However, in the current study, the distribution of low shrub facultative seeders, low and
tall shrub obligate resprouters, low shrub non-persistent species, and tall shrub and tree
obligate seeders were significantly related to the rainfall gradient. The relationship
between rainfall and low shrub obligate resprouters was largely driven by zeros within
otherwise consistent numbers; however, both low shrub facultative seeders and obligate
seeders were present in higher numbers at the northern end of the rainfall gradient. The
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distribution of fire response strategies within the other lifeforms (herbs, tall shrubs,
mallee eucalypts and trees) varied, with some showing clear trends (e.g. tall shrub
obligate resprouters) and others not (e.g. tall shrub facultative seeders). It is not
surprising that the distribution of fire response traits within the shrub component is most
strongly related to the rainfall gradient. Unlike the other lifeforms which are either more
reliant on annual rainfall (herbs) or site occupancy (mallee eucalypts and trees which are
predominantly resprouters), the shrubs can be considered an ‘intermediate’ group that are
reliant on rainfall for initial establishment and the opportunity to replenish their seed
bank in order to maintain site occupancy. Thus, their relationship with fire frequency
along the rainfall gradient is more pronounced i.e. although the prediction of Pausas and
Bradstock (2007) of more resprouters in the south and more seeders in the north at the
broadest scale is not seen consistently.
Species distributions within the Murray-Mallee can, therefore, be viewed as
discriminating between regeneration or persistence niches. The resprouting species
largely exploit the persistence niche as a result of high survival and low mortality
following disturbance (fire) and with continued low mortality between disturbance events
(Bond and Midgley 2001). For example, Keith et al. (2007) found that two resprouting
species (Epacris barbata, Xanthorrhoea resinifera) conformed to the ‘ideal’ of the
persistence niches exhibiting high background survival rates combined with low
mortality under disturbance by fire. In these mallee shrublands, the mallee eucalypts are
the prime example of species exploiting the persistence niche, vigorously resprouting
post-fire. This is also seen in low shrubs with those at the southern end of the rainfall
gradient predominantly exploiting the persistence niche (resprouters) and those at the
northern end predominantly exploiting the regeneration niche (obligate seeders). Further,
both studies showed a significant relationship between woody or herbaceous resprouters
and non-sprouters, and the rainfall gradient. These groups showed similar trends in both
studies with number of herbaceous resprouters and woody non-sprouting species
generally increasing with declining aridity, and herbaceous non-sprouters and woody
resprouters decreasing with declining aridity. Although there is inconsistency in
relationships between fire response strategies of different lifeforms, there also exists
support for Pausas and Bradstock’s (2007) shift between resprouting and seeding species
south to north along the rainfall gradient.
A number of differences exist between the current study and that of Pausas and
Bradstock (2007) such as the number of study areas, statistical approaches, length of the
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rainfall gradient, number of species and lifeforms used, and potentially the categorisation
of species into fire response traits. Twenty-eight mosaics (12.56 km2 each) were used in
the current study compared to the four broad areas of Pausas and Bradstock (2007).
While this did introduce differences in the number of samples and the length of the
rainfall gradient (shorter in the current study) it did allow for direct statistical analysis of
fire response traits versus the rainfall gradient. This could occur as species lists were
associated with each mosaic rather than a general area such as a National Park or
Conservation Reserve (Pausas and Bradstock 2007). In comparison, Pausas and
Bradstock (2007) compared fire response traits and indirectly related that to the rainfall
or fire-productivity gradient. The length of this rainfall gradient could also impose
differences in outcomes (as aforementioned) due to differences in species composition
i.e. the more southerly areas of Pausas and Bradstock (2007) may introduce a more
heathy component of the vegetation than seen in the eucalypt-dominated shrublands of
the current study. This would then impact on the assignation of fire response traits to
species and may explain the more marked trends of more resprouters in the south and
more obligate seeders in the north. Further, the current study had a greater number of
species to assign to fire response categories and these categorisations may have differed
between studies for the same species. Categorisation of fire response traits may differ
due to different interpretations of traits by myself and Pausas and Bradstock (2007),
genetic variation and differences in fire characteristics at different sites along the rainfall
gradient.

6.4.2 Resprouters vs. seeders
Species that resprout, seed or do both post-fire can be expected to ‘react’ differently to
fire such that their ability to regenerate post-fire follows different trajectories.
Facultative seeding species have a distinct advantage post-fire because they can both
resprout and regenerate from seed (Keeley 1986; Delfs et al. 1987) ensuring their
continued presence in the community (resprouts) and increased genetic diversity
(seedlings). All resprouting species have the competitive advantage of almost
immediately returning to the community following fire and are reliant on lignotuber
resources rather than post-fire conditions such as rainfall. Where resprouters also
reproduce by seed, seed banks tend to be smaller than for non-sprouting species (Bellairs
and Bell 1990; Meney et al. 1994). Obligate seeders, on the other hand, maintain larger
seed banks but face greater risk of local extinction if the fire-return interval is too short
(not enough time to replenish seed supplies) or too long (bradysporous species
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especially, plants need to be alive to release seed) (Keeley 1986; Bellairs and Bell 1990;
Meney et al. 1994; Lamont and Markey 1995; Lamont and Enright 2000). Thus,
resprout survival is not as closely linked to post-fire conditions (e.g. rainfall) as seedling
survival is.
Survival has been linked to soil water availability in both resprouts and seedlings. For
example, in Californian chaparral, South African fynbos and south-west Western
Australia vegetation, seedlings of obligate seeder species had enhanced survival
following the first summer drought/dry period compared to resprouter seedlings (Frazer
and Davis 1988; Enright and Lamont 1992; Ojeda 1998). The higher mortality rates in
resprouter seedlings vs. obligate seeder seedlings were thought to be related to shallower
root systems, lower xylem pressure potential and leaf stomatal conductance in resprouter
seedlings, and their occurrence in more exposed sites (Frazer and Davis 1988; Enright
and Lamont 1992; Ojeda 1998). Thus, seeder species would be favoured under these
conditions. Further, Enright and Lamont (1992) found that lignotuber development was
greater in the swale sites than the dune sites and was linked to the greater availability of
soil water in the swale allowing plants to allocate resources to lignotuber development
earlier than on dunes where root development is important to maintain access to water
over summer.
Whilst these factors were not directly measured in the current study, they are of
importance when considering fire response trends along the rainfall gradient. Facultative
seeders were consistently present along the gradient (50 – 60%) suggesting that they are
able to successfully recover under a wide range of fire frequencies and environmental
conditions (principally rainfall) post-fire. In other words, their ability to both resprout
and regenerate from seed limits the risk of local extinction and enhances long-term
survival. Conversely, obligate resprouters were slightly more common at the southern
end of the gradient, suggesting that the fire-return intervals experienced allow for their
continued persistence in the community. It further suggests that the lack of a seed bank
may restrict their presence at the northern end of the gradient. Overall, although no
strong trends were seen of one fire response replacing another along the gradient, this
does not preclude many species maintaining a presence at various points along the
gradient as fire return intervals and environmental conditions allow.
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6.4.3 Seed banks
The distribution of seeder and non-seeder species was significantly related to the rainfall
gradient of the current study, but was not significantly related to the fire-productivity
gradient of Pausas and Bradstock (2007). Seed bank type was not significantly related to
Pausas and Bradstock’s (2007) fire-productivity gradient; however, in the current study
some significant relationships were seen. Seed bank type was significantly related to the
rainfall gradient when examining all species but was not when examining obligate
seeders. Soil seed banks were more common than canopy seed banks both within all
species and obligate seeding species. This is likely to be of importance when coupled
with post-fire germination response. That is, having the ability to retain some seed in
case of poor germination or survival from the post-fire germination event increases longterm survival in the community. Whilst canopy seed storage does allow for maximum
seed storage, seed is usually completely released following fire and is reliant on suitable
post-fire conditions (e.g. adequate rainfall) for germination (Lamont and Enright 2000).
In contrast, seed from the soil is generally released in proportion to the duration of
suitable conditions, so some seed is kept in reserve (Bell et al. 1993; Westoby 1981 cited
in Bell 1999). In environments exposed to frequent disturbance, such as fire, the ability
to persist in the long-term is of utmost importance for a species’ continued survival in the
community.
Both seed bank types can be considered to be more advantageous than the other under
certain conditions. For instance, bradyspory may be more advantageous in areas with
higher and more reliable rainfall and fire frequency as post-fire conditions are almost
always suitable for germination and continued survival past the first growing season. It
is important that suitable growing conditions do occur shortly after seed release, as seed
tends to be short-lived once released from the parent plant (Lamont and Enright 2000)
and thus, may no longer be viable should suitable germination conditions be delayed.
Conversely, a soil seed bank may be more advantageous in areas of lower rainfall and
fire frequency as some seed may be held in reserve (Auld and Denham 2006; Ayre et al.
2009; Enright et al. 2012) if conditions are not suitable for maximum germination. Thus,
it could be expected that species with canopy-stored seed would be more common at the
higher rainfall end of the north-south rainfall gradient and species with soil seed banks at
the lower rainfall end. Within this study, species exhibiting bradyspory were more
common at the southern end of the rainfall gradient; however, species with soil-stored
seed were always more common than species with canopy-stored seed suggesting that
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within this fire-prone semi-arid region the potential to keep some seed in reserve is
essential for long-term survival.

6.4.4 Family relationships with the rainfall gradient
Fire response strategies within the key families examined in the current study varied
along the rainfall gradient. While variation among the species/genera that make up the
families is not unexpected, the almost complete dominance of one fire response trait
within a family is of interest and may reflect the flammability of the component species.
For example, all Chenopodiaceae species recorded are non-persistent; however, as they
primarily occur in vegetation that burns infrequently (Gill 1990; Cheal 2003), it is not
unexpected that they would be non-persistent species. Germination is also presumably
linked more to environmental factors (e.g. rainfall) than fire-related cues as a result of
infrequent fire. Seven chenopod species germinated from the soil seed bank within the
present study and the number of individuals germinated was approximately equal
between heat and control treatments (data not shown) suggesting that the combination of
soil disturbance and adequate moisture was sufficient to cue germination. Further, the
Chenopodiaceae are immigrants, having arrived in Australia approximately 30 million
years ago and occur primarily within the arid regions of Australia (Martin 1994 cited in
Crisp et al. 2004); thus, they have evolved in areas subject to longer fire-free periods.
Indeed, in the current study, Chenopodiaceae species (all non-persistent species) are
more common and speciose at the lower rainfall end of the gradient which can be
considered the boundary between semi-arid and arid climate regions (Gibbs 1990).
The other three families considered (Mimosaceae, Myrtaceae, Myoporaceae) showed
varying species numbers across all three fire responses. Obligate seeding species were
more common in Mimosaceae than the other two fire responses perhaps due to the hard
seed coats of many Acacia species which require a heat-cue to germinate (Auld and
O'Connell 1991; Enright and Kintrup 2001). Facultative and obligate resprouters were
approximately equal within the Myoporaceae species recorded in the present study. All
but one of these species are Eremophila and it is possible that the ability to resprout or
seed has fluctuated over evolutionary time, switching between the two. Resprouting
ability has been shown to be a highly labile trait in Australian (Banksia) and South
African (Cliffortia, Protea) species in fire-prone ecosystems. Indeed, studies of Banksia
and Protea species indicate that the ability to resprout has evolved independently
numerous times and that evolutionary divergence between resprouting and seeding have
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occurred a number of times (Keeley 1986). Thus, it is possible that species within the
genus Eremophila and others in the mallee have undergone similar divergences resulting
in a mix of fire responses within genera and families. These divergences could be linked
to changes in climate over evolutionary time. It has been shown that the eucalypts,
grasses and legumes have diversified greatly over the last 20 million years and that their
evolutionary success may have resulted from changes in their biome as the climate
changed (Crisp et al. 2004). These climatic changes are coupled with fire frequency
changes and thus, species may have switched between fire response traits as the fire
regime changed in conjunction with climatic changes.
Further evidence of species switching between resprouter and seeder fire responses is
that of several Erica species in the South African fynbos. While the majority of Erica
species (~90%) are obligate seeders, at least two species (Erica calycina, E. coccinea)
are ‘mixed’ species (Ojeda 1998; Segarra-Moragues and Ojeda 2010). Mixed species are
those that occur as either resprouters or seeders in (mostly) disjunct populations. It is
possible that these species are still undergoing the evolutionary divergence between
resprouting and seeding. Resprouter Erica species have a well developed lignotuber
which in the seeder populations of the two mixed species is still present although in an
atrophied state suggesting that resprouting is the original state and seeding is the derived
state (Verdaguer and Ojeda 2005). Within the mallee it is possible that this evolutionary
divergence may also be occurring in some facultative species e.g. those that
predominantly seed post-fire rather than resprout such as Allocasuarina muelleriana
subsp. muelleriana and Babingtonia behrii (Cheal et al. 1979; Carter and Cheal 2004).

Conclusion
The relationship between fire response and the rainfall gradient varied in importance
dependent upon the level of interpretation e.g. family, lifeform or species. At the species
level, fire response varied along the rainfall. Within different key families and lifeforms,
some fire response groups were significantly related to the rainfall gradient and did
increase or decrease in species number or proportion. This was also seen when
considering both woody and herbaceous resprouters and non-sprouters. Also there is a
phylogenetic component to this study, i.e. the families that occur within the MurrayMallee are presumably present due to the ability of their component species to regenerate
post-fire. Thus, the way in which these species group together along the rainfall gradient
is going to reflect not only their ability to regenerate post-fire but also the current and
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long-term fire regime. Thus, it is possible that managers could focus fire management
plans on functional trait groups of species rather than on specific species. That is, the
proportion of facultative seeding species should be fairly robust to both frequent and
infrequent fire. Conversely, obligate seeder species require fire-return intervals which
allow for seed bank replenishment, i.e. too frequent or infrequent fire may lead to local
extinctions. Whilst, a focus on fire response traits could be incorporated into fire
management plans, the species that exist within these traits are still of importance i.e. a
range of species rather than dominance by a small group of species within each fire
response traits is the ideal.
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Chapter 7 – Conclusion
7.1 Thesis overview
The Murray-Mallee is a broad geographic region encompassing the semi-arid mallee
shrublands in southern Australia. The floristic composition and structural diversity of
these shrublands are thought to be largely determined by environment (e.g. rainfall,
temperature, soil) and fire (here, time-since-fire). Despite numerous studies in mallee
vegetation in the Murray-Mallee (Appendix 1), until now there has been no comparative
study of the vegetation across its entire geographical extent. Hence, this study is the first
to observe how environment and fire interact and affect vegetation attributes. The thesis
aims revolved around two key questions:
(1) To what extent do time-since-fire and environmental characteristics determine
community composition, structural recovery and mechanisms for post-fire
recovery?
(2) To what extent does the distribution of plant regeneration strategies change
along a rainfall gradient?
The first question was studied in three separate parts: community composition (Chapter
3), structural recovery (litter, Triodia scariosa, eucalypts) (Chapter 4), and soil seed
banks (Chapter 5). The second question was studied separately to the first and
independent of time-since-fire (Chapter 6). In this Chapter, I will outline the key
findings with respect to these questions and their implications for fire management and
future research.

7.1.1 Post-fire trajectories in structural recovery and floristic composition
Structural recovery (i.e. eucalypt density, litter, T. scariosa) varied with time-since-fire
and environmental characteristics. The eucalypts quickly recovered after fire, followed
by T. scariosa and litter. Litter recovery was primarily determined by time-since-fire and
rainfall, although analysis indicated that time-since-fire was of greater importance. On
the whole, T. scariosa dynamics (frequency, cover, number of rings, average hummock
height) were determined by time-since-fire. Environmental characteristics were also
important, e.g. average hummock height was associated with mean annual evaporation,
but were less important than time-since-fire. Eucalypt dynamics showed the greatest
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influence of environmental characteristics with rainfall, rainfall variability and
evaporation important determinants of post-fire trajectories, in conjunction with timesince-fire. The frequency of eucalypts in different height classes (<0.5 m, 0.5 – 1 m, 1 –
2 m, >2 m), for example, was largely determined by rainfall with time-since-fire, rainfall
variability and evaporation also important within all or some height classes. Although
time-since-fire is an important determinant of structural recovery post-fire, climatic
characteristics (especially rainfall) were also important and the two go hand-in-hand in
influencing post-fire recovery trajectories.
While structural recovery was largely driven by time-since-fire, changes in floristic
composition were more strongly tied to climatic gradients. The importance of timesince-fire differed at the two spatial scales studied (regional (study-wide) and subregional (Hattah-Kulkyne and Murray-Sunset National Parks)). At the regional scale,
both floristic diversity and richness were primarily affected by rainfall whilst at the subregional scale; they were primarily affected by time-since-fire and rainfall variability
respectively. Canonical correspondence analysis indicated that floristic composition was
primarily driven by climate (rainfall, maximum temperature and rainfall variability) at
the regional scale, and by rainfall and time-since-fire at the sub-regional scale. Nonmetric multi-dimensional ordination showed no obvious clustering in sampling points of
the same time-since-fire age group at either scale. While these ordinations highlighted
the importance of climate in determining floristic composition of mallee shrublands,
canonical analysis of principal components indicated that the 0 – 10 yr and 11 – 20 yr
time-since-fire age groups were the most consistently allocated to their a priori timesince-fire groups based on species abundance. This suggests that the first 20 yrs post-fire
sees the most conformity in community composition at varying points (of the same age)
in the landscape. That is, the first 20 years are predominantly driven by the presence of
resprouting species and fire ephemerals, with the shrubs of intermediate longevity less
important.

7.1.2 Recovery mechanisms post-fire
Shrubs of intermediate longevity were also important when considering regeneration
strategies of mallee plants along a rainfall gradient. It was expected that the proportion
of resprouting species would be higher at the southern end of the gradient because it
typically experiences higher rainfall and hence, fire frequency is higher there due to more
rapid fuel accumulation. At the northern end of the gradient, where climate is more xeric
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and fire is less frequent, the proportion of obligate seeding species was predicted to be
higher. I found that proportion of obligate resprouting and non-persistent species
decreased with increasing aridity but this was a stronger trend in non-persistent species
than obligate resprouting species. In contrast, the proportion of obligate seeding species
was higher at the southern (higher rainfall) end of the gradient. The relationship between
these traits varied with both facultative seeders and obligate resprouters showing no
relationship with the rainfall gradient, while both obligate seeders and non-persistent
species were significantly related to the rainfall gradient. Overall the relationship
between fire response and the rainfall gradient varied with the different groups
investigated (e.g. lifeforms, key families). It is possible that climate and root architecture
may also have a role in these relationships. Climate was indirectly assessed within
Chapter 6 by using rainfall as a surrogate for evaporation, rainfall variability and
temperature, and it can be assumed that these factors also contribute to species
distributions along the climatic gradient of the study area. In contrast, root architecture
was not investigated in the current study and while the literature suggests differences in
root systems in different soil types this does not allow for inferences to be made in the
current study.
For those species unable to resprout post-fire, seed banks are considered important as a
mode of recovery. The presence of a soil or canopy seed bank confers different
advantages and disadvantages on a species. Analysis of the proportion of all seeder
species with either a soil or canopy seed bank revealed soil seed banks were more
common among northern species, and canopy seed banks were more common among
southern species. However, a soil seed bank study investigating germination cues
(principally heat) and the influence of time-since-fire (pre-1970s, 1980s and post-2004
burnt) found few species were cued by fire events (e.g. soil heating during the passage of
the fire) and few developed persistent soil seed banks. Furthermore, time-since-fire had a
limited effect on soil seed bank size and composition with no evidence of continued seed
accumulation with time.

7.2 Successional models
Two successional models can be used to explain the recovery trajectories of semi-arid
mallee shrublands. Egler’s (1954) ‘initial floristic composition’ model would appear to
explain community-level processes after fire, while it would appear that Watt’s (1947)
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‘building-mature-degenerate’ phase model is appropriate for some of the species that
occur in this ecosystem.
The initial floristic composition model is based on the premise that the ‘final’ community
is directly related to the ‘initial’ group of species present immediately following the
disturbance. That is, the species present immediately following the fire event will
determine all future shifts in dominance. However, not all species will have equal
influence on future shifts in community dominance. Fire ephemeral and annual species
will have limited influence as they are generally short-lived. Annual species, in
particular, are more reliant on rainfall events than time-since-fire and thus, will continue
to fluctuate in abundance/biomass over time. In contrast, shrub and tree species will
more closely follow the initial floristic composition model and will determine shifts in
community dominance. Within this ecosystem, many tree and shrub species are able to
resprout in the months immediately following the fire event. Seeder species also
germinate and establish during this period. Thus, these species are capable of
maintaining site occupancy which Egler (1954) emphasised is important in restricting the
subsequent entry of new species. Community dominance will therefore shift between
different tree and shrub species as each species reaches its maximum biomass before
declining over time. For example, eucalypts will be dominant in the first few months
post-fire as they resprout very quickly; dominance will later shift to T. scariosa in the
ground stratum and shrubs in the understorey, before eucalypts again resume dominance.
The time frames for these dominance shifts will vary depending on species composition
and longevity combined with the speed at which they re-establish post-fire.
While the initial floristic composition model seems to account for much of the
community-level change observed in this ecosystem, Watt’s (1947) building-maturedegenerate phases can account for the post-fire trajectory of many species, particularly
those that regenerate from seed after fire. In Chapter 4, T. scariosa was used as an
example of these phase shifts, and while an obvious degenerate phase was not seen with
respect to the dimensions (average height and diameter) of either the ring or hummock
growth forms, the building and mature phases were clearly evident. However, the ring
form could be considered the degenerate phase as rings only form once hummocks begin
to die out from the middle. The phase shifts between building, mature and degenerate
would perhaps be most obvious in perennial seeding species. In these species the
building phase would encompass germination and establishment of individuals. By
establishment, I refer to the period of time taken from seedlings reliant on post-fire
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climate (especially rainfall) to when they become saplings that are able to survive the
summer drought. The mature phase would commence once an individual reached
reproductive age, i.e. first seed set post-fire which may be anything between several
years and 10+ years post-fire dependent on the species. The degenerate phase begins as
individuals approach their maximum lifespan and seed production declines.

7.3 Fire management
Fire management in the Murray-Mallee is currently a mix of reacting to wildfires and the
use of prescribed burning. Managers need to balance the two, especially the use of
prescribed burning, with the need to maintain biodiversity. In the current study, it was
found that time-since-fire influences different vegetation components in different ways
and at different scales. Vegetation composition, measured by species richness and
diversity, were examined at two scales: regional (study area) and sub-regional (HattahKulkyne and Murray-Sunset National Parks). Both these measures remained consistent
with increasing time-since-fire (to 162 years) suggesting that once mallee communities
are re-established they remain relatively stable. Climate characteristics, especially
rainfall, were important in determining species diversity and richness in these
communities particularly at the regional scale. While these characteristics were also
important at the sub-regional scale, time-since-fire was of increased importance and was
the primary driver of species diversity.
Community change following fire may be better described by examining structural
diversity. Within the current study time-since-fire was an important (and often only)
driver of change in the structural layers studied (litter, T. scariosa and eucalypts). As
time-since-fire increased the ‘abundance’ of these layers shifted e.g. litter cannot return
to the system until there is sufficient vegetation to contribute to it. Conversely, both T.
scariosa and eucalypts return rapidly following fire, fluctuate in their level of
abundance/cover and maintain a presence with increasing time-since-fire. Thus, fire
managers should not rely solely on measures of species richness but also monitor species
composition (diversity) and how the dominance of particular species, lifeforms and
structural layers vary with increasing time-since-fire. The influence of climate must also
be considered with respect to rainfall reliability in the months immediately post-fire.
So far descriptions of the post-fire vegetation have centred on the standing vegetation;
however, for those species incapable of resprouting a seed source is required. In fireprone ecosystems, such as the Murray-Mallee, fire (heat, smoke) is considered an
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important germination cue for many species. While the soil seed bank component of this
study did not necessarily highlight the importance of fire-related germination cues
(principally heat), this may be more a methodological issue than proof that these cues are
unimportant in mallee shrublands. Species that germinated from the soil seed bank
generally had small soil seed banks and did not differ significantly between time-sincefire periods. Despite this it is important for fire managers to consider species that rely on
seed banks (whether soil or canopy) in their management plans. Fire-interval is the key
here with too short or too long an interval potentially causing local extinction of obligate
seeding species and also influencing the genetic variation in facultative species i.e.
seedlings increase genetic variation whereas resprouting represents the same genetics.
Overall when formulating and implementing management plans in the Murray-Mallee
fire manages need to take into consideration all components of the vegetation (standing
and seed bank) and also the fauna present. While the vegetation may largely recover and
return to a similar level of diversity and richness, it is still important to minimise a loss in
either measure of vegetation community composition. The vegetation must also be
considered as habitat i.e. particular faunal groups may prefer vegetation burnt recently
(<10 years ago) or unburnt for an extended period (>100 years ago). This study indicates
that time-since-fire is of varying importance to different components of the vegetation
(standing and seed bank) and that it must be considered in conjunction with climate,
especially that of the post-fire environment. Furthermore fire interval, which was not
examined here, should continue to be incorporated into fire management plans as it does
have the ability to influence the continued existence of species, in particular obligate
seeding species, at the local scale.

7.4 Further questions
The findings of the current study highlight the importance of managing fire in order to
maximise the biodiversity of mallee plant communities. Time-since-fire was of varying
importance to floristic composition, structural recovery and soil seed bank dynamics;
however, general trends still suggest implications for fire management. Generally,
structural diversity plateaus at approximately 30 – 40 years post-fire suggesting that
floristic composition also begins to stabilise within this period. Further, soil seed bank
studies indicated that seed bank composition differed little within different time-sincefire age groups, highlighting the importance of regeneration strategy and seed bank type
in mallee plants. Community composition could, therefore, be viewed not only in terms
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of which species are present but also with respect to how those species regenerate postfire.
This study used a space-for-time approach by focussing on the influence of time-sincefire on mallee shrubland communities. However, a number of further questions or
avenues for study can be considered. These include:


The fire event needs to be examined with respect to fire behaviour. Each fire is
unique and will reach different levels of intensity and patchiness which will
influence how the plant community recovers post-fire and may produce very
different communities at the same time-since-fire in different locations (or even
within the one large fire).



Season of burn is also important, especially with respect to post-fire rainfall and a
plant’s reproductive cycle. If a fire occurs in the ‘wrong’ season then post-fire
germination may be minimal due to low rainfall or seeding plants may not have
replenished their seed store, and therefore either cannot germinate post-fire or are
reliant on a smaller store from the previous year.



The rate at which fuel loads accumulate should also be considered as fire cannot
occur without sufficient fuel. Ideally, these rates could be determined by
recording fuel availability immediately after fire and then at regular intervals over
following years until a plateau is reached. A space-for-time approach could also
be used whereby fuel loads could be examined at different time-since-fire ages
either across the whole study area or a subset of it. A subset (e.g. Murray-Sunset
National Park) will allow (to some extent) for climatic variation to be minimised
thus reducing its potential impact on fuel loads.



The difference in fire behaviour between prescribed fire and wildfires is also
important as it will influence the post-fire plant community. This is particularly
related to intensity, patchiness and provision of fire-related germination cues.

The mallee shrublands of south-eastern Australia are subject to regular fire and this study
has provided insights into how plant communities interact with time-since-fire and
environmental attributes. Together with the findings of the bird, invertebrate, mammal
and reptile studies, fire managers now have access to a broad range of ecological data
which may be incorporated into future fire management plans.
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Appendix 1: Additional vegetation studies carried out in mallee vegetation in south-eastern Australia
Vic = Victoria, SA = South Australia and NSW = New South Wales. Note: conference proceedings are excluded where the same study/data has been
published elsewhere (i.e. book chapter or journal paper). Also this is not an exhaustive list of every study ever carried out in the mallee but rather a list
of those I came across during the course of my PhD.
Author(s)
(year)7

Region8 (state)

Study unit

Type of study

What was reported

Beauglehole
(1979)

Mallee vegetation on
public land (Vic)

Varied

Synthesis of author’s 30 year
data set and other researchers’
data

Vegetation alliances and species
distribution within the mallee study area

Bishop (1990)

South Australia

Not stated

Revegetation of eucalypts
Laboratory studies of eucalypt
seed germination

Success of revegetation trials, optimum
germination conditions for eucalypt seed
(5 species), and estimate of frequency of
natural regeneration

Bradstock
(1989)

Yathong, Nombinnie
and Round Hill Nature
Reserves (NSW)

Not applicable

Synthesis of fire impacts on
mallee vegetation

Post-fire recovery in mallee
communities as a whole and specific
species specific. Prediction of
community succession under various
fire regimes.

Bradstock
(1990)

South of Cobar (NSW)

Not applicable

Fuel loads

Possible patterns of fuel accumulation
over time. Relationship between fire
frequency and plant density.

7
8

References within this appendix are listed in the references prior to these appendices.
Where known.
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Bradstock et al.
(1992)

Yathong Nature
Reserve (NSW)

200 x 200 m (1988
fires) & 100 x 100 m
(1989 fires)

Experimental fires

Fuel loads, fire behaviour and soil
temperatures

Bradstock and
Gill (1993)

Yathong Nature
Reserve (NSW)

Varied

Flammability of mallee
vegetation with respect to fuel
loads and flame height

Fuel loads and flame lengths per
species. Contribution of flame length
and species distribution to fire spread.

Bradstock and
Cohn (2002b)

Victoria, South
Australia, New South
Wales

Not applicable

Synthesis of published and
unpublished mallee data

Fuel types and arrangement, fire
behaviour, size and incidence and plant
responses to fire regimes.

Cattelino et al.
(1979)

New South Wales

Community

Desktop study using Noble and
Slatyer’s vital attributes to
model succession in mallee
plant communities.

Predicted succession in mallee
communities. (An American vegetation
community is also discussed.)

Carroll and
Ashton (1965)

Victoria (various
vegetation types)9

Soil at 0 – 2 inches
and 2 – 4 inches
(amount collected not
stated for mallee)

Glasshouse emergence trial

Number of seedlings germinated at both
depths and in total, percent per lifeform,
and dominant species per depth.

Cheal et al.
(1979)

Little Desert,
Wyperfeld and Hattah
Lakes10 National Parks,
and Sunset country11
(Vic)

10 x 10 m quadrats +
1 x 1 m or 30 x 10 m
quadrats for density
values)

Vegetation surveys
incorporating fire history and
environmental data (e.g. soil,
topography)

Vegetation types with characteristic
species and species which differentiate
between vegetation sub-types.

Vegetation types studied: mallee, Myrtle beech forest, mountain ash forest, messmate stringybark forest, dry sclerophyll forest, savannah woodland and heath. Mallee vegetation
was near Mildura airport.
10
Hattah Lakes National Park is now known as Hattah-Kulkyne National Park
11
Southern half of what is now Murray-Sunset National Park.
9
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Cheal and
Parkes (1989)

Victoria

Cheal (2003)

20 x 20 m quadrats

Vegetation surveys in targeted
mallee and non-mallee
communities

Major mallee plant communities –
description, distribution and affinities
with other mallee or non-mallee
communities

Victoria and New South Not applicable
Wales

Descriptive – mallee
communities vs. fire

Importance of fire regimes, plant
regeneration strategies and season of
burn

Cheal (2006a)

Victoria

Not applicable

Prescribed burning using vital
attributes

Importance of fire regimes, plant
regeneration strategies and season of
burn. Community responses to fire and
how this must be taken into account
when planning prescribed burns in the
mallee.

Cohn (1995)

Nombinnie and Round
Hill Nature Reserves
(NSW)

900 m2 quadrats
across 184 sites

Vegetation in mallee and nonmallee communities

Four mallee and 15 non-mallee and
hill/range mallee communities were
mapped and described.

Cohn and
Bradstock
(2000)

Yathong Nature
Reserve (NSW)

Varied according to
experiment

Time-since-fire (four ages) and
grazing effects (four
treatments) on post-fire
germination of Acacia rigens,
Acacia wilhelmiana and
Triodia scariosa

Survivorship of A. rigens, A.
wilhelmiana and T. scariosa seedlings
per grazing treatment within each timesince-fire age group

Connor (1966)

Beulah-Hopetoun area
of Vic

Not stated

Relationship between soil and
vegetation

Distribution of major mallee eucalypts
with respect to soil formations

Dodson (1982)

Mallee vegetation
(NSW)

Not applicable

Synthesis of ecological status
of mallee vegetation in NSW

Key points: composition and
classification of mallee vegetation
communities with controls on vegetation
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distribution and impacts of fire, grazing
and clearing
Eldridge and
Bradstock
(1994)

Yathong, Round Hill
and Nombinnie Nature
Reserves (NSW)

Transect of 20 0.25 m2 Time-since-fire (wildfire and
quadrats at each site
prescribed burns)

Changes in cryptogamic crust
composition and cover with time-sincefire.

Gibbs (1990)

Danggali Conservation
Park (SA)

Quadrats (18)

Influence of fire and grazing
on vegetation communities

Introduction to potential findings from
1986 and 1989 surveys.

Gill (1990)

Southern Australia

Not applicable

Desktop study i.e. what we
know and what we need to
know about fire in the mallee

How fire suppression in mallee
vegetation affects species conservation.
Importance of monitoring to underpin
management plans.

Goodall (1954)

Mallee vegetation (Vic)

256, 25m2 quadrats in
a 640 m2 area

Vegetation survey

Fourteen most frequently recorded
species were used in an ordination
analysis to give species distribution and
potential reasons for that distribution.

Hahs et al.
(1999)

Little Desert National
Park (Vic)

200 plots – 5 x 100 m2 Vegetation survey
circular plots along
200 m transects

Holland (1968)

Yara Reserve (NSW)
2 ha at each with 57 8
and Wyperfeld National x 4 m quadrats
Park (Vic)

Holland (1969a) Yara Reserve (NSW)
2 ha at each
and Wyperfeld National
Park (Vic)

Description of vegetation types
including species richness and soil
characteristics. Callitris rhomoidea
dynamics including density, basal area
and seed retention in cones.

Aerial biomass (in 1 m2
subsamples in each quadrat)
change over different seasons

Changes in aerial biomass with seasonal
change separated into annuals and
perennials for both reserves

Estimation of tissue production
in three eucalypt species.

Structural indices for each eucalypt
species – bifurcation ratio, no. of
branching orders, leaf area index and
age.

210

Appendix 1

Holland (1969c) Yara Reserve (NSW)
2 ha at each
and Wyperfeld National
Park (Vic)

Measurement of eucalypt stem
diameter at approximately two
month intervals for one year.

Changes in biomass over the survey
period.

Jacobs (1980)

Mt Hope district
(NSW)

Triodia at four time-since-fire
ages

Cover and size range of Triodia in the
different time-since-fire age groups

Kuzniarski
(2007)

Murray-Sunset National 10 x 10 m quadrats
Park (Vic)
100 m transects

The influence of time-sincefire and vegetation structural
attributes on ant communities
(six time-since-fire ages)

Vegetation structure variation with timesince-fire. Relationship between ant
communities and vegetation structure.

Land
Conservation
Council (1987)

Mallee vegetation on
other public land (Vic)

1300 quadrats (size
not stated)

Vegetation surveys

Vegetation communities – distribution
and descriptions with key species.

Macfarlane
(1994)

Hattah-Kulkyne
National Park (Vic)

30 x 30 m quadrats

Influence of time-since-fire on
mallee vegetation composition

Differences in community composition
and richness.

Morelli (1990)

Danggali Conservation
Park (SA)

10 individuals of each
species at six different
time-since-fire sites

Demographic study of six
species

Age to maturity and species longevity.
Seed longevity, dispersal, dormancy
mechanisms, predation and production.
Differences in seed and vegetative
regeneration (percent categories) per
species per time-since-fire age.

Morcom and
Westbrooke
(1990)

Mallee Cliffs National
Park (NSW)

92 quadrats – 10 x 10
m along transects
(four time-since-fire
ages)

Ground truthing of vegetation
differences seen in aerial
photography and satellite
imagery

Description of vegetation communities
present

Semi-arid woodlands
(~9320 ha)

Development of a state and
transition model to enhance
rehabilitation efforts

Phase shifts within major components of
the semi-arid woodlands.

Murdoch (2006) Hattah-Kulkyne
National Park (Vic)

Not stated
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Noble (1982)

NSW

20 ha plots

Synthesis of author’s work and
theoretical understanding of
mallee eucalypts

Eucalypt and T. scariosa seedling
recruitment and survivorship post-fire.
Importance of season of burn and
frequency in eucalypt mortality.

Noble (1984)

Pooncarie (NSW)

900 m2 plots

Experimental burns focussing
on season and frequency

Season and frequency of burn that
imposed the greatest stress on mallee
vegetation regeneration (especially the
eucalypts)

Noble (1986)

Nagaella, Tarawi,
Birdwood, Earl, Mt
Dispersion, Oakdale
and Mawonga Stations
(NSW)

Not stated

Use of aerial ignition for
prescribed burning

Weather conditions, fuel type, load (kg
ha-1) and moisture, rate of fire spread,
fireline intensity

Noble and
Vines (1993)

Nagaella, Tarawi,
Birdwood and
Mawonga Stations
(NSW)

Belt transects ~1.2 m
wide of varying
lengths

Triodia dynamics e.g.
regeneration and changes in
hummock morphology

Fuel distribution and Triodia
regeneration and survivorship.
Relationship between above-average
rainfall events, Austrostipa spp. flushes
and big fires.

Noble (2001)

Kerribee and Birdwood
Stations (NSW)

Kerribee – duplicate
Investigation of lignotubers
2
100 cm sections on
and fire frequency required for
19 lignotubers
meristem death
Birdwood – 3 belt
transects (5 x 200m)
in ~400 ha control
burn, 20 mallee genets

Kerribee - lignotuber dimensions and
their meristem populations
Birdwood – total number of active buds
per lignotuber post-fire and number of
decapitation treatments required for no
further budding.

Noy-Meir
(1971)

Semi-arid vegetation in
Murray-Darling Basin

50 x 10 m quadrats
Survey of semi-arid vegetation
(perennial plants) with

Separation of this vegetation into
different communities/associations
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(Vic, SA, NSW)12

a 24 x 1 m subquadrat (ephemeral
plants)

O’Brien et al.
(1986)

Wyperfeld National
Park (Vic)

Varied depending on
data collected

Frost effects on mallee
vegetation regeneration.
Laboratory and in situ
experiments.

Seed viability following laboratory
studies. Recovery in situ following
‘frost’ treatment. Seedling distribution
under frost-affected trees.

O’Brien (1989)

Wyperfeld National
Park (Vic)

5 x 150 m quadrats

Frost effects on mallee
vegetation and seed viability of
selected species.

Mortality and regeneration of species
following the frost event. Seed viability
of select species.

Onans (1979)

Piangil-Annuello area
(Vic)

Transects - species
intercept method

Post-disturbance (agriculture)
changes in vegetation
composition.

Grazing impacts, community
composition at sites of different timesince-disturbance and similarity or
dissimilarity between these
communities.

Onans and
Parsons (1980)

Piangil-Annuello area
(Vic)

Not stated

Regeneration on abandoned
farmland (different postdisturbance ages).

Relationship between different postdisturbance plant communities based on
species abundances. Relationship
between species and particular timesince-disturbance communities.

Parsons (1968a)

Keith and Wirrega (SA)

4 plants per pot x 3
species with replicates

Experimental – influence of
water logging and salinity on

Mortality, plant size, dry weight for all
three species for both experiments

12

based on ordination methods.
Characteristic species for each
community and their distribution.
Separation between semi-arid mallee,
woodland + shrubland, and temperate
mallee + heath. Graduation of species
between them.

Encompasses entire Murray-Mallee study area and more.
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for water logging and
salinity experiments

eucalypt growth

Parsons (1968b)

Ninety Mile Plain (SA)

Not applicable

Germination trials of three
eucalypt species and seedling
establishment

Germination rates in the laboratory and
field.

Robinson et al.
(2009)

Murraylands and
Riverlands (SA)

Quadrats

Vegetation surveys

Vegetation maps and communities - preEuropean and current distribution.

Sandell et al.
(2006)

Murray-Sunset National Not stated
Park (Vic)

Prescribed burning of a fire
break strip

Weather conditions on the day and the
success of the prescribed burn.

Schlesinger et
al. (1997)

Mt Hope, Yathong and
Nombinnie Nature
Reserves, and
Mawonga Station
(NSW)

20 L buckets for
pitfall traps + 400 m2
plot for Triodia
measurements

Influence of time-since-fire on
Triodia, invertebrates and
reptiles

Relationship between Triodia cover and
species captured. Differences in fire
history with respect to Triodia and
species captured.

Sparrow (1989)

All mallee vegetation
(SA)

Not applicable

Synthesis of published mallee
vegetation data in SA and
author’s unpublished data

Vegetation communities/associations
defined by dominant eucalypts in SA
mallee

Sparrow (1990)

South Australia

0.1 ha

Survey of native perennial
plants

Five complexes of mallee vegetation

Specht (1966a)

Dark Island soak (SA)

6 quadrats (5 square
yards)

Biomass of Eucalyptus costata
and Melaleuca uncinata
vegetation for 12 years
following fire

Distribution of eucalypt clumps and
density. Nutrient uptake and
comparison with heath (Banksia ornata
dominated) vegetation. Changes in
standing biomass for 12 years post-fire.
Density of M. uncinata and Babingtonia
behrii.
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Tiver et al.
(1989)

Eyre Peninsula (SA)

0.1 ha quadrats

Floristic composition of native
perennials and environmental
data

Classification of vegetation
communities (seven associations)

Wellington &
Noble (1985a)

Wyperfeld National
Park (Vic)

1 m2 quadrats along
transects (1611 m2
burnt & 1000 m2
unburnt)

Unburnt vs. burnt areas.
Germination and survivorship
of eucalypt seedlings post-fire.

Number of seedlings and their
survivorship in each treatment.

Wellington &
Noble (1985b)

Wyperfeld National
Park (Vic)

Not stated

Unburnt vs. burnt areas.
Investigation of seed supply,
soil seed reserves, seed
harvesting, establishment of a
soil seedbank, viability, and,
germination and establishment
of seed.

Records of seed fall, seed presence in
the soil, influence of seed harvesting and
changes in seed viability.

White (2006)

Mallee vegetation (Vic)

Not stated

Ground truthing of ecological
vegetation classes (EVCs)

EVCs with key species and their
distribution and fire regimes within
them

Whittaker et al.
(1979)

Rankin Springs &
Weethall (NSW)

0.1 ha (x 2)

Immature vs. mature mallee

Structural change within lifeforms and
species. Changes in eucalypt stem
diameter and vegetation patterns (i.e.
spacing between patches).

Wood (1929)

Vic, SA and NSW

Not stated

Synthesis of mallee vegetation
data (author’s own work and
that of other researchers)

Factors determining distribution of
mallee vegetation (climate and edaphic).
Community composition and
characteristic species.
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Wouters (2004)

Mallee vegetation (Vic)

All mallee reserves

Investigation of fire history &
age distribution of
communities

Fire history and age distribution of
vegetation communities within
Victorian mallee. Predicted mallee
habitat in 2015, 2025 and 2035.

Yen et al.
(1990)

Eastern Sunset country
(Vic)

40 sites

Survey of vegetation,
mammals, birds, reptiles,
amphibians and invertebrates

Cluster analysis of how these taxa group
together. Seven major vegetation types
resulted.

Zimmer (1937)

Mallee vegetation
(Vic)13

4000 square miles

Synthesis of previous work

Vegetation types (six) – distribution and
characteristic species. Influence of
rainfall and soil on vegetation type
distribution.

Zimmer (1940)

Mallee vegetation north
of Hattah (Vic)

25 acres

Burnt vs. unburnt vegetation,
in particular annual and
ephemeral species

Differences in species richness between
burnt and unburnt. Plant heights and
root development in seedlings of
selected species. Importance of fire for
flush of ephemeral species.

Zimmer (1944)

Millewa and Wimmera
(Vic), Murray-Mallee,
Yorke and portions of
Eyre Peninsulas and
outliers in north-east
(SA), regions north of
the River Murray
(NSW)

Not stated

Synthesis of factors
determining mallee vegetation
distribution especially climatic
and edaphic factors

Distribution of species across the
mallee. Lifeforms present, species list,
descriptions of specific vegetation
communities e.g. Coomealla (Vic) and
Koonamore (SA)

13

Bordered by the Murray River (north), South Australian border (west), Hattah and Wemen (south/east).

216

Appendix 2

Appendix 2: Species recorded at the sub-regional and regional scales within the Murray-Mallee
Table A2.1: Species recorded in the Hattah-Kulkyne and Murray-Sunset National Parks sub-region of the Murray-Mallee. (* indicates which study
mosaics species were recorded in.)
Family

Mosaic

Species

1

2

3

4

5

Asteraceae

Helichrysum leucospideum

Asteraceae

Olearia lepidophylla

Asteraceae

Olearia magniflora

*

*

Asteraceae

Olearia muelleri

*

*

Asteraceae

Olearia passerinoides

*

Asteraceae

Olearia pimeleoides

*

Asteraceae

Olearia rudis

Asteraceae

Ozothamnus decurrens

Asteraceae

Vittadinia dissecta

Boraginaceae

Halgania andromedifolia

Boraginaceae

Halgania cyanea

Brassicaceae

Lepidium leptopetalum

Caesalpiniaceae

Senna artemisioides subsp. coriacea

Caesalpiniaceae

Senna artemisioides subsp. filifolia

6

7

8

9

*
*

*

12

*
*
*

*

*

*
*

11

*

*

*
*

10

*

*

*

*

*

*

*

*
*

*
*

*
*

*

*

*

*
*

*

*

*
*

*

*

*

*

*
*
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Caesalpiniaceae

Senna artemisioides subsp. petiolaris

*

Caesalpiniaceae

Senna artemisioides subsp. zygophylla

*

Casuarinaceae

Allocasuarina muelleriana subsp. muelleriana

Chenopodiaceae

Rhagodia preissii

Chenopodiaceae

Atriplex sp.

Chenopodiaceae

Atriplex stipitata

*

Chenopodiaceae

Atriplex vesicaria

*

Chenopodiaceae

Chenopodiaceae sp. 2

Chenopodiaceae

Chenopodium curvispicatum

*

*

Chenopodiaceae

Chenopodium desertorum

*

*

Chenopodiaceae

Chenopodium desertorum subsp. desertorum

*

Chenopodiaceae

Dissocarpus sp.

*

Chenopodiaceae

Einadia nutans subsp. nutans

Chenopodiaceae

Enchylaena tomentosa var. tomentosa

Chenopodiaceae

Eriochiton sclerolaenoides

Chenopodiaceae

Maireana appressa

Chenopodiaceae

Maireana pentatropis

*

Chenopodiaceae

Maireana pyramidata

*

Chenopodiaceae

Maireana radiata

Chenopodiaceae

Maireana sedifolia

Chenopodiaceae

Maireana sp.

*
*

*

*

*
*
*

*
*

*

*
*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*
*
*

*
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Chenopodiaceae

Maireana triptera

*

Chenopodiaceae

Rhagodia spinescens

*

Chenopodiaceae

Salsola tragus

*

Chenopodiaceae

Sclerolaena diacantha

*

*

*

Chenopodiaceae

Sclerolaena parviflora

*

*

*

Cupressaceae

Callitris gracilis subsp. murrayensis

*

Cupressaceae

Callitris sp.

*

*

*

Cupressaceae

Callitris verrucosa

*

*

*

Dilleniaceae

Hibbertia riparia

Dilleniaceae

Hibbertia virgata

Epacridaceae

Brachyloma ericoides

*

Epacridaceae

Leucopogon cordifolius

*

Euphorbiaceae

Bertya tasmanica subsp. vestita

*

Euphorbiaceae

Beyeria lechenaultii

*

Euphorbiaceae

Beyeria opaca

*

Fabaceae

Aotus subspinescens

Fabaceae

Eutaxia microphylla

Fabaceae

Fabaceae sp.

Fabaceae

Templetonia sulcata

Goodeniaceae

Scaevola spinescens

Gyrostemonaceae

Codonocarpus cotinifolius

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*
*

*
*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*
*
*
*
*
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Lamiaceae

Prostanthera serpyllifolia subsp. microphylla

*

Lamiaceae

Westringia rigida

*

Lauraceae

Cassytha melantha

Loganiaceae

Logania nuda

Mimosaceae

Acacia acanthoclada subsp. acanthoclada

Mimosaceae

Acacia brachybotrya

Mimosaceae

Acacia colletioides

Mimosaceae

Acacia ligulata

Mimosaceae

Acacia notabilis

Mimosaceae

Acacia oswaldii

Mimosaceae

Acacia rigens

*

*

*

Mimosaceae

Acacia sclerophylla var. sclerophylla

*

*

*

*

Mimosaceae

Acacia wilhelmiana

*

*

*

*

Myoporaceae

Eremophila crassifolia

Myoporaceae

Eremophila glabra

Myoporaceae

Eremophila oppositifolia subsp. oppositifolia

Myoporaceae

Myoporum platycarpum subsp. platycarpum

Myrtaceae

Babingtonia behrii

Myrtaceae

Baeckea crassifolia

Myrtaceae

Calytrix tetragona

Myrtaceae

Eucalyptus calycogona

*

*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

*

*
*

*

*

*

*

*
*

*

*

*
*
*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*
*

*

*
*
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Myrtaceae

Eucalyptus costata subsp. murrayana

Myrtaceae

Eucalyptus cyanophylla

Myrtaceae

Eucalyptus dumosa

*

Myrtaceae

Eucalyptus gracilis

*

Myrtaceae

Eucalyptus leptophylla

*

*

*

Myrtaceae

Eucalyptus oleosa subsp. oleosa

*

*

Myrtaceae

Eucalyptus socialis

*

Myrtaceae

Eucalyptus sp.

Myrtaceae

Leptospermum coriaceum

Myrtaceae

Melaleuca acuminata subsp. acuminata

Myrtaceae

Melaleuca lanceolata subsp. lanceolata

Myrtaceae

Melaleuca uncinata

Phormiaceae

Dianella sp.

Pittosporaceae

Billardiera cymosa

Pittosporaceae

Pittosporum angustifolium

Poaceae

Triodia scariosa

Proteaceae

Grevillea huegelii

Proteaceae

Grevillea pterosperma

*

Proteaceae

Hakea mitchellii

*

Proteaceae

Hakea tephrosperma

*

Ranunculaceae

Clematis microphylla

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*
*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*
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Rhamnaceae

Cryptandra tomentosa

Rhamnaceae

Stenanthemum leucophractum

Rutaceae

Boronia coerulescens subsp. coerulescens

Rutaceae

Phebalium bullatum

Santalaceae

Exocarpos sparteus

Sapindaceae

Alectryon oleifolius subsp. canescens

Sapindaceae

Dodonaea bursariifolia

Sapindaceae

Dodonaea stenozyga

Sapindaceae

Dodonaea viscosa subsp. angustissima

Solanaceae

Lycium australe

Thymelaeaceae

Pimelea microcephala subsp. microcephala

Thymelaeaceae

Pimelea trichostachya

Violaceae

Hybanthus floribundus subsp. floribundus

Xanthorrhoeaceae

Lomandra leucocephala subsp. robusta

Xanthorrhoeaceae

Lomandra sp.

Zygophyllaceae

Nitraria billardierei

Zygophyllaceae

Zygophyllum apiculatum

Zygophyllaceae

Zygophyllum aurantiacum subsp. aurantiacum

Zygophyllaceae

Zygophyllum eremaeum

*

*

*

*
*

*
*

*

*

*

*

*

*
*
*

*

*

*

*

*

*

*
*

*

*

*
*

*

*
*

*

*

*
*

*

*

*
*
*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*
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Table A2.2: Species recorded at the regional scale in the Murray-Mallee study area. (* indicates the study mosaic in which species were recorded.
M01 – 12 = Hattah-Kulkyne and Murray-Sunset National Parks, M13 – 16 = Gluepot Reserve, M17 – 18 = Billiatt Conservation Park, M19 – 20 =
Danggali Conservation Park, M21 – 22 = Scotia Sanctuary, M23 – 24 = Tarawi Nature Reserve, M25 – 26 = Mallee Cliffs National Park, M27 = Petro
Reserve and M28 = Lethero Reserve.)
Family
Amaranthaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae

Species
Ptilotus obovatus
subsp. obovatus
Cratystylis
concephala
Helichrysum
leucospideum
Olearia
lepidophylla
Olearia
magniflora
Olearia muelleri
Olearia
passerinoides
Olearia
pimeleoides
Olearia rudis
Olearia sp.
Olearia
subspicata
Ozothamnus
decurrens

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Mosaic
15 16

17

18

19

*
*
*

*

*

*

23

24

25

26

*

*

*

*

*

*
*

*

*

*

*

*

*
*

22

*

*
*

*
*

21

*

*

*

20
*

*

*
*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*
*
*

*
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Asteraceae
Asteraceae
Boraginaceae
Boraginaceae
Brassicaceae
Caesalpiniaceae
Caesalpiniaceae
Caesalpiniaceae
Caesalpiniaceae
Casuarinaceae

Casuarinaceae
Chenopodiacaea
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae

Vittadinia
dissecta
Vittadinia sp.
Halgania
andromedifolia
Halgania cyanea
Lepidium
leptopetalum
Senna
artemisioides
subsp. coriacea
Senna
artemisioides
subsp. filifolia
Senna
artemisioides
subsp. petiolaris
Senna
artemisioides
subsp. zygophylla
Allocasuarina
muelleriana
subsp.
muelleriana
Allocasuarina
pusilla
Rhagodia preissii
Atriplex sp.
Atriplex stipitata
Atriplex vesicaria
Chenopodiaceae
sp. 1

*

*

*

*

*
*
*

*

*

*

*
*

*

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*
*

*

*

*

*

*
*
*

*
*
*

*
*

*

*

*
*

*
*

*
*
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Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae

Chenopodiaceae
sp. 2
Chenopodiaceae
sp. 3
Chenopodiaceae
sp. 4
Chenopodiaceae
sp. 5
Chenopodiaceae
sp. 6
Chenopodium
curvispicatum
Chenopodium
desertorum
Chenopodium
desertorum subsp.
anidiophyllum
Chenopodium
desertorum subsp.
desertorum
Chenopodium
desertorum subsp.
rectum
Dissocarpus
paradoxus
Dissocarpus sp.
Einadia nutans
subsp. nutans
Enchylaena
tomentosa var.
tomentosa
Eriochiton

*
*
*

*

*

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*
*
*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*
*
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Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae

sclerolaenoides
Maireana
appressa
Maireana georgei
Maireana
pentatropis
Maireana
pyramidata
Maireana radiata
Maireana
sedifolia
Maireana sp.
Maireana sp. 1
Maireana sp. 2
Maireana
trichoptera
Maireana triptera
Maireana
turbinata
Rhagodia
spinescens
Salsola tragus
Sclerolaena
convexula
Sclerolaena
diacantha
Sclerolaena
limbata
Sclerolaena
obliquicuspis
Sclerolaena

*

*

*

*

*

*

*

*

*

*
*
*

*
*

*

*

*

*
*

*
*

*
*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*
*
*

*

*

*

*

*

*

*
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*

*

*
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*
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*
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*
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*
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Chenopodiaceae
Convolvulaceae
Cupressaceae
Cupressaceae
Cupressaceae
Cupressaceae
Dilleniaceae
Dilleniaceae
Epacridaceae
Epacridaceae
Epacridaceae
Euphorbiaceae
Euphorbiaceae
Euphorbiaceae
Fabaceae
Fabaceae
Fabaceae

parviflora
Sclerolaena
patenticuspis
Convolvulus
remotus
Callitris
glaucophylla
Callitris gracilis
subsp.
murrayensis
Callitris sp.
Callitris
verrucosa
Hibbertia riparia
Hibbertia virgata
Astroloma
conostephioides
Brachyloma
ericoides
Leucopogon
cordifolius
Bertya tasmanica
subsp. vestita
Beyeria
lechenaultii
Beyeria opaca
Aotus
subspinescens
Bossiaea walkeri
Daviesia
benthamii subsp.
acanthoclona

*
*

*

*

*
*

*

*

*
*

*

*
*

*
*

*

*

*
*

*

*

*

*

*

*

*

*
*
*

*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
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Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Goodeniaceae
Goodeniaceae
Goodeniaceae
Gyrostemonaceae
Gyrostemonaceae
Lamiaceae
Lamiaceae

Lamiaceae
Lamiaceae
Lauraceae

Daviesia
ulicifolia
Dillwynia
uncinata
Eutaxia
microphylla
Fabaceae sp.
Pultenaea
densifolia
Pultenaea
tenuifolia
Templetonia
sulcata
Dampiera
rosmarinifolia
Goodenia varia
Scaevola
spinescens
Codonocarpus
cotinifolius
Gyrostemon
australasicus
Dicrastylis
verticillata
Prostanthera
serpyllifolia
subsp.
microphylla
Prostanthera sp.
Westringia rigida
Cassytha
melantha

*
*
*

*

*

*

*

*

*

*

*

*

*
*
*
*

*

*
*

*
*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
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Loganiaceae
Mimosaceae

Mimosaceae
Mimosaceae
Mimosaceae
Mimosaceae
Mimosaceae
Mimosaceae
Mimosaceae
Mimosaceae
Mimosaceae
Mimosaceae
Myoporaceae
Myoporaceae
Myoporaceae
Myoporaceae
Myoporaceae

Logania nuda
Acacia
acanthoclada
subsp.
acanthoclada
Acacia
brachybotrya
Acacia burkittii
Acacia
colletioides
Acacia ligulata
Acacia notabilis
Acacia
nyssophylla
Acacia oswaldii
Acacia rigens
Acacia
sclerophylla var.
sclerophylla
Acacia
wilhelmiana
Eremophila
crassifolia
Eremophila
desertii
Eremophila
glabra
Eremophila
glabra subsp.
glabra
Eremophila
glabra subsp.

*

*

*

*
*

*

*

*
*

*

*

*

*

*

*
*

*

*

*

*

*

*
*

*

*

*
*

*
*

*
*

*

*

*

*

*
*

*
*

*
*

*

*

*
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*
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*
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Myoporaceae
Myoporaceae

Myoporaceae
Myoporaceae
Myoporaceae

Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae

murrayana
Eremophila
longifolia
Eremophila
oppositifolia
subsp.
oppositifolia
Eremophila
scoparia
Eremophila
sturtii
Myoporum
platycarpum
subsp.
platycarpum
Babingtonia
behrii
Baeckea
crassifolia
Calytrix
tetragona
Eucalyptus
calycogona
Eucalyptus
costata subsp.
murrayana
Eucalyptus
cyanophylla
Eucalyptus
dumosa
Eucalyptus
gracilis

*
*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*
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Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Phormiaceae
Pittosporaceae
Pittosporaceae
Poaceae
Polygonaceae
Polygonaceae
Proteaceae
Proteaceae

Eucalyptus
leptophylla
Eucalyptus oleosa
subsp. oleosa
Eucalyptus
socialis
Eucalyptus sp.
Leptospermum
coriaceum
Melaleuca
acuminata subsp.
acuminata
Melaleuca
lanceolata subsp.
lanceolata
Melaleuca
uncinata
Dianella sp.
Billardiera
cymosa
Pittosporum
angustifolium
Triodia scariosa
Muehlenbeckia
diclina subsp.
diclina
Muehlenbeckia
florulenta
Grevillea huegelii
Grevillea
ilicifolia subsp.
ilicifolia

*

*

*

*

*

*
*
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*
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Proteaceae
Proteaceae
Proteaceae
Proteaceae
Ranunculaceae
Rhamnaceae
Rhamnaceae
Rhamnaceae
Rhamnaceae

Rhamnaceae
Rubiaceae
Rutaceae

Rutaceae
Santalaceae

Grevillea
pterosperma
Hakea leucoptera
subsp. leucoptera
Hakea mitchellii
Hakea
tephrosperma
Clematis
microphylla
Cryptandra
propinqua
Cryptandra
tomentosa
Cryptandra
tomentosa
complex
Spyridium
subochreatum
var.
subochreatum
Stenanthemum
leucophractum
Opercularia
scabrida
Boronia
coerulescens
subsp.
coerulescens
Phebalium
bullatum
Exocarpos
aphyllus

*

*

*

*

*

*

*
*
*

*

*

*
*

*

*

*

*

*
*
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Santalaceae
Santalaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Solanaceae
Solanaceae
Solanaceae
Solanaceae
Thymelaeaceae

Thymelaeaceae
Violaceae

Xanthorrhoeaceae

Exocarpos
sparteus
Santalum
acuminatum
Alectryon
oleifolius subsp.
canescens
Dodonaea
bursariifolia
Dodonaea
stenozyga
Dodonaea
viscosa subsp.
angustissima
Duboisia
hopwoodii
Lycium australe
Solanum
coactiliferum
Solanum esuriale
Pimelea
microcephala
subsp.
microcephala
Pimelea
trichostachya
Hybanthus
floribundus
subsp.
floribundus
Lomandra
leucocephala
subsp. robusta

*

*

*
*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*
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Xanthorrhoeaceae
Zygophyllaceae
Zygophyllaceae
Zygophyllaceae

Zygophyllaceae

Lomandra sp.
Nitraria
billardierei
Zygophyllum
apiculatum
Zygophyllum
aurantiacum
subsp.
aurantiacum
Zygophyllum
eremaeum

*

*

*

*

*

*

*
*

*
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*
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Appendix 3: Soil seed bank pilot study
The aim of the pilot study was to determine the soil pre-treatments that resulted in
maximum seed germination.

Soil collection
Soil samples were collected as part of the larger soil seed bank study (Chapter 5). At 42
1980s burnt sampling points an additional set of 30 soil samples were collected. These
samples were collected every 5 m at three points within a 50 x 10 m quadrat (Figure
A3.1). Soil was stored dry in paper bags until used in glasshouse trials.

Figure A3.1: Soil collection within a 50 x 10 m quadrat at sampling points across the
Murray-Mallee.

Glasshouse trials
Glasshouse trials were set up between 8 – 9th May 2007 and were completed on the 28th
September 2007. Half tray punnets (33.5 cm long x 14 cm wide x 5.5 cm deep) were
lined with a 2 cm layer of Debco seed raising mix and then covered by a 2 cm layer of
sample soil. The seed raising mix had been steam sterilised for approximately 1 hr at 75
ºC to minimise possible seed contamination from the seed raising mix. Half tray punnets
(hereafter, trays) were randomly placed on the benches interspersed with trays containing
only seed raising mix, which were not further treated. These trays were used to indicate
the presence of contaminant species. Soil samples from the 42 sampling points were
treated with one of three germination treatments: heat, smoke, heat-smoke. An untreated
control was also used. There was one tray per treatment per sampling point, giving 168
trays in total.
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Commercially available Regen 2000 Smokemaster was used to treat the smoke and heatsmoke soil samples. The soil samples were treated with undiluted smoke water at a
concentration of 100 ml per 1 m2. This was applied weekly for three weeks. These
samples were kept separate from non-smoke samples during the three week application
period in order to prevent cross-contamination. Trays were randomised within this
constraint for the first three weeks and were then randomised across all samples for the
remainder of the trial. Hand watering occurred approximately 24 hours after the first
smoke water application to avoid leaching of the smoke water.
Heat treated soil samples were placed in aluminium trays and heated at 80 ºC for 1 hr in a
pre-heated oven. Samples were then transferred to seedling trays in the glasshouse on
the same day. These samples (and the control samples) were hand watered on the day of
potting. The heat-smoke samples were first heat treated and then treated with smoke
water (as above) after being transferred to the glasshouse.
All samples were hand watered for the first week after potting. Automatic watering was
initially twice daily before being changed to daily (approximately 5 weeks later) to avoid
water logging of the samples. Trays were also raised from direct contact with the
glasshouse bench tops during this time to increase drainage.
Monitoring occurred weekly or fortnightly for the five month trial. Once germinants
were distinguishable they were named and potted out. Subsequent germinants of the
same species were recorded and removed. Trays were randomized at each monitoring
session to prevent positioning artefacts affecting the trial results. Species identification
was carried out during and following the pilot study. Nomenclature follows Harden
(1992, 1993, 2000, 2002), Barker et al. (2005), and Walsh and Stajsic (2007).

Analysis
The total number of individuals and species germinated per treatment was calculated by
summing across all sampling points within each treatment. Analysis of variance
(ANOVA) was carried out to test for differences in total number of germinants and
species composition between treatments. Species composition analysis excluded species
with less than 10 individuals to avoid unique or uncommon species unduly affecting
analysis results. Tukey’s post-hoc test was also carried out in order to determine which
individual treatments contributed to any overall difference in treatments. These analyses
were carried out in R v. 2.10.1 (R Development Core Team 2009).
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Results
Twenty-two species were recorded from the pilot glasshouse trials. Two species were
dominant within all treatments: Calandrinia eremea and Crassula sieberiana. Although
the number of species varied between treatments (Table A3.1), no identified species was
unique to a particular treatment. Some species did show a preference towards particular
treatments, e.g. Grevillea sp. which germinated in the heat-smoke and smoke treatments
suggesting smoke is a germination cue. Germinated species were predominantly forbs,
herbs and grasses.
Table A3.1: The number of individual per species that germinated in the soil seed bank
pilot study.
Family

Species

Treatment
Control

Heat

Heatsmoke

Smoke

Mimosaceae

Acacia spinescens

0

4

1

0

Asteraceae

Angianthus
tomentosus

8

7

1

3

Asteraceae

Asteraceae sp.

9

11

3

2

Poaceae

Avellinia mitchelii

23

26

4

7

Liliaceae

Bulbine semibarbata

2

5

3

0

Portulacaceae

Calandrinia eremaea

71

131

14

12

1

6

1

2

176

247

27

32

Chenopodiaceae Chenopodium
desertorum
Crassulaceae

Crassula sieberiana

Sapindaceae

Dodonaea
bursariifolia

0

1

2

0

Protaceae

Grevillea sp.
(?pterosperma)

0

0

1

1

Haloragaceae

Halogaris
odontocarpa forma
pterocarpa

4

4

3

15

Cyperaceae

Schoenus subapyllus

2

3

2

1

Brassicaceae

Stenopetalum
sphaerocarpum

2

2

2

1

Campanulaceae

Wahlenbergia
communis

3

5

3

1

Unknown

Species 1

2

1

0

2

Unknown

Species 2

0

1

0

0
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Unknown

Species 3

1

1

1

0

Unknown

Species 4

0

0

0

1

Unknown

Species 5

1

2

0

2

Unknown

Species 6

0

1

0

0

Unknown

Species 7

4

3

3

1

Whilst the number of species varied little between treatments the total number of
individuals did vary between treatments (Figure A3.2). The heat and control treatments
showed the greatest germination. An analysis of variance (ANOVA) indicated that
treatments were significantly different (F = 12.779, p < 0.0001). Tukey post-hoc tests
showed that all treatment comparisons, with the exception of heat vs. control and smoke
vs. heat-smoke, were significantly different (smoke vs. control at p < 0.05; heat-smoke
vs. control at p < 0.01; heat-smoke vs. smoke and smoke vs. heat at p < 0.0001).
Species composition (species with ≥ 10 individuals germinated) did not differ
significantly between treatments (F = 0.6027, p = 0.6313), and no individual species was
significantly related to a particular treatment.
500

Total number of individuals

450
400
350
300
250
200
150
100
50
0
control

heat

heat-smoke

smoke

Soil pre-treatments

Figure A3.2: Total number of individuals germinated per soil treatment in the soil seed
bank pilot study.
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Appendix 4: Species recorded in the soil seed bank study: germinant and standing floras14
Table A4.1: Species that germinated in glasshouse trials. Unique species exclude those that are not identified to species level. (* indicates which study
mosaic soil samples species germinated from. M01 – 11 = Hattah-Kulkyne and Murray-Sunset National Parks, M13 – 16 = Gluepot Reserve, M17 –
18 = Billiatt Conservation Park, M19 – 20 = Danggali Conservation Park, M21 = Scotia Sanctuary, M23 – 24 = Tarawi Nature Reserve, M25 – 26 =
Mallee Cliffs National Park and M28 = Lethero Reserve.)
Family

Mosaic

Species

Unique

1 2 3 4 5 6 7 8 9 10 11 13 14 15 16 17 18 19 20 21 23 24 25 26 28
Apiaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae

14

Daucus
glochidiatus
Actinobole
uliginosum
Angianthus
tomentosus
Asteraceae sp.

* *

Blennospora
drummondii
Brachyscome
ciliaris
Brachyscome
lineariloba
Calotis
cymbacantha

* * *
* * *

*

* * *
*

* * * * *


*

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

* * * * *

*

*

*

* * * * *

*

*

*

*
*


*

*

*

*




*

*

Note: mosaics 12, 22 and 27 were not surveyed during the soil seed bank study as they did not contain the applicable time-since-fire ages.
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Asteraceae

Calotis hispidula

Asteraceae

Chrysocephalum
apiculatum
Conyza
bonariensis
Eclipta platyglossa

Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae

* * *

* * * * *

*

*

*
* * *

*

* * *

*

*

*

*

*

*

*
*

*

*



*

*



*
*

*

*

*

*

*

*

Euchiton
sphaericus
Gnephosis
tenuissima
Hypochoeris
glabra
Lactuca serriola

*

Millotia tenuifolia
var. tenuifolia
Olearia
lepidophylla
Podolepis
capillaris
Podotheca
angustifolium
Pogonolepis
muelleriana
Pseudognaphalium
luteoalbum
Rhodanthe
moschata
Senecio
glossanthus
Senecio sp.

*


*

*

*

*

*


*

*

*

* * *

*

*

*

*

*

*

*



*
*

* *

*

*

*



*

*
*

*

*



*

*

*

*

*

*

*

*

*

*

* * *




*
* *

*

*

* *

*

*

*


*


*
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Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Campanulaceae
Campanulaceae
Campanulaceae
Caryophyllacae
Caryophyllaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae

Harmsiodoxa
blennodioides
Menkea australis
Stenopetalum
lineare
Stenopetalum
sphaerocarpum
Wahlenbergia
?stricta
Wahlenbergia
communis
Wahlenbergia
gracilenta
Caryophyllaceae
sp.
Scleranthus
minusculus
Chenopodium
cristatum
Chenopodium
desertorum subsp.
desertorum
Chenopodium sp.
Dissocarpus
paradoxus
Einadia nutans
subsp. nutans
Sclerolaena
convexula
Sclerolaena
diacantha

*
* * * * *
*

* * * *

* * *

* * * *

*

* * * *

* *

* * * * *

* * *

*

*

*
*

*

* *

* * *

* * *

*

*

*

*

* * * * * *

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*



*

*
*

*

*

*

*

*

*




*




*

*

*

*

*

*

*



*

*



*

*

*

*

*

*

*

*

*

*

*

*


*

* *

*

*

*

*

*

*

*

*

*

*

* *

* *



*
*

*

*

*

*

*

*



* * * * * * *

*
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Clusiaceae
Convolvulaceae
Crassulaceae
Cyperaceae
Cyperaceae
Euphorbiaceae

Hypericum
gramineum
Convolvulus
remotus
Crassula
sieberiana
Gahnia lanigera
Schoenus
subaphyllus
Euphorbia sp.

Fabaceae

Poranthera
microphylla
Fabaceae sp.

Fabaceae

Medicago minima

Geraniaceae

Pelargonium
australe
Goodenia varia

Euphorbiaceae

Goodeniaceae
Goodeniaceae
Goodeniaceae
Haloragaceae
Juncaginaceae
Lamiaceae
Lamiaceae

Goodenia
willisiana
Velleia connata
Haloragis
odontocarpa forma
pterocarpa
Triglochin
calcitrapum
Dicrastylis
verticillata
Westringia rigida

*


*

* * * * * * * * * *

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*
* * *



* * * *

*

* *

*

*

*

*

*

*

*

*

*
*

*
*

*

*



* * *


*

*
*

*

*

*

*

*

*

*

* *

*

* * *

*

* *

*

*

*

*

* *

*
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*

*

*

*

*

*

*



*
*

*

*

*

Appendix 4

Mimosaceae

Bulbine
semibarbata
Acacia sp.

Mimosaceae

Acacia spinescens

Myoporaceae

Eremophila glabra

Myoporaceae

Myoporum sp.

Myrtaceae

Eucalyptus sp. 1

Myrtaceae

Eucalyptus sp. 2

Myrtaceae

Eucalyptus sp. 3

Myrtaceae

Melaleuca sp.

Oxalidaceae

Oxalis radicosa

Pittosporaceae

Pittosporum
angustifolium
Plantago
cunninghamii
Plantago turrifera

Liliaceae

Plantaginaceae
Plantaginaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae

Austrostipa scabra
subsp. falcata
Austrostipa scabra
subsp. scabra
Ehrharta erecta
var. erecta
Eragrostis dielsii

* * *
*

* * * *

*

* *

*

*
*



*
*

*

*
*
*

*

*

*

*

*
*

* *

*
*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*
* *

*
* * * * *

*

*

*
*

*

*
*

*
* * *

*

*

*

*

*

*

*

*

*

*

*



*

*

*

*

*

* * *

* * * * * *

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*
*

*

Paspalidium
jubiflorum

*
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*




*

*
*

*


*



*



*



Appendix 4
Poaceae

Schismus barbatus

* * *

Poaceae

Triodia scariosa

* *

Portulacaceae

Calandrinia
corrigioloides
Calandrinia
eremaea
Calandrinia
granulifera
Grevillea sp.

Portulacaceae
Portulacaceae
Protaceae

* * * *
* *

* *

*

*

*

*

*

*

*

*

*

* * * * *

*

*

*

*

* * * *

*

*

*

* * * * * * * * * *

*

*

Solanaceae

Solanum nigrum

Unknown

Species 1

*

Unknown

Species 2

*

Unknown

Species 3

Unknown

Species 4

Unknown

Species 5

Unknown

Species 6

Unknown

Species 7

Unknown

Species 8

Xanthorrhoeaceae

Lomandra
leucocephala

*

*

*

* *

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*


*

*


*

*

*



*

*



*

*

*

*

*
*

*

*

*

*
*

*

*

*

Scrophulariaceae

Sapindaceae

*

* * * *

Stenanthemum
leucophractum
Dodonaea
bursariifolia
Veronica sp.

Rhamnaceae

*

*

*

*

*

*

*

*

*
*



*
*
*
*
*

*

*

*
*

* * *

*

* * *

*
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*

*

*

*

*

*

*

*

*

*

*

Appendix 4
Zygophyllaceae

subsp. robusta
Zygophyllum
aurantiacum subsp.
aurantiacum

* *

*

*

*

*

*

*

*

Table A4.2: Soil seed bank study standing species list. Unique species excludes those not identified to species level. (* indicates in which study
mosaics species were recorded. M01 – 11 = Hattah-Kulkyne and Murray-Sunset National Parks, M13 – 16 = Gluepot Reserve, M17 – 18 = Billiatt
Conservation Park, M19 – 20 = Danggali Conservation Park, M21 = Scotia Sanctuary, M23 – 24 = Tarawi Nature Reserve, M25 – 26 = Mallee Cliffs
National Park and M28 = Lethero Reserve.)
Family

Species
1

Amaranthaceae

Ptilotus exaltus

Amaranthaceae

Ptilotus
seminudus
Ptilotus sp.

Amaranthaceae

Asteraceae

Actinobole
uliginosum
Angianthus
tomentosus
Asteraceae sp.

Asteraceae

Asteraceae sp. 1

Asteraceae

Asteraceae sp. 2

Asteraceae

Calotis
cymbacantha

Asteraceae
Asteraceae

Unique

Mosaic
2

3

4

5

6

7

8

*

9

10

11

13

14

15

16

*
*

*

17

18

19
*

20

21

23

24

25

26

*

*

28



*


*
*

*
*

*
*
*

*

*

*

*

*

*
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Asteraceae

Chrysocephalum
apiculatum
Gnephosis
tenuissima
Olearia
lepidophylla
Olearia minor

Asteraceae

Olearia muelleri

Asteraceae

Olearia
passerinoides
Olearia
pimeleoides x
Olearia rudis

Asteraceae
Asteraceae
Asteraceae

Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae

Olearia
subspicata
Podolepis
capillaris
Podolepis rugata
var. rugata
Polycalymma
stuartii
Rhodanthe
moschata
Vittadinia dissecta

Asteraceae

Vittadinia dissecta
var. hirta
Vittadinia gracilis

Asteraceae

Vittadinia sp.

Asteraceae

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*



*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*




*



*



*

*

*
*

*

*



*

*

*
*

*

*

*
*

*



*

*



*
*
*

*

*

*

*

*

*

*

*


*

*




*
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Asteraceae
Boraginaceae
Boraginaceae
Boraginaceae
Brassicaceae
Caesalpiniaceae
Caesalpiniaceae
Caesalpiniaceae
Caesalpiniaceae
Casuarinaceae

Casuarinaceae

Waitzia acuminata
var. acuminata
Cynoglossum
australe
Halgania
andromedifolia
Halgania cyanea
Lepidium
leptopetalum
Senna
artemisioides
subsp. coriacea
Senna
artemisioides
subsp. filifolia
Senna
artemisioides
subsp. petiolaris
Senna
artemisioides
subsp. zygophylla
Allocasuarina
muelleriana
subsp.
muelleriana
Casuarina pauper

Chenopodiaceae

Atriplex
semibaccata
Atriplex stipitata

Chenopodiaceae

Atriplex vesicaria

Chenopodiaceae

*

*

*

*

*

*

*

*

*

*

*

*

*




*
*

*
*

*
*

*

*

*

*

*
*

*

*

*

*

*

*



*



*

*

*

*

*

*

*

*

*

*
*



*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*


*
*

*




*

*


*


*

*

*
*

*

*
*
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*

*

*

*
*

*


*

*

*

*
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Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae

Chenopodiaceae
sp.
Chenopodium
curvispicatum
Chenopodium
desertorum
Chenopodium
desertorum subsp.
desertorum
Chenopodium
desertorum subsp.
microphyllum
Dissocarpus
paradoxus
Enchylaena
tomentosa var.
tomentosa
Maireana georgei
Maireana
pentatropis
Maireana radiata
Maireana
sclerolaenoides
Maireana sp.

*

*

*
*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*


*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*
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*

*

*

*

*

*

*

*

*

*

*






*

*




*

*
*

*

*

*
*

*

*

*

*

*


*

*

*



*

*

Maireana
trichoptera
Maireana triptera
Rhagodia
spinescens
Salsola tragus

*





Appendix 4
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Convolvulaceae
Crassulaceae
Crassulaceae

Sclerolaena
convexula
Sclerolaena
diacantha
Sclerolaena
obliquicuspis
Sclerolaena
parviflora
Sclerolaena
patenticuspis
Convolvulus
remotus
Crassula
sieberiana
Crassula sp.

Dilleniaceae

Callitris
verrucosa
Lepidosperma
viscidum
Schoenus
subaphyllus
Hibbertia riparia

Dilleniaceae

Hibbertia virgata

Epacridaceae

Astroloma
conostephioides
Leucopogon
cordifolius
Bertya tasmanica
subsp. vestita
Beyeria opaca

Cupressaceae
Cyperaceae
Cyperaceae

Epacridaceae
Euphorbiaceae
Euphorbiaceae

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*
*

*

*
*

*

*


*

*
*

*




*

*
*
*

*

*

*

*

*

*

*

*

*

*

*

*


*

*

*



*

*
*

*
*

*

*

*

*



*

*
*

*

*

*
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*

*

*

*






*

*

*

*

*
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Euphorbiaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Goodeniaceae
Goodeniaceae
Goodeniaceae
Goodeniaceae
Gyrostemonaceae
Haloragaceae
Haloragaceae
Lamiaceae

Poranthera
microphylla
Aotus
subspinescens
Daviesia
benthamii
Daviesia
benthamii subsp.
acanthoclona
Dillwynia
uncinata
Templetonia
egena
Templetonia
sulcata
Goodenia varia
Goodenia
willisiana
Scaevola
spinescens
Velleia connata

*
*

*

*


*

*

*

*



*


*

*

*

*

*


*

*

*



*
*
*

*



*
*

*

Codonocarpus
cotinifolius
Glischrocaryon
behrii
Haloragis
odontocarpa
forma pterocarpa
Dicrastylis
verticillata

*

*

*

*

*

*

*



*



*
*

*



*

*
*
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Lamiaceae
Lamiaceae

Lamiaceae

Prostanthera
aspalathoides
Prostanthera
serpyllifolia
subsp.
microphylla
Westringia rigida

Lauraceae

Cassytha
melantha
Cassytha sp.

Liliaceae

Thysanotus baueri

Liliaceae

Tricoryne tenella

Loganiaceae

Logania nuda

Mimosaceae

Acacia ?halliana

Mimosaceae

Acacia
acanthoclada
subsp.
acanthoclada
Acacia
brachybotrya
Acacia burkittii

Lauraceae

Mimosaceae
Mimosaceae

Mimosaceae

Acacia
colletioides
Acacia halliana

Mimosaceae

Acacia ligulata

Mimosaceae

Acacia oswaldii

Mimosaceae

Acacia rigens

Mimosaceae

*
*

*

*

*



*


*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*


*

*

*

*

*

*

*

*

*



*
*


*


*

*

*



*


*

*

*

*

*

*

*



*

*

*

*

*

*


*

*

*



*
*

*

*

*


*

*

*



*
*

*
*

*
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Mimosaceae

Acacia
sclerophylla var.
sclerophylla
Acacia sp.

Mimosaceae

Acacia spinescens

Mimosaceae

Acacia
wilhelmiana
Eremophila
crassifolia
Eremophila
desertii
Eremophila
glabra
Eremophila
glabra subsp.
glabra
Eremophila
glabra subsp.
murrayana
Eremophila
scoparia
Eremophila sturtii

Mimosaceae

Myoporaceae
Myoporaceae
Myoporaceae
Myoporaceae
Myoporaceae
Myoporaceae
Myoporaceae
Myoporaceae

Myrtaceae
Myrtaceae

Myoporum
platycarpum
subsp.
platycarpum
Babingtonia
behrii
Baeckea
crassifolia

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*



*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*



*
*

*

*

*

*

*

*

*

*



*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*


*

*



*

*



*

*

*

*

*

*

*

*

*
*

*

*

*



*

*


*
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Myrtaceae

Calytrix tetragona

Myrtaceae

Myrtaceae

Eucalyptus
calycogona
Eucalyptus
costata subsp.
murrayana
Eucalyptus
dumosa
Eucalyptus
gracilis
Eucalyptus
leptophylla
Eucalyptus oleosa
subsp. oleosa
Eucalyptus
socialis
Eucalyptus sp.

Myrtaceae

Eucalyptus sp. 1

Myrtaceae

Eucalyptus sp. 2

Myrtaceae

Eucalyptus sp. 3

Myrtaceae

Leptospermum
coriaceum
Melaleuca
acuminata subsp.
acuminata
Melaleuca
lanceolata subsp.
lanceolata
Melaleuca

Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae

Myrtaceae
Myrtaceae
Myrtaceae

*

*

*

*

*

*

*

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*




*

*
*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
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Phormiaceae

uncinata
Dianella sp.

Poaceae

Dianella sp. aff.
revoluta (Mallee)
Billardiera
cymosa
Austrodanthonia
setacea var.
setacea
Austrodanthonia
sp.
Austrostipa
elegantissima
Austrostipa
scabra subsp.
falcata
Austrostipa sp.

Poaceae

Triodia scariosa

Polygonaceae
Protaceae

Muehlenbeckia
florulenta
Grevillea sp.

Proteaceae

Grevillea huegelii

Proteaceae

Grevillea ilicifolia
subsp. ilicifolia
Grevillea
pterosperma
Hakea mitchellii

Phormiaceae
Pittosporaceae
Poaceae
Poaceae
Poaceae
Poaceae

Proteaceae
Proteaceae
Proteaceae

Hakea
tephrosperma

*
*



*
*

*

*

*

*

*

*

*

*

*



*

*
*


*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*



*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*


*
*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*




*
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Rhamnaceae
Rhamnaceae
Rhamnaceae
Rhamnaceae
Rubiaceae
Rutaceae

Rutaceae
Santalaceae
Santalaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae

Cryptandra
tomentosa
Cryptandra
tomentosa
complex
Spyridium
subochreatum var.
subochreatum
Stenanthemum
leucophractum
Opercularia
scabrida
Boronia
coerulescens
subsp.
coerulescens
Phebalium
bullatum
Exocarpos
aphyllus
Exocarpos
sparteus
Alectryon
oleifolius subsp.
canescens
Dodonaea
bursariifolia
Dodonaea
stenozyga
Dodonaea viscosa
subsp.
angustissima

*

*

*


*

*

*

*




*
*

*



*

*

*


*

*

*



*

*

*

*


*

*

*

*

*

*

*

*

*

*

*

*

*

*

*



*

*

*
*

*





*

*
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Solanaceae
Solanaceae
Solanaceae
Solanaceae

Duboisia
hopwoodii
Grammosolen
dixonii
Solanum
coactiliferum
Solanum sp.

Unknown

Lasiopetalum
behrii
Pimelea
microcephala
subsp.
microcephala
Pimelea
trichostachya
Species 1

Unknown

Species 2

Violaceae

Hybanthus
floribundus subsp.
floribundus
Lomandra
leucocephala
subsp. robusta
Lomandra sp.

Sterculiaceae
Thymelaeaceae

Thymelaeaceae

Xanthorrhoeaceae
Xanthorrhoeaceae
Zygophyllaceae
Zygophyllaceae
Zygophyllaceae

Nitraria
billardierei
Zygophyllum
apiculatum
Zygophyllum
aurantiacum

*
*



*


*

*



*

*

*

*



*


*

*

*



*
*
*



*

*

*

*
*

*

*
*

*
*

*
*

*

*

*

*
*

*

*

*

*

*

*

*
*

*

*

*

*


*

*

*

*

*
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Appendix 5: Seed bank size for those species that germinated
in both treatments
Seed density (m-2)

Soil seed bank size15

Acacia sp.

79.96

Small

Actinobole ulignosum

181.24

Medium

Angianthus tomentosus

31.98

Small

Asteraceae sp.

15.99

Small

Austrostipa scabra subsp. falcata

597.01

Large

Austrostipa scabra subsp. scabra

58.64

Small

Blennospora drummondii

165.25

Medium

Brachyscome ciliaris

149.25

Medium

Bulbine semibarbata

143.92

Medium

53.3

Small

Calandrinia eremaea

868.87

Large

Calandrinia granulifera

346.48

Large

Calotis hispidula

197.23

Medium

Caryophyllaceae sp.

282.52

Medium

Chenopodium cristatum

10.66

Small

Chenopodium desertorum subsp.
desertorum

282.52

Medium

Chenopodium sp.

15.99

Small

Convolvulus remotus

138.59

Medium

Conyza bonariensis

143.92

Medium

Crassula sieberiana

916.84

Large

Daucus glochidiatus

42.64

Small

Dicrastylis verticillata

26.65

Small

Dodonaea bursariifolia

74.63

Small

Eremophila glabra

15.99

Small

Eucalyptus sp. 1

69.29

Small

Eucalyptus sp. 2

26.65

Small

Euchiton sphaericus

31.98

Small

Species

Calandrinia corrigioloides

Small soil seed bank = <100 seedlings m-2, medium soil seed bank = 100 – 300 seedlings m-2, and large
soil seed bank = ≥300 seedlings m-2
15
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Euphorbia sp.

58.64

Small

Fabaceae sp.

10.66

Small

Haloragis odontocarpa forma pterocarpa

149.25

Medium

Lomandra leucocephala subsp. robusta

175.91

Medium

Medicago minima

15.99

Small

Melaleuca sp.

26.65

Small

Menkea australis

69.29

Small

Millotia tenuifolia var. tenuifolia

143.92

Medium

Myoporum sp.

15.99

Small

Olearia lepidophylla

31.98

Small

Oxalis radicosa

191.89

Medium

Pittosporum angustifolium

15.99

Small

Plantago cunninghamii

74.63

Small

Plantago turrifera

10.66

Small

Podolepis capillaris

15.99

Small

Podotheca angustifolia

26.65

Small

Rhodanthe moschata

90.62

Small

Schismus barbata

213.22

Medium

Schoenus subaphyllus

47.97

Small

Scleranthus minusculus

74.63

Small

Sclerolaena convexula

21.32

Small

Sclerolaena diacantha

191.89

Medium

Stenanthemum leucophractum

21.32

Small

Stenopetalum lineare

79.96

Small

Stenopetalum sphaerocarpum

149.25

Medium

Triglochin calitrapa

85.29

Small

Triodia scariosa

95.95

Small

Velleia connata

31.98

Small

Veronica sp.

58.64

Small

Wahlenbergia ?stricta

85.29

Small

Wahlenbergia communis

367.8

Large

Wahlenbergia gracilenta

31.98

Small

Westringia rigida

69.29

Small

Zygophyllyum aurantiacum subsp.

79.96

small
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aurantiacum
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Appendix 6: Master species list with traits
The Victorian plant vital attributes database is unpublished and was supplied by Dr. David Cheal (Arthur Rylah Institute for Environmental Research).
Where a reference is not provided a soil seed bank was verified through germination during the glasshouse trials (Chapter 5) or was inferred from other
species within the same genus. Obligate seeder is largely assumed for these species; however, as most are herbaceous or small shrubs they are unlikely
to also resprout post-fire.
Family

Species

Amaranthaceae

References16

Regeneration
strategy

Lifeform

Woody vs.
Herbaceous

Seed bank
type

Facultative
seeder
Obligate seeder

Tall shrub

Herbaceous

Soil

Cheal (2010)

Apiaceae

Ptilotus obovatus subsp.
obovatus
Daucus glochidiatus

Herb

Herbaceous

Soil

Asteraceae

Actinobole uliginosum

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Angianthus tomentosus

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Blennospora drummondii

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Brachyscome ciliaris

Herb

Herbaceous

Soil

Asteraceae

Brachyscome lineariloba

Facultative
seeder
Obligate seeder

Herb

Herbaceous

Soil

Cheal et al. (1979), Victorian plant vital
attributes database
Cheal et al. (1979), Victorian plant vital
attributes database
Cheal et al. (1979), van der Moezel et al.
(1987)
Carter and Cheal (2004), Victorian plant
vital attributes database
Carter and Cheal (2004), Victorian plant
vital attributes database
Cheal et al. (1979), Carter and Cheal
(2004), Victorian plant vital attributes
database

Asteraceae

Calotis cymbacantha

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Calotis hispidula

Obligate seeder

Herb

Herbaceous

Soil

16

References within this appendix are listed in the reference section prior to these appendices.
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Noble (1989b), Victorian plant vital
attributes database
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Cratystylis concephala

Obligate seeder

Tall shrub

Woody

Soil

Asteraceae

Eclipta platyglossa

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Euchiton sphaericus

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Gnephosis tenuissima

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Millotia tenuifolia var. tenuifolia

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Olearia ciliata subsp. ciliata

Obligate seeder

Low shrub

Woody

Soil

Asteraceae

Olearia decurrens

Obligate seeder

Tall shrub

Woody

Soil

Asteraceae

Olearia lepidophylla

Obligate seeder

Low shrub

Woody

Soil

Asteraceae

Olearia magniflora

Obligate seeder

Low shrub

Woody

Soil

Asteraceae

Olearia minor

Obligate seeder

Tall shrub

Woody

Soil

Asteraceae

Olearia muelleri

Obligate seeder

Low shrub

Woody

Soil

Asteraceae

Olearia passerinoides

Obligate seeder

Tall shrub

Woody

Soil

Asteraceae

Olearia pimeleoides

Obligate seeder

Tall shrub

Woody

Soil

Asteraceae

Olearia rudis

Obligate seeder

Low shrub

Herbaceous

Soil

Asteraceae

Olearia subspicata

Obligate seeder

Tall shrub

Woody

Soil

Morelli and Forward (1996), Victorian
plant vital attributes database
Cheal (2010), Victorian plant vital
attributes database
Morelli and Forward (1996)

Asteraceae

Ozothamnus decurrens

Obligate seeder

Low shrub

Woody

Soil

Cheal (2011 – pers. comm)

Asteraceae

Podolepis capillaris

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Podolepis rugata var. rugata

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Podotheca angustifolia

Obligate seeder

Herb

Herbaceous

Soil

Cheal et al. (1979), Victorian plant vital
attributes database
Cheal et al. (1979), Victorian plant vital
attributes database
Carter and Cheal (2004), Victorian plant
vital attributes database
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Cheal (2011 – pers. comm.)
Carter and Cheal (2004), Victorian plant
vital attributes database
Cheal et al. (1979), Victorian plant vital
attributes database
Carter and Cheal (2004), Victorian plant
vital attributes database
Morelli and Forward (1996)
Carter and Cheal (2004), Cheal (2010),
Victorian plant vital attributes database
Cheal et al. (1979)
Cheal et al. (1979), Carter and Cheal
(2004), Victorian plant vital attributes
database
Victorian plant vital attributes database
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Pogonolepis muelleriana

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Polycalymma stuartii

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Rhodanthe moschata

Obligate seeder

Herb

Herbaceous

Soil

Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Cheal et al. (1979)

Asteraceae

Senecio glossanthus

Obligate seeder

Herb

Herbaceous

Soil

Cheal et al. (1979)

Asteraceae

Vittadinia dissecta

Obligate seeder

Herb

Herbaceous

Soil

Asteraceae

Vittadinia dissecta var. hirta

Low shrub

Herbaceous

Soil

Asteraceae

Herb

Herbaceous

Soil

Boraginaceae

Waitzia acuminata var.
acuminata
Cynoglossum australe

Facultative
seeder
Obligate seeder

Carter and Cheal (2004), Victorian plant
vital attributes database
Morgan (2011 – pers. comm.), Sluiter
(2011 – pers. comm..) www.VicVeg.net.au
Victorian plant vital attributes database

Obligate seeder

Herb

Herbaceous

Soil

Boraginaceae

Halgania andromedifolia

Low shrub

Woody

Soil

Boraginaceae

Halgania cyanea

Facultative
seeder
Facultative
seeder

Low shrub

Woody

Soil

Brassicaceae

Harmsiodoxa blennodioides

Obligate seeder

Herb

Herbaceous

Soil

Cheal et al. (1979), Morelli and Forward
(1996), Carter and Cheal (2004), Victorian
plant vital attributes database
Cheal et al. (1979), Noble (1989)

Brassicaceae

Lepidium leptopetalum

Low shrub

Woody

Soil

Cheal (2011 – pers. comm.)

Brassicaceae

Menkea australis

Facultative
seeder
Obligate seeder

Herb

Herbaceous

Soil

Victorian plant vital attributes database

Brassicaceae

Stenopetalum lineare

Obligate seeder

Herb

Herbaceous

Soil

Brassicaceae

Stenopetalum sphaerocarpum

Obligate seeder

Herb

Herbaceous

Soil

Cheal et al. (1979), Carter and Cheal
(2004), Victorian plant vital attributes
database
Cheal et al. (1979)

Caesalpiniaceae

Senna artemisioides subsp.
coriacea
Senna artemisioides subsp.
filifolia

Facultative
seeder
Facultative
seeder

Tall shrub

Woody

Soil

Tall shrub

Woody

Soil

Caesalpiniaceae
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Cheal (2011 – pers. comm..), Victorian
plant vital attributes database
Cheal (2011 – pers. comm..)

Morelli and Forward (1996), Bradstock and
Cohn (2002)
Morelli and Forward (1996), Bradstock and
Cohn (2002)
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Campanulaceae

Senna artemisioides subsp.
petiolaris
Senna artemisioides subsp.
zygophylla
Wahlenbergia communis

Campanulaceae

Wahlenbergia gracilenta

Facultative
seeder
Facultative
seeder
Facultative
seeder
Obligate seeder

Caryophyllaceae

Scleranthus minusculus

Obligate seeder

Herb

Herbaceous

Soil

Casuarinaceae

Obligate seeder

Tall shrub

Woody

Canopy

Casuarinaceae

Allocasuarina muelleriana
subsp. muelleriana
Allocasuarina pusilla

Low shrub

Woody

Canopy

Casuarinaceae

Casuarina pauper

Facultative
seeder
Obligate seeder

Cheal (2011 – pers. comm.), Victorian
plant vital attributes database
Cheal et al. (1979), Carter and Cheal
(2004), Victorian plant vital attributes
database
Cheal et al. (1979 ), Carter and Cheal
(2004), Victorian plant vital attributes
database
Carter and Cheal (2004), Victorian plant
vital attributes database
Victorian plant vital attributes database

Tree

Woody

Canopy

Cheal (2010)

Chenopodiaceae

Atriplex semibaccata

Obligate seeder

Herb

Herbaceous

Surface

Bradstock and Cohn (2002b), Cheal (2010)

Chenopodiaceae

Atriplex stipitata

Obligate seeder

Low shrub

Herbaceous

Surface

Chenopodiaceae

Atriplex vesicaria

Obligate seeder

Low shrub

Herbaceous

Surface

Chenopodiaceae

Chenopodium cristatum

Herb

Herbaceous

Surface

Chenopodiaceae

Chenopodium curvispicatum

Low shrub

Herbaceous

Surface

Chenopodiaceae

Chenopodium desertorum

Herb

Herbaceous

Surface

Chenopodiaceae

Chenopodium desertorum subsp.
anidiophyllum
Chenopodium desertorum subsp.

Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent

Morelli and Forward (1996), Bradstock and
Cohn (2002b), Cheal (2010)
Hodgkinson and Griffin (1982), Hunt
(2001a, b), Bradstock and Cohn (2002b),
Cheal (2010)
Bradstock and Cohn (2002b), Victorian
plant vital attributes database
Bradstock and Cohn (2002b)

Herb

Herbaceous

Surface

Bradstock and Cohn (2002b), Victorian
plant vital attributes database
Bradstock and Cohn (2002b)

Low shrub

Herbaceous

Surface

Bradstock and Cohn (2002b), Victorian

Caesalpiniaceae
Caesalpiniaceae

Chenopodiaceae

Tall shrub

Woody

Soil

Tall shrub

Woody

Soil

Herb

Herbaceous

Soil

Herb

Herbaceous

Soil
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Morelli and Forward (1996), Bradstock and
Cohn (2002)
Bradstock and Cohn (2002)
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desertorum

species

plant vital attributes database

Non-persistent
species
Non-persistent
species
Non-persistent
species

Low shrub

Herbaceous

Surface

Bradstock and Cohn (2002b)

Low shrub

Herbaceous

Surface

Bradstock and Cohn (2002b)

Chenopodiaceae

Chenopodium desertorum subsp.
microphyllum
Chenopodium desertorum subsp.
rectum
Dissocarpus paradoxus

Low shrub

Herbaceous

Surface

Chenopodiaceae

Einadia nutans subsp. nutans

Herb

Herbaceous

Surface

Chenopodiaceae

Low shrub

Herbaceous

Surface

Chenopodiaceae

Enchylaena tomentosa var.
tomentosa
Eriochiton sclerolaenoides

Herb

Herbaceous

Surface

Chenopodiaceae

Maireana appressa

Low shrub

Herbaceous

Surface

Bradstock and Cohn (2002), Cheal (2010)

Chenopodiaceae

Maireana brevifolia

Low shrub

Herbaceous

Surface

Bradstock and Cohn (2002), Cheal (2010)

Chenopodiaceae

Maireana enchylaenoides

Herb

Herbaceous

Surface

Bradstock and Cohn (2002), Cheal (2010)

Chenopodiaceae

Maireana georgei

Low shrub

Herbaceous

Surface

Chenopodiaceae

Maireana pentatropis

Tall shrub

Herbaceous

Surface

Chenopodiaceae

Maireana pyramidata

Low shrub

Herbaceous

Surface

Morelli and Forward (1996), Bradstock and
Cohn (2002), Cheal (2010)
Bradstock and Cohn (2002), Cheal (2010),
Victorian plant vital attributes database
Bradstock and Cohn (2002), Cheal (2010)

Chenopodiaceae

Maireana radiata

Low shrub

Herbaceous

Surface

Chenopodiaceae

Maireana sclerolaenoides

Herb

Herbaceous

Surface

Chenopodiaceae

Maireana sedifolia

Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species

Morelli and Forward (1996), Northern
Australia land manager
(www.landmanager.org.au)
Bradstock and Cohn (2002), Victorian plant
vital attributes database
Bradstock and Cohn (2002), Victorian plant
vital attributes database
Bradstock and Cohn (2002)

Low shrub

Herbaceous

Surface

Chenopodiaceae
Chenopodiaceae
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Bradstock and Cohn (2002), Cheal (2010),
Victorian plant vital attributes database
Bradstock and Cohn (2002), Cheal (2010)
Cheal et al. (1979), Hodgkinson and Griffin
(1982), Bradstock and Cohn (2002), Carter
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Chenopodiaceae

Maireana trichoptera

Chenopodiaceae

Maireana triptera

Chenopodiaceae

Maireana turbinata

Chenopodiaceae

Rhagodia preissii

Chenopodiaceae

Rhagodia spinescens

Chenopodiaceae

Salsola tragus

Chenopodiaceae

Sclerolaena convexula

Chenopodiaceae

Sclerolaena diacantha

Chenopodiaceae

Sclerolaena limbata

Chenopodiaceae

Sclerolaena obliquicuspis

Chenopodiaceae

Sclerolaena parviflora

Chenopodiaceae

Sclerolaena patenticuspis

Clusiaceae

Hypericum gramineum

Convolvulaceae

Convolvulus remotus

Crassulaceae

Crassula sieberiana

and Cheal (2004), Cheal (2010), Victorian
plant vital attributes database
Morelli and Forward (1996), Bradstock and
Cohn (2002), Cheal (2010)
Morelli and Forward (1996), Bradstock and
Cohn (2002), Cheal (2010)
Bradstock and Cohn (2002), Cheal (2010)

Non-persistent
species
Non-persistent
species
Non-persistent
species
Obligate seeder

Low shrub

Herbaceous

Surface

Low shrub

Herbaceous

Surface

Low shrub

Herbaceous

Surface

Tall shrub

Woody

Surface

Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species
Non-persistent
species

Tall shrub

Woody

Surface

Herb

Herbaceous

Surface

Low shrub

Herbaceous

Surface

Morelli and Forward (1996), Bradstock and
Cohn (2002), Cheal (2010)
Morelli and Forward (1996), Bradstock and
Cohn (2002), Cheal (2010)
Cheal (2011 – pers. comm.), Victorian
plant vital attributes database
Bradstock and Cohn (2002)

Herb

Herbaceous

Surface

Bradstock and Cohn (2002), Cheal (2010)

Low shrub

Herbaceous

Surface

Bradstock and Cohn (2002)

Low shrub

Herbaceous

Surface

Herb

Herbaceous

Surface

Herb

Herbaceous

Surface

Morelli and Forward (1996), Bradstock and
Cohn (2002)
Morelli and Forward (1996), Bradstock and
Cohn (2002), Victorian plant vital attributes
database
Bradstock and Cohn (2002)

Herb

Herbaceous

Soil

Victorian plant vital attributes database

Herb

Herbaceous

Soil

Victorian plant vital attributes database

Herb

Herbaceous

Soil

Cheal et al. (1979), Victorian plant vital

Non-persistent
species
Facultative
seeder
Facultative
seeder
Obligate seeder
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Cupressaceae

Callitris glaucophylla

Obligate seeder

Tree

Woody

Canopy

Victorian plant vital attributes database

Cupressaceae

Obligate seeder

Tree

Woody

Canopy

Victorian plant vital attributes database

Cupressaceae

Callitris gracilis subsp.
murrayensis
Callitris verrucosa

Obligate seeder

Tree

Woody

Canopy

Cyperaceae

Gahnia lanigera

Obligate
resprouter

Herb

Herbaceous

Soil

Cyperaceae

Lepidosperma viscidum

Facultative
seeder

Herb

Herbaceous

Soil

Cyperaceae

Schoenus subaphyllus

Herb

Herbaceous

Soil

Dilleniaceae

Hibbertia riparia

Facultative
seeder
Facultative
seeder

Low shrub

Woody

Soil

Dilleniaceae

Hibbertia virgata

Tall shrub

Woody

Soil

Epacridaceae

Astroloma conostephioides

Low shrub

Woody

Soil

Epacridaceae

Brachyloma ericoides

Obligate
resprouter

Low shrub

Woody

Soil

Epacridaceae

Brachyloma ericoides subsp.
ericoides

Obligate
resprouter

Low shrub

Woody

Soil

Epacridaceae

Leucopogon cordifolius

Obligate seeder

Low shrub

Woody

Soil

Cheal et al. (1979), Bradstock (1989),
Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Cheal et al. (1979), Carter and Cheal
(2004), Cheal (2011 – pers. comm.),
Victorian plant vital attributes database
Morelli and Forward (1996), Carter and
Cheal (2004), Victorian plant vital
attributes database
Carter and Cheal (2004), Victorian plant
vital attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm. , Victorian plant vital
attributes database
Carter and Cheal (2004), Victorian plant
vital attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm. , Victorian plant vital

Facultative
seeder
Facultative
seeder
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Euphorbiaceae

Bertya tasmanica subsp. vestita

Obligate seeder

Tall shrub

Woody

Soil

Euphorbiaceae

Beyeria opaca

Obligate seeder

Low shrub

Woody

Soil

Euphorbiaceae

Poranthera microphylla

Obligate seeder

Herb

Herbaceous

Soil

Fabaceae

Aotus subspinescens

Obligate
resprouter

Low shrub

Woody

Soil

Fabaceae

Bossiaea walkeri

Tall shrub

Woody

Soil

Fabaceae

Daviesia arenaria

Facultative
seeder
Obligate seeder

Tall shrub

Woody

Soil

Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Cheal (2011 – pers. comm.) Victorian plant
vital attributes database
Cheal (2011 – pers. comm.

Fabaceae

Daviesia benthamii

Obligate seeder

Tall shrub

Woody

Soil

Cheal (2011 – pers. comm.

Fabaceae

Obligate seeder

Tall shrub

Woody

Soil

Jessop and Toelken (1986)

Fabaceae

Daviesia benthamii subsp.
acanthoclona
Dillwynia uncinata

Obligate seeder

Low shrub

Woody

Soil

Cheal (2011 – pers. comm.

Fabaceae

Eutaxia microphylla

Facultative
seeder

Low shrub

Woody

Soil

Fabaceae

Pultenaea densifolia

Obligate seeder

Low shrub

Woody

Soil

Fabaceae

Pultenaea tenuifolia

Obligate seeder

Low shrub

Woody

Soil

Morelli and Forward (1996), Carter and
Cheal (2004), Victorian plant vital
attributes database
Cheal (2010, 2011 – pers. comm.),
Victorian plant vital attributes database
Cheal (2010, 2011 – pers. comm.)

Fabaceae

Templetonia sulcata

Tall shrub

Woody

Soil

Geraniaceae

Pelargonium australe

Obligate
resprouter
Obligate seeder

Herb

Herbaceous

Soil

Goodeniaceae

Dampiera rosmarinifolia

Obligate seeder

Low shrub

Woody

Soil

Cheal (2011 – pers. comm. , Victorian plant
vital attributes database
Carter and Cheal (2004), Victorian plant
vital attributes database
Cheal (2011 – pers. comm.

Goodeniaceae

Goodenia varia

Facultative
seeder

Low shrub

Herbaceous

Soil

Victorian plant vital attributes database
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Carter and Cheal (2004), Victorian plant
vital attributes database
Morelli (1990), Bradstock and Cohn
(2002b), Cheal (2010), Victorian plant vital
attributes database
Victorian plant vital attributes database
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Goodenia willisiana

Goodeniaceae

Obligate
resprouter

Herb

Herbaceous

Soil

Scaevola deparuperata

Obligate seeder

Low shrub

Woody

Soil

Goodeniaceae

Scaevola spinescens

Obligate seeder

Tall shrub

Woody

Soil

Goodeniaceae

Velleia connata

Obligate seeder

Herb

Herbaceous

Soil

Gyrostemonaceae

Codonocarpus cotinifolius

Obligate seeder

Tree

Woody

Soil

Gyrostemonaceae

Gyrostemon australasicus

Obligate seeder

Low shrub

Woody

Soil

Haloragaceae

Glischrocaryon behrii

Obligate
resprouter

Herb

Herbaceous

Soil

Haloragaceae

Obligate seeder

Herb

Herbaceous

Soil

Juncaginaceae

Haloragis odontocarpa forma
pterocarpa
Triglochin calcitrapum

Obligate seeder

Herb

Herbaceous

Soil

Lamiaceae

Dicrastylis verticillata

Obligate seeder

Low shrub

Herbaceous

Soil

Lamiaceae

Prostanthera aspalathoides

Obligate seeder

Low shrub

Woody

Soil

Lamiaceae

Obligate seeder

Low shrub

Woody

Soil

Lamiaceae

Prostanthera serpyllifolia subsp.
microphylla
Teucrium racemosum

Herb

Herbaceous

Soil

Lamiaceae

Westringia rigida

Facultative
seeder
Facultative
seeder

Low shrub

Woody

Soil

Liliaceae

Bulbine semibarbata

Obligate seeder

Herb

Herbaceous

Soil

Liliaceae

Tricoryne tenella

Obligate seeder

Herb

Herbaceous

Soil
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Morelli and Forward (1996), Carter and
Cheal (2004), Victorian plant vital
attributes database
Sluiter (2011 – pers. comm.)
Morelli and Forward (1996), Cheal (2011 –
pers. comm. , Victorian plant vital
attributes database
Cheal et al. (1979), Sluiter (2011 – pers.
comm.)
Morelli and Forward (1996), Cheal (2010)
Carter and Cheal (2004), Cheal (2011 pers. comm. , Victorian plant vital
attributes database
Cheal et al. (1979), Carter and Cheal
(2004), Cheal (2011 – pers. comm. ,
Victorian plant vital attributes database
Cheal et al. (1979), Noble (1989),
Victorian plant vital attributes database
Cheal et al. (1979)

Carter and Cheal (2004), Victorian plant
vital attributes database
Cheal (2011 – pers. comm.
Cheal et al. (1979), Morelli and Forward
(1996), Victorian plant vital attributes
database
Cheal et al. (1979), Victorian plant vital
attributes database
Carter and Cheal (2004), Cheal (2011 –
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Loganiaceae

Logania linifolia

Loganiaceae

Logania nuda

Mimosaceae

pers. comm. , Victorian plant vital
attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm. , Victorian plant vital
attributes database
Morelli and Forward (1996), Carter and
Cheal (2004), Cheal (2011 – pers. comm. ,
Victorian plant vital attributes database
Cheal et al. (1979), Bradstock (1989),
Morelli and Forward (1996), Victorian
plant vital attributes database
Victorian plant vital attributes database,
Bradstock (1989)
Morelli (1990), Morelli and Forward
(1996)
Cheal et al. (1979), Morelli and Forward
(1996)
Victorian plant vital attributes database

Obligate seeder

Low shrub

Woody

Soil

Facultative
seeder

Low shrub

Woody

Soil

Acacia acanthoclada subsp.
acanthoclada

Obligate seeder

Tall shrub

Woody

Soil

Mimosaceae

Acacia brachybotrya

Obligate seeder

Tall shrub

Woody

Soil

Mimosaceae

Acacia burkittii

Tall shrub

Woody

Soil

Mimosaceae

Acacia colletioides

Tall shrub

Woody

Soil

Mimosaceae

Acacia euthycarpa

Facultative
seeder
Facultative
seeder
Obligate seeder

Tall shrub

Woody

Soil

Mimosaceae

Acacia hakeoides

Tall shrub

Woody

Soil

Mimosaceae

Acacia halliana

Facultative
seeder
Obligate seeder

Tall shrub

Woody

Soil

Mimosaceae

Acacia ligulata

Obligate seeder

Tall shrub

Woody

Soil

Mimosaceae

Acacia notabilis

Obligate seeder

Tall shrub

Woody

Soil

Cheal et al. (1979), Morelli and Forward
(1996), Victorian plant vital attributes
database
Cheal (2010)

Mimosaceae

Acacia nyssophylla

Obligate seeder

Tall shrub

Woody

Soil

Cheal (2010)

Mimosaceae

Acacia rigens

Obligate seeder

Tall shrub

Woody

Soil

Mimosaceae

Acacia sclerophylla var.
sclerophylla
Acacia spinescens

Obligate seeder

Tall shrub

Woody

Soil

Bradstock (1989), Carter and Cheal (2004),
Victorian plant vital attributes database
Victorian plant vital attributes database

Facultative

Tall shrub

Woody

Soil

Carter and Cheal (2004), Cheal (2010),

Mimosaceae
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Cheal et al. (1979), Cheal (2011 – pers.
comm.)
Victorian plant vital attributes database
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Mimosaceae

Acacia stenophylla

Obligate seeder

Tree

Woody

Soil

Cheal (2010)

Mimosaceae

Acacia wilhelmiana

Obligate seeder

Tall shrub

Woody

Soil

Myoporaceae

Eremophila crassifolia

Obligate seeder

Low shrub

Woody

Soil

Myoporaceae

Eremophila desertii

Tall shrub

Woody

Unknown

Myoporaceae

Eremophila glabra

Obligate
resprouter
Facultative
seeder

Tall shrub

Woody

Soil

Myoporaceae

Eremophila glabra subsp.
glabra
Eremophila glabra subsp.
murrayana
Eremophila longifolia

Facultative
seeder
Facultative
seeder
Obligate
resprouter
Facultative
seeder
Obligate
resprouter
Obligate
resprouter

Tall shrub

Woody

Soil

Cheal et al. (1979), Bradstock (1989),
Victorian plant vital attributes database
Chinnock (2007), Cheal (2011 – pers.
comm.) , Victorian plant vital attributes
database
Hodgkinson and Griffin (1982), Cheal
(2011 – pers. comm.)
Morelli (1990), Morelli and Forward
(1996), Victorian plant vital attributes
database
Morelli and Forward (1996)

Tall shrub

Woody

Soil

Morelli and Forward (1996)

Tree

Woody

Soil

Tall shrub

Woody

Soil

Tall shrub

Woody

Soil

Tall shrub

Woody

Soil

Facultative
seeder

Tree

Woody

Soil

Hodgkinson and Griffin (1982), Cheal
(2011)
Chinnock (2007), Cheal (2011 – pers.
comm.)
Noble and Vines (1993), Morelli and
Forward (1996)
Hodgkinson and Griffin (1982), Noble and
Vines (1993), Morelli and Forward (1996),
Cheal (2011 – pers. comm.)
Cheal et al. (1979), Morelli and Forward
(1996), Bradstock and Cohn (2002),
Victorian plant vital attributes database
Specht (1966a), Cheal et al. (1979), Cheal
(2011 – pers. comm.), Victorian plant vital
attributes database
Morelli and Forward (1996), Carter and

Myoporaceae
Myoporaceae

Myoporaceae

Eremophila oppositifolia subsp.
oppositifolia
Eremophila scoparia

Myoporaceae

Eremophila sturtii

Myoporaceae

Myoporum platycarpum subsp.
platycarpum

Myrtaceae

Babingtonia behrii

Obligate seeder

Tall shrub

Woody

Soil

Myrtaceae

Baeckea crassifolia

Obligate seeder

Low shrub

Woody

Soil

Myoporaceae
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Myrtaceae

Calytrix tetragona

Obligate
resprouter

Tall shrub

Woody

Soil

Myrtaceae

Eucalyptus calycogona

Soil/canopy

Woody

Soil/canopy

Victorian plant vital attributes database

Myrtaceae

Eucalyptus costata subsp.
murrayana
Eucalyptus cyanophylla

Woody

Soil/canopy

Victorian plant vital attributes database

Myrtaceae

Eucalyptus dumosa

Woody

Soil/canopy

Victorian plant vital attributes database

Myrtaceae

Eucalyptus gracilis

Woody

Soil/canopy

Victorian plant vital attributes database

Myrtaceae

Eucalyptus leptophylla

Woody

Soil/canopy

Victorian plant vital attributes database

Myrtaceae

Eucalyptus oleosa subsp. oleosa

Woody

Soil/canopy

Victorian plant vital attributes database

Myrtaceae

Eucalyptus socialis

Woody

Soil/canopy

Victorian plant vital attributes database

Myrtaceae

Leptospermum coriaceum

Mallee
eucalypt
Mallee
eucalypt
Mallee
eucalypt
Mallee
eucalypt
Mallee
eucalypt
Mallee
eucalypt
Mallee
eucalypt
Mallee
eucalypt
Tall shrub

Woody

Myrtaceae

Facultative
seeder
Facultative
seeder
Facultative
seeder
Facultative
seeder
Facultative
seeder
Facultative
seeder
Facultative
seeder
Facultative
seeder
Facultative
seeder

Cheal (2004), Cheal (2011 – pers. comm.),
Victorian plant vital attributes database
Carter and Cheal (2004), Cheal (2011- pers.
comm.), Victorian plant vital attributes
database
Victorian plant vital attributes database

Woody

Canopy

Myrtaceae

Melaleuca acuminata subsp.
acuminata
Melaleuca lanceolata subsp.
lanceolata
Melaleuca uncinata

Facultative
seeder
Facultative
seeder
Facultative
seeder

Tall shrub

Woody

Canopy

Tree

Woody

Canopy

Tall shrub

Woody

Canopy

Myrtaceae
Myrtaceae
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Cheal et al. (1979), Bradstock (1989),
Carter and Cheal (2004), Victorian plant
vital attributes database
Cheal et al. (1979), Victorian plant vital
attributes database
Cheal et al. (1979), Victorian plant vital
attributes database
Specht (1966), Cheal et al. (1979),
Bradstock (1989), Morelli and Forward
(1996), Carter and Cheal (2004), Victorian
plant vital attributes database
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Pittosporaceae

Dianella sp. aff. revoluta
(Mallee)
Billardiera cymosa

Obligate
resprouter
Obligate
resprouter

Herb

Herbaceous

Canopy

Low shrub

Woody

Unknown

Obligate
resprouter

Tree

Woody

Soil

Plantago cunninghamii

Obligate seeder

Herb

Herbaceous

Soil

Cheal et al (1979), Morelli and Forward
(1996), Carter and Cheal (2004)
Cheal et al. (1979), Carter and Cheal
(2004), Cheal (2011 – pers. comm.),
Victorian plant vital attributes database
Cheal et al. (1979), Morelli and Forward
(1996), Cheal (2011 – pers. comm.),
Victorian plant vital attributes database
Cheal et al. (1979)

Pittosporaceae

Pittosporum angustifolium

Plantaginaceae
Plantaginaceae

Plantago turrifera

Obligate seeder

Herb

Herbaceous

Soil

Cheal et al. (1979)

Poaceae

Facultative
seeder
Facultative
seeder
Facultative
seeder
Obligate seeder

Herb

Herbaceous

Soil

Victorian plant vital attributes database

Herb

Herbaceous

Soil

Herb

Herbaceous

Soil

Carter and Cheal (2004), Victorian plant
vital attributes database
Morgan (2011 – pers. comm.)

Poaceae

Austrodanthonia setacea var.
setacea
Austrostipa scabra subsp.
falcata
Austrostipa scabra subsp.
scabra
Eragrostis dielsii

Herb

Herbaceous

Soil

Poaceae

Paspalidium jubiflorum

Obligate seeder

Herb

Herbaceous

Soil

Poaceae

Triodia scariosa

Facultative
seeder

Herb

Herbaceous

Soil

Polygonaceae

Muehlenbeckia diclina subsp.
diclina

Obligate seeder

Low shrub

Woody

Soil

Portulacaceae

Calandrinia corrigioloides

Obligate seeder

Herb

Herbaceous

Soil

Portulacaceae

Calandrinia eremea

Obligate seeder

Herb

Herbaceous

Soil

Portulacaceae

Calandrinia granulifera

Obligate seeder

Herb

Herbaceous

Soil

Carter and Cheal (2004), Victorian plant
vital attributes database
Victorian plant vital attributes database

Proteaceae

Grevillea huegelii

Facultative

Tall shrub

Woody

Soil

Morelli and Forward (1996), Victorian

Phormiaceae

Poaceae
Poaceae
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Cheal et al. (1979), Bradstock (1989),
Morelli (1990), Noble and Vines (1993),
Morelli and Forward (1996), Carter and
Cheal (2004), Victorian plant vital
attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Cheal et al. (1979)
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Proteaceae

Grevillea ilicifolia subsp.
ilicifolia

Proteaceae

Grevillea pterosperma

Proteaceae
Proteaceae

Hakea leucoptera subsp.
leucoptera
Hakea mitchellii

Proteaceae

plant vital attributes database

Facultative
seeder

Tall shrub

Woody

Soil

Facultative
seeder
Obligate seeder

Tall shrub

Woody

Soil

Tree

Woody

Canopy

Obligate seeder

Tall shrub

Woody

Canopy

Hakea tephrosperma

Obligate seeder

Tree

Woody

Canopy

Ranunculaceae

Clematis microphylla

Obligate
resprouter

Low shrub

Herbaceous

Soil

Rhamnaceae

Cryptandra propinqua

Low shrub

Woody

Soil

Rhamnaceae

Cryptandra tomentosa

Low shrub

Woody

Soil

Rhamnaceae

Tall shrub

Woody

Soil

Rhamnaceae

Spyridium subochreatum var.
subochreatum
Stenanthemum leucophractum

Low shrub

Woody

Soil

Rubiaceae

Opercularia scabrida

Facultative
seeder
Facultative
seeder
Facultative
seeder
Facultative
seeder
Obligate seeder

Low shrub

Herbaceous

Soil

Rutaceae

Boronia coerulescens subsp.
coerulescens

Obligate
resprouter

Low shrub

Woody

Soil

Rutaceae

Phebalium bullatum

Obligate seeder

Tall shrub

Woody

Soil

Santalaceae

Exocarpos sparteus

Obligate seeder

Tall shrub

Woody

Soil
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Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Carter and Cheal (2004), Victorian plant
vital attributes database
Morelli and Forward (1996), Bradstock and
Cohn (2002)
Bradstock and Cohn (2002), Carter and
Cheal (2004), Victorian plant vital
attributes database
Bradstock and Cohn (2002)
Cheal et al. (1979), Cheal (2011 – pers.
comm.), Victorian plant vital attributes
database
Sluiter (2011 – pers. comm.)
Cheal et al. (1979), Victorian plant vital
attributes database, www.VicVeg.net.au
Cheal et al. (1979), Victorian plant vital
attributes database
Victorian plant vital attributes database
Cheal (2011 – pers. comm.), Victorian
plant vital attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Carter and Cheal (2004), Cheal (2011 –
pers. comm.)
Carter and Cheal (2004), Cheal (2010, 2011
– pers. comm.) Victorian plant vital
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Sapindaceae

Alectryon oleifolius subsp.
canescens
Dodonaea bursariifolia

Sapindaceae

Dodonaea stenozyga

Sapindaceae

Dodonaea viscosa subsp.
angustissima

Obligate seeder

Tall shrub

Woody

Soil

Solanaceae

Duboisia hopwoodii

Obligate seeder

Tall shrub

Woody

Soil

Solanaceae

Grammosolen dixonii

Tall shrub

Woody

Soil

Solanaceae

Lycium australe

Facultative
seeder
Obligate seeder

Tall shrub

Woody

Soil

Flora of South Australia (online fact sheets
– www.flora.sa.gov.au)
Cheal (2011 – pers. comm.)

Solanaceae

Solanum coactiliferum

Obligate seeder

Low shrub

Woody

Soil

Morelli and Forward (1996)

Solanaceae

Solanum esuriale

Herb

Herbaceous

Soil

Sluiter (2011 – pers. comm.)

Thymelaeaceae

Pimelea microcephala subsp.
microcephala
Pimelea trichostachya

Facultative
seeder
Obligate seeder

Tall shrub

Woody

Soil

Obligate seeder

Herb

Herbaceous

Soil

Sapindaceae

Thymelaeaceae

Facultative
seeder
Facultative
seeder
Obligate seeder

Tall shrub

Woody

Soil

Morelli and Forward (1996)

Tall shrub

Woody

Soil

Tall shrub

Woody

Soil

Bradstock and Cohn (2002), Victorian plant
vital attributes database
Cheal (2011 – pers. comm.)

Violaceae

Hybanthus floribundus subsp.
floribundus

Facultative
seeder

Tall shrub

Woody

Soil

Xanthorrhoeaceae

Lomandra effusa

Obligate
resprouter

Herb

Herbaceous

Soil

Xanthorrhoeaceae

Lomandra leucocephala subsp.
robusta

Obligate
resprouter

Herb

Herbaceous

Soil

Zygophyllaceae

Nitraria billardierei

Obligate seeder

Tall shrub

Woody

Soil
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Hodgkinson and Griffin (1982), Morelli
and Forward (1996), Bradstock and Cohn
(2002), Victorian plant vital attributes
database
Morelli and Forward (1996)

Cheal et al. (1979), Sluiter (2011 – pers.
comm.)
van der Moezel et al (1987), Bell et
al.(1993), Victorian plant vital attributes
database
Cheal et al. (1979), Cheal (2011 – pers.
comm.), Victorian plant vital attributes
database
Carter and Cheal (2004), Cheal (2011 –
pers. comm.), Victorian plant vital
attributes database
Cheal (2010)
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Zygophyllaceae

Zygophyllum apiculatum

Obligate seeder

Low shrub

Herbaceous

Soil

Zygophyllaceae

Zygophyllum aurantiacum
subsp. aurantiacum
Zygophyllum eremaeum

Obligate seeder

Low shrub

Herbaceous

Soil

Morelli and Forward (1996), Cheal (2010),
Victorian plant vital attributes database
Cheal (2010)

Obligate seeder

Low shrub

Herbaceous

Soil

Morelli and Forward (1996), Cheal (2010)

Zygophyllaceae
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