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ABSTRACT
In the sandy, nutrient-poor heathlands of south-east Australia, fire and its related effects
act as the trigger promoting mass regeneration of many species, hi a sense, fire resets
the successional clock.

However, the manner in which succession proceeds is

dependent on the various components of the fire regime (frequency, season, intensity
and type of fire). This study investigated vegetation succession in the heathlands of the
Gippsland Lakes Coastal Park in south-east Australia and specifically examined three
issues: (a) the pattern of change in the heath with time since fire, (b) the effect of
sampling grain on these patterns, and (c) whether species present at different times since
fire differed in their regeneration biology.
Species richness (total and mean), evenness (J) and diversity (H) were all found to
decrease significantly with time since fire (13 different ages up to 27 years post-fire). In
addition, species composition differed significantly according to site age. However,
relationships between these parameters and site age were often found to be scaledependant, i.e. a trend was evident at one sampling grain but absent at another.
Furthermore, community heterogeneity was unrelated to time since fire.
The species ricliness and seedling density of the germinable soil seed bank were both
unrelated to site age. However, species composition of the soil seed bank differed
significantly among age classes, with the greatest difference existing between young (06 years since fire) and old (23-27 years since fire) sites. There was no trend in the
similarity between the extant vegetation and composition of the germinable soil seed
bank with increasing time since fire.
Species occurring only in the vegetation of young sites were characterised by their
in

intolerance to establishing in the presence of adultscompetition, and the unassisted mode
of dispersal: Species occurring solely in old sites were characterised by their longevity,
tolerance to establishing in the presence of adults competitors, wind-dispersal and
obligate resprouting. Species that occurred across young, intermediate and old-aged
sites were characterised by their longevity, intermediate propagule size, tolerance to
establishing in the presence of adultseompe&aeft and their shrub life-form.

11

Succession in. Lhc heath appeared to correspond we]] with Eglef s 'Initial floristic
composition' model. However, even though the heath appears to fit this model of
succession, the effect of different fire regimes is largely unknown and can only be
inferred.

This study has highlighted the importance and effect that spatial scale

(sampling grain) may have on the interpretation of ecologicai data in heathJards.
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CHAPTER 1
INTRODUCTION

WORLD PERSPECTIVE ON HEATHLANDS
Heathlands are found across a broad climatic spectrum, ranging from the tropics to the
subarctic and from lowland to alpine regions (Specht 1979a). Throughout the world,
heathlands ate characterised by (a) their evergreen, sclerophyllous riatoro, (b) the
presence of one or more of the heath families.. Diapensiaceae, Ernpetraceae,
Epacridaceae, Ericaceae, Grubbiaceae, Prionotaceae and Vacciniaceae. and (c) their
restriction to highly infertile soils (Specht 1979a; Groves 1981). True heathlands are
devoid of emergent trees and tall shrubs, and are characterised by a dense to mid-dense
assemblage of evergreen, sclerophylious shrubs and subshrubs less than 2 m in height,
with seasonal geophytes, grasses and herbs also present, although usually in smaller
numbers (Specht 1979a; Specht 1979b).
The Australian heathland flora is considered to be very similar in physiognomy,
morphology and physiology to the vegetation of other Mediterranean-type climates of
the world, namely, the maquis (macchia) and garigue around the Mediterranean Sea, the
chaparral of California, and the matorral of Chile (Schimper 1903 in Specht 1979b).
However, Australian heathlands are most closely allied with the South African jynbos
(Specht 1994).
SOUTHERN AUSTRALIAN LOWLAND HEATHLANDS
Climate and soils
Australian heathlands exist across a broad climatic spectrum, ranging from the
monsoonal tropics in the north, to the more temperate climate of southern Australia,
with the arid expanse of central Australia appearing to be the only climatic zone where
heath is largely absent (Specht 1979b; Specht 1994).

Heathlands are also found

extensively along an elevational gradient from coastal areas to the alpine regions of the
eastern seaboard (Specht 1979b).
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Within this broad climatic and distributional range, heathlands in the lowland areas of
south-east Australia are restricted to environments characterised by soils of extremely
low nutrient availability (Specht & Moll 1983; Adams et al. 1994; Cheal 1996). In fact,
the levels of available soil nutrients, particularly phosphorus, are thought to be the major
determinants influencing heathland distribution (Beadle 1954; Beadle 1962; Specht
1979b). South-eastern Australian lowland heathlands develop on a wide range of soils,
including (a) windblown sands, (b) soils derived from sandstone, quartzite or granite
parent material., (c) highly leached soils such as podzols and lateritic podzols, and (d)
peat (Specht 1994). Furthermore, these heathlands are often broadly subdivided into
wet heathlands (poorly drained or seasonally waterlogged) and dry heathlands
(seasonally drought}') depending on substrate permeability (Groves & Specht 1965;
Specht 1979b).
Species richness, structure and composition
Fire is the usual form of landscape-scale disturbance in south-eastern Australian
heathlands, with species richness commonly peaking in the first few years following fire
(Specht et al. 1958; McMahon 1984b; Wark 1996). This trend is exhibited in both dry
and wet hcathlands, however, dry heathlands are usually more species-rich (Specht
1979b). Species richness is also generally greater in heathlands where emergent trees or
dominant overstorcy shrubs are absent, as their cover tends to exclude species in the
lower strata (Specht & Morgan. 1981; Specht & Specht 1989). Similar patterns have
also been recorded in South African fynbos (Cowling & Gxaba 1990).
Generally, heathlands may be structurally divided into three broad strata (Specht 1979b;
Specht 1994). The upper stratum comprises deep-rooted nanophanerophytes (up to 2 m
tall) with relatively broad, sclerophyllous leaves. The mid-stratum is characterised by
relatively shallow-rooted nanophanerophytes (0.5-1.5 m tall) with narrow semisclerophyllous leaves.

Finally, the ground stratum comprises a mixture of

sclerophyllous hemicryptophytes and shallow-rooted chamaephytes with small, densely
packed leaves (Specht 1994).
True heathlands (in the structural sense of the word) are found in most areas of
Australia, but are generally restricted to relatively small patches in the midst of taller
scrubs, woodlands and forests that occur on soils with slightly greater nutrient
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availabilities (Specht 1979b).

As environmental conditions become increasingly

favourable, and/or time since disturbance (usually fire) increases, the heath elements
often become overtopped by taller shrubs and trees, mainly of the genera Banksia,
All-icasuarina and Eucalyptus (Specht 1994).
Temperate heathlands of south-east Australia are dominated by the dicotyledonous
families, Fabaceae (13 genera), Myrtaceae (11. genera), Epacridaceae (eight genera) and
Proteaceae (eight genera), the monocotyledonous families, Or.chidaceae (13 genera),
Cyperaceae (seven genera) and Poaceae (seven genera), and Pteridophytes (nine genera)
(Specht 1994). Generally, these heathlands are characterised by an abundance of shrubs,
with sedges and similar sclerophyllous monocots common, while grasses and ephemeral
herbs are noticeably rare (Specht 1994; Cheal 1996).
THE IMPORTANCE, INFLUENCE AND EFFECT OF FIRE IN HEATHLANDS
Fire as a form of disturbance
Fire is undoubtedly the principle form of landscape-scale disturbance in south-eastern
Australian lowland heathlands, predominantly owing to the characteristically dense
vegetation, the tendency for dead foliage to remain on some species, the relatively slow
rates of litter decomposition and the large proportion of sclerophyllous species
possessing high concentrations of volatile oils and resins in their leaves (Specht 1979a;
Specht 1981b; Keith el al 2002). These factors, together with the hot and dry weather
conditions experienced each summer, render south-eastern Australian, lowland
heathlands highly susceptible to fire (Gill & Groves 1981).
Although fire is often seen as a catastrophic disturbance in these heathlands, many
species are dependent on fire for their continued regeneration and persistence, whether
by seed or resprouting (Whelan 1995). In fact, fire is literally the event that acts to
'restart" the successional process. Following fire, resource competition is thought to
dramatically decrease as a result of reduced overstorey cover and an associated increase
in light availability (Specht & Specht 1989; Keith & Bradstock 1994; Keith 1995). In
addition, soil nutrient availability has been shown to increase in the immediate post-fire
environment, owing to the mineralisation of organically-bound nutrients during fire (the
'ash-bed' effect) (Specht 1979b; Warcup 1980; Humphreys & Craig 1981). Changes in
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soil temperature regimes (Auld & Bradstock 1996), a reduction in seed predaiion
(OTtowd & Gill 1983; Bond el al 1984; Bradstock 1991) and lower levels of root
pathogens (Specht 1979b) and allelopathic chemicals in foliar and litter leachates (del
Moral et al 1978; Gill & Groves 1981; Keeley et al 1985) may also be associated with
the immediate post-fire environment.

In combination, these factors facilitate an

environment conducive to plant regeneration, compared with unburnt heath, where
regeneration is uncommon (Specht et al. 1958; Meney et al. 1994; Benwell 1998).
Fire regime
The continued persistence and success of plant species at any given site is dependent
upon the local fire regime, which consists of four components: the type, intensity,
season and frequency of fire (Gill 1975; Gill 1981 a). Because every species responds
differently to a given fire regime, variation in each of these components may result in
significant differences in vegetation species composition, richness and diversity at a
given site (Bond & van Wilgen 1996).
Fire type is the component of the fire regime that distinguishes between above- and
below-ground fixe (Gill & Groves 1981). Most fires occur above-ground, however, in
areas where a peat or humus layer is present in the substrate, fires may burn belowground for substantial amounts of time (Gill & Groves 1981; Gill 1993). Fire intensity
may be measured in terms of fire temperature, the rate of spread of a fire, soil heating
during the passage of fire, and levels of plant scorch (Byram 1959; Gill & Groves 1981;
Bradstock & Auld 1995; Auld & Tozer 1999). Fire intensity is influenced by a number
of factors, including fuel load, fuel moisture, slope, temperature, humidity and wind
speed (Gill & Groves 1981), and it may have significant impacts on species composition
and abundance (Moreno & Oechel 1991; Rice 1993; Segura et al. 1998). The season of
lire is another component of the fire regime influencing species survival and persistence,
and is often related to fire intensity (Bond 1980; Le Maitre 1987; Enright & Lamont
1989).

Finally, fire frequencies have the potential to substantially affect the

composition and relative abundance of species within heathlands. This is mainly due to
their influence on whether species have the opportunity to reach reproductive maturity
and produce sufficient seed to re-establish themselves (Gary & Morrison 1995;
Morrison el al. 1995; Bradstock et al. 1997).
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Post-fire species regeneration
The response of plants to fire is an important facet of community dynamics in
heathlands. influencing the speed at which species regenerate and gain biomass after fire
(Specht 1981b; Bellingham & Sparrow 2000; Bond & Midgley 2001), the time to reach
reproductive maturity (Benson 1985) and the capacity for species to tolerate different
disturbance (fire) regimes (Gill & Groves 1981; Bell et al 1984; Keith 1996; Gill &
McCarthy 1998). Ill a seminal paper by Naveh (1975), three modes of fire-response
were recognised: obligate seed regeneration (OS) (recovery only from seed), facultative
resprouting (FR) (recovery from seeds and vegetative resprouts) and obligate
resprouting (OR) (recovery only from resprouls). However, despite the prevalence of
resprouting in many mediterranean-type systems, the importance of persistence (via
sprouting) has often been overlooked in favour of seed-based recruitment models of
succession and diversity (Bond & Midgley 2001).
Recruitment from seed
For species killed by fire, regeneration from seed is the only means of persistence, and
occurs via three sources (Gill 1981a; Gill 1981b). First, some species store seed on the
plant in protective woody fruits (serotiny/bradyspory) that are predominantly triggered
to open and release seed at the time of fire, immediately after fire, or upon death of the
branch bearing the woody fruits (Specht 1979b; Gill 1981a; Bell et al 1984; Lamont et
al 1993; Whelan et al 1998). Second, many species store seed in the soil that is
triggered to germinate by soil heating, the leaching of smoke by-products, or other
mechanisms associated with lire (Gill 1981a; Bell 1999). Finally, some fire-sensitive
(fire-killed) species have no seed store in the burnt area; instead, they rely on post-fire
seed dispersal into the system (e.g. bird-dispersed, parasitic mistletoe species such as
Arnyema spp.) (Gill 1981a).
Although fire-cued seed germination allows species to take advantage of the benefits
provided by the immediate post-fire environment (e.g. high light and nutrient
availability, and low competition levels), there are a number of risks involved for
obligate seed regenerators.

These risks are predominantly related to species

characteristics such as the juvenile period, seed longevity, plant longevity, and the
ability of plants to regenerate in the presence of adult competition during the inter-fire
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period (Noble & Slatyer 1980). Depending on the traits of individual species, variation
in components of the fire regime ma3' facilitate local species extinctions (Keith 1996:
Midgley 1996; Bond 1997). For example, high frequency fire regimes may lead to the
local elimination of obligate seed regenerating species with juvenile periods greater than
the time elapsed between fires, as they may have insufficient time Jo reach reproductive
maturity;, and arc therefore unable to set enough viable seed to germinate successfully in
the interval between fires (Noble & Slatyer 1980; van Wilgen 1981; Zedler et al 1983:
McMahon 1984a; Cary & Morrison 1995: Morrison at at. 1995; Bradstock et al. 1996;
Keith 1996; Gill & McCarthy 1998). Conversely, low fire frequencies (long intervals
between fires) may lead to the extinction of relatively short-lived species with transient
or weakly persistent soil seed banks that depend on fire and its associated effects for
regeneration (Keith 1996). Therefore, obligate seed regeneration may be a high-risk
strategy for certain species if fire does not occur within a particular window of time.
However, for most other species, it is a highly effective mode of regeneration that
maintains genetic variability within populations and allows dispersal.

Vegetative regeneration
Obligate resprouters are defined as those plants that survive fire when reproductively
mature individuals are subject to 100% leaf scorch (Gill 1981a; Gill 1981b). Although
the above-ground parts of these plants may be destroyed by fire, they readily resprout
from rhizomes, lignotubers, conns or bulbs protected in the soil (Specht 1979b; Gill
1981a). In addition, some tree species resprout from epicormic buds along the stem
(e.g. Eucalyptus spp.) (Specht 1979b), while other species resprout from undamaged
active aerial pre-firc buds (e.g. Xanihorrhoea australis) (Gill 1981b). Resprouting is
generally the dominant mode of post-fire recovery in Australian heathlands and
shmblands, with 65% to 80% of species possessing the ability to resprout, either
obligately or facultatively (Specht et al. 1958; Siddiqi et al. 1976; Russell & Parsons
1978; Bell et al. 1984; McMahon 1984b; van der Moezel et al. 1987; Wark et al 1987;
Molnar et al 1989; Benwcll 1998).
The main advantage of obligate resprouters compared with obligate seed regenerators
lies in their relatively shorter time interval to reproductive maturity (McMahon 1984b;
Keeley 1986), their generally lower susceptibility to high fire frequencies (Specht et al
1958; Siddiqi et al. 1976; McMahon 1984a; Bradstock 1990; Morrison et al. 1995;

Chapter I - Introduction

Bradstock et al 1997) and their ability to establish immediately after fire and add
biomass to the system more quickly than seeders (Specht 1979b; Bellingham & Sparrow
2000). Furthermore, even though obligate resprouters by definition regenerate solely by
resprouting. most still germinate from seed at some stage (albeit a lot less efficiently
than obligate seeders), depending on the disturbance intensity and post-disturbance
environmental conditions (Midgley 1996). This tendency effectively acts as a form of
'bet-hedging% allowing obligate resprouters to germinate by seed occasionally, thus
conserving genetic diversity in the population (Bond & Midgley 2001).
Unfortunately for researchers, categorising species into obligate seed regenerators and
obligate resprouters is a difficult task, because many species exhibit both modes of
regeneration, depending on the disturbance intensity and the genetic variant at a
particular site (Bellingham & Sparrow 2000; Bond & Midgley 2001). In actuality,
levels of resprouting and secdingAvary continuously along gradients of disturbance
intensity, both within and between species (Midgley 1996; Bellingham & Sparrow
2000).

Because of the tendency for species to display both traits, Naveh (1975)

introduced the term 'facultative resprouters'. to describe those species that recover from
both seed and vegetative resprouts. Facultative resprouters possess an. advantage over
obligate seeders and resprouters in that they may act as oither seeders or resprouters
depending on site conditions, and disturbance severity and frequency.
Fire management and optimal lire regimes
One of the major challenges currently facing heathland management is the establishment
of ecologically sound fire regimes (State of Victoria 1997). This is a complex task,
owing to a range of factors including the following: (a) the need to protect life and
property (from catastrophic fire), through fuel reduction burning and fire suppression
activities (State of Victoria 1995; Benwcll 1998: Gill 1999); (b) the desire to enhance
population viability of rare or threatened plant populations (Benwell 1998); (c) the
desire to maintain species diversity (van Wilgen et al 1994; Bradstock et al. 1995; Gill
1999); and (d) the need to manipulate habitat for particular animal species (Meredith <&
Isles 1980; Day et al. 1999). In addition, management agencies must have a clear vision
of the fire regimes they propose to implement for a given area. For example, do they
propose to reintroduce pre-European fire regimes and restore ecosystems to pre-
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settlement conditions, or do the}' apply fire regimes in relation to current circumstances
and management priorities (Gill & McCarthy 1998)?
Many researchers have made recommendations regarding optimal fire regimes in
heathlands. with most suggesting that fire frequencies every 8-15 years are required to
maintain species diversity, based on species reproductive and life-history traits (Russell
& Parsons 1978; Gill & Groves 1981; van der Moezel et at 1987; McFarland 1988). In
heathlands dominated by Banksia ornata^ fire frequencies need to be even longer (i.e. 16.
years or greater) FOT the obligate seeder, B. ornata, to successfully re-establish and
replace itself (Gill & McMahon 1986). Research is also beginning to reveal that fires in
the 'naturally-occurring' fire season (summer/autumn) of Mediterranean-type systems
promote more effective seed germination than fires lit for fuel reduction purposes during
spring, when fuel moisture levels are usually greater (Bond 1980; Le Maitrc 1987:
Enright & Lamont 1989). In addition, other studies recommend burning heathlands in a
mosaic pattern (van der Moezel et al. 1987; McFarland 1988), in order to create habitat
heterogeneity and maintain variability in population structures.
THE IMPORTANCE OF SPATIAL SCALE
The concepts of spatial and temporal scaling are integral to any discussion focussing on
pattern and process in vegetation, as pattern and process are likely to be scaledependent, i.e. they are likely to vary at different spatial and temporal scales (Allen &
Starr 1982; Reed et al 1993; MacNally & Quinn 1998). For instance, a range of factors
may drive vegetation parameters such as species richness, composition, community
heterogeneity and structure. At the landscape/regional scale, environmental factors such
as biogeography, geology, climate and topography probably drive these parameters more
so than biotic factors. Conversely, at the local level, soils, microtopography, drainage,
fire ^gime, light availability, competition, niutualistic interactions, herbivory, plant
regeneration strategies, dispersal characteristics and seed bank composition all combine
to determine the make-up of the community and how it functions (Armesto et al. 1991;
Huston 1994).
Although scale-dependence is likely in natural systems, choosing an appropriate spatial
scale to study is often difficult, owing to the fact that the scale at which we interpret
pattern and process may be totally different from the way in which organisms such as
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plants respond to their environment (Levin 1992). Therefore, in some cases, a multiscale approach may be the most appropriate way in "which to study natural systems
(Walker at al. 1972; Levin 1988; Thorhallsdottir 1990; Gardner 1998). Despite the
intuitive benefits of the multi-scale approach, very little work has been undertaken
examining the effect of observational spatial scale in Australian heathland systems,
although studies by Brown & Hopkins (1983) and Keith & Myerscough (1993) are
exceptions.
HEATHLAND VEGETATION SUCCESSION
Ecological succession describes the process of change in plant species composition and
abundance over time at a given site, in response to disturbance. Various models and
mechanisms of succession have been proposed, tested and debated over the past century,
however, three main theories appear to dominate the ecological literature (Clements
1916; Gleason 1926; Clements 1936: Egler 1954; Drury & Nisbet 1973; Cormeil &
Slatyer 1977; Noble & Slatyer 1980; Pickett et al. 1987; McCook 1994).
The first theory, proposed by Clements (1916), assumes that different groups of species
sequentially invade a site following disturbance, with each group of species modifying
the environment to a degree, making it less favourable to themselves and more
favourable to their potential successors. This concept of succession has since become
known as either relay Jlorislics (Egler 1954) or facilitation (Connell & Slatyer 1977). In
contrast, Egler (1954) proposed the initial flor is lie composition model of succession,
where vegetation development (succession) proceeds from the initial flora present
following disturbance.

ChangevS in species dominance are primarily due to the

differential growth rates of the species present on site at the time of disturbance (Egler
1954), and the loss of species through natural mortality, rather than the result of species
invasions. However, although initial floristic composition theoretically accounts for the
majority of species on site, Egler (1954) considered that relay floristics may still account
for the presence of some species through later invasion. Initial floristic composition is
analogous to the inhibition model of Connell & Slatyer (1977), where 'later5 species
cannot grow to maturity because they are inhibited by the presence of species that
established quickly after disturbance, A key feature of this model is that species are
'lost' from the system as a function of lifespan, rather than competition. Finally, the
tolerance model described by Connell & Slatyer (1977). outlines a successional
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sequence where species colonising outside of the immediate post-disturbance period axe
successful, irrespective of whether other species have preceded them. A key feature of
this model is that species are eliminated via competition.
Australian heathlands are generally thought to adhere to the initial floristic composition
model of succession (Russell & Parsons 1978; Groves & Specht 1981; Bell et al 19S4;
Wark 1996), which is equivalent to the term autosuccession, described by Hanes (1971).
Owing to the general lack of invading species, Groves & Specht (1981) and Specht
(1994) regard most Australian heathlands as cdaphic climaxes, with any structural
changes probably due to human modifications to the environment. However, Gill &
Groves (1981) suggest that this may not always be the case, with heathland being serai
to woodlands or tall shrub thickets in some instances. Numerous studies confirm this
viewpoint (e.g. Bumell 1981; Brown & Podger 1982; McMahon 1984b; Bennett 1994;
Cheal 1996; McMahon ei al 1996; Cheal 2000). In addition, relatively high fire
frequencies may cause a change in dominance (and possibly composition) in scdgelandheath communities (the ecological drift hypothesis of Jackson. 1968), with heath
elements eliminated or substantially reduced, while sedges increase in abundance
(Jackson 1968; Bowman & Jackson 1981; Bradstock et al 1997). The opposite may
occur with long inter-fire periods (Jackson 1968).
THE CHRONOSEQUENCE APPROACH
There are two main approaches for assessing successional dynamics in vegetation,
permanent plot studies and chronosequences. Owing to practical limitations, long-term
(greater than 15-20 years) permanent plot studies are rare (Foster & Tilman 2000),
especially in Australia, although the study examining vegetation dynamics in relation to
grazing at Koonamore, South Australia, is an exception (Crisp 1978). Instead, the
common practice for examining vegetation dynamics over large temporal scales (often
over 100 years) is to adopt the chronosequence approach (space-for-time substitution)
(Pickett 1989), where a series of samples of varying time since disturbance are used in
an attempt to identify or infer temporal trends in the vegetation.
Many studies have been conducted in a range of ecosystems throughout the world using
the chronosequence approach. Some of these studies have concentrated on examining
primary successional sequences (Reiners el al. 1971; de Kovel et al 2000). while others
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have concentrated on secondary succession following disturbance such as fire (Specht et
al 1958; Shafi & Yarranion 1973a; Shafi & Yarranton 1973b: Russell & Parsons 1978;
Brown & Podger 1982; van Wilgen 1982; McMahon 1984b; Hoffman et al 1987;
McFarland 1988; Zammit & Zedler 1988; Ough & Ross 1992; Ne'cman & Izhaki 1999),
ciearfell logging (Ough & Ross 1992). or agricultural abandonment (Christensen & Peet
1984; Inouye et al 1987; Bakker et al 1996; Dalling & Denslow 1998; Bekker et al
2000: Foster & Tilman 2000). These studies have been undertaken for a variety of
purposes, namely, to study vegetation succession (Reiners et al. 1971; Brown & Podger
1982; Christensen & Peet 1984: Hoffman et al. 1987; Inouye et al. 1987; de Kovel et al.
2000; Foster & Tilman 2000). changes in species composition, richness and diversity
(Specht et al. 1958; Reiners et al. 1971; Shafi & Yarranton. 1973a; Russell & Parsons
1978; McMahon 1984b; Hoffman et al 1987; Inouye et al 1987; McFarland 1988), soil
seed banks (Zammit & Zedler 1988; Bakker et al 1996; Dalling & Denslow 1998;
Ne'eman & Izhaki 1999; Bekker et al 2000); soil nutrients (Specht et al 1958; Inouye
et al 1987; Enright et al. 1994; de Kovel et al 2000), vegetation heterogeneity (Shari &
Yarranton 1973 b), biomass (Specht et al 1958; van Wilgen 1982) and stand structure
(Specht et al 1958; McMahon 1984b; McFarland 1988; Denslow & Guzman 2000)
with increasing time since disturbance.
Tn a study examining the advantages and disadvantages of chronosequences, Pickelt
(1989) concluded that space-for-time substitution was limiting because it had an
averaging effect, somewhat disguising the short-term dynamics of the system in
question. Jn contrast, Foster & Tilman (2000) saw this averaging effect as an advantage,
as chronosequences "could reveal broad successional trends by averaging across site-tosite differences

in species composition that occur because of differences in

environmental conditions and site history."

Milberg (1995) had other concerns

regarding the use of chronosequences, namely, the fact that site selection for many
successional studies is made on the basis of the researcher's preconceived idea of what
the vegetation should look like at a given successional stage. Often, this preconceived
idea assumes the species-replacement (relay floristics) view of succession (Clements
1936), which is frequently not the case in nature, particularly in Australian heathlands
(Purdie & Slatyer 1976). Therefore, according to Milberg (1995), this approach may
lead to potentially erroneous findings.
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Chronosequence studies are potentially useful because they may indicate change in
various community parameters with increasing time since disturbance, which for the
purpose of this study, is fire. They may also be used to generate hypotheses about
patterns and mechanisms (Pickett 1989). However, the mechanisms underlying the
observed patterns can only be understood through experimentation, and/or long-term
monitoring studies. In addition, there are some very important assumptions that must be
recognised and addressed for a chronosequence study to be useful and worthwhile.
First, environmental factors such as climate, geomorphology and soils are assumed, to be
similar or relatively unvarying among sites (Pickett 1989; Denslow & Guzman 2000).
Second, ail sites ?re assumed to have had the same initial pre-fire conditions. This
involves the assumption that past fire history is the same, or at least randomised across
sites (Morrison et al. 1995). Tf both of the above assumptions are met, any trends
among sites are assumed to be due to the time elapsed since fire, rather than
environmental differences. One of the inherent dangers in using the chronosequence
approach is that unknown historical and/or site factors may explain a portion of the
variation among sites (Pickett 1989). However, if the above criteria are met, and trends
are evident along the chronosequence, then the chance that inherent site differences are
causing the trends is minimised, and the likelihood that time since fire may be a
determining factor is enhanced.
AIMS, SIGNIFICANCE AND OVERVIEW OF THE STUDY
This study nses the chronosequence approach to investigate vegetation succession in the
sand heathlands of the Gippsland Lakes Coastal Park, near the township of Loch Sport,
in eastern Victoria, Australia. The study area has a relatively detailed fire history and
consists of an extensive heathland (c. 3;500 ha) with multiple post-fire age classes.
Environmental factors such as climate, geomorphology and topography are remarkably
similar throughout the study area, implying that the study area seemingly meets the
fundamental assumption of the chronosequence design (Pickett 1989).
The general aims of this study are to:
(1)

determine the pattern of vegetation change in the Loch Sport sand heathland in
relation to time since fire, in terms of
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(a)

above-ground (extant vegetation) species richness, evenness, diversity,
composition, community heterogeneity, community structure and lifeform richness, and

(b)

below-ground (soil seed bank) species richness, seed density and
composition;

(2)

determine the effect of spatial scale (sampling grain) on vegetation species
richness, evenness, diversity, composition and community heterogeneity, with
changing time since fire; and

(3)

determine whether species present at different successional stages differ in their
regeneration biology.

Numerous studies have examined the successional response of heath-type vegetation
communities to fire, with most of these studies including basic community descriptors
such as species richness and composition (e.g. Russell & Parsons 1978; Cheal 2000).
Some studies have also determined species diversity, community structure and life-form
diversity (e.g. Specht et al. 1958; Hanes 1971; McMahon 1984b; Hoffman et al 1987;
McFarland 1988; Enright et al 1994; Wark 1996). However, none appear to have
examined community heterogeneity through a successional sequence.

This study

attempts to examine all of the aforementioned vegetation parameters and determine the
effect of multiple sampling grains upon each of tliese (a first for any successional study
in Australian heathlands). In addition soil seed banks and the biological traits of each
species will be assessed in relation to time since fire, to gain a more complete
understanding of regeneration dynamics and successional processes in south-eastern
Australian heathlands.
Soil seed bank studies are an effective means by which absolute species richness at a
site can be estimated (Valbuena & Trabaud 2001). rather than simply above-ground
richness, which is the parameter most often used to determine species richness of
heathlands. Soil seed bank studies can also indicate whether short-lived or post-fire
ephemeral species are present in the heathiand soil, waiting for fire to break seed
dormancy and induce germination. Despite the value of these studies, little work has
been undertaken to document the soil seed banks of south-eastern Australian heathlands,
although studies by Carroll & Ashton (1965) and Molnar et al (1989) are exceptions.
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In Chapter 2, the study area is described, with a particular focus on environmental
variables, conservation and fire history, and the methods used in selecting study sites.
Chapter 3 focuses on soils and encompasses two main themes: (a) a description of the
study site soils, and (b) validation of the chronosequence design. The vegetation of the
study area is described in Chapter 4, with the effect of time since fire on species
richness, evenness, diversity, composition, life-form diversity, community heterogeneity
and structure determined. Chapter 5 examines the effect of spatial scale, in particular,
sampling grain, on the vegetation parameters measured in Chapter 4. The effect of
sampling grain on trends in vegetation parameters with time since fire is also assessed.
Chapters 6 and 7 focus on the soil seed bank. Chapter 6 is a pilot study determining
optimal experimental procedures and treatments to promote seed germination, while
Chapter 7 examines the effect of time since fire on the species richness, density and
composition of the soil seed bank, and the similarity between the soil seed bank and the
extant vegetation. In Chapter 8, the biological and ecological characteristics of each
species, which influence how a species regenerates and subsequently survives after
disturbance (fire) are examined, to determine whether species that occur only in early
successional stages possess different traits to those occurring in late successional stages.
Finally, Chapter 9 attempts to synlhesise all of the previous chapters and discusses the
findings in terms of vegetation succession theory.

CHAPTER 2
STUDY AREA AND SITE DESCRIPTIONS
The study area is situated approximately 230 km east-south-east of Melbourne, in
Victoria, south-cast Australia (Figms 2.1), and comprises approximately 3500 ha of
sand hcathland, located predominarHly within the 17600 ha Gippsland Lakes Coastal
Park. The study area is located between the townships of Golden Beach and Loch
Sport, and is surrounded by Lake Victoria in the north, Lake Wellington to the northwest and Lake Reeve in the south, forming part of what is collectively known as the
Gippsland Lakes. These waterbodies encompass a broad range of conditions ranging
from the brackish to hypersaline swamps and lagoons of Lake Reeve, to the fresh to
saline waters of Lake Wellington and Lake Victoria (Harris 1976).

Immediately

adjacent to Lake Reeve is rjic soastal barrier system and the 90 Mile Beach (Harris
1976).
CLIMATE
The closest weather station to the study area is the East Sale Airport, which is 22 km
west-north-west from the south-west extremity of the study area. The climate here is
typically mediterranean, with warm summers {mean maximum and minimum
temperatures of the wannest month are 25.2DC and 12.7°C respectively) and cool to
mild winters (13.7°C anO 3.2°C respectively). The mean annual rainfall of 616 mm is
spread evenly throughout the 3rear with a small peak in late spring (63 mm per month in
November). Climate averages are based on 57 years of data (Bureau of Meteorology
2000) and are considered to be representative of the study area.
GEOMORPHOLOGY
The study area is largely composed of a level sandplain, with a small area of stabilised
dunefields toward the eastern end. The sandplain and associated dunes are thought to
have originated from siliceous beach and dune ridge barrier deposits, laid down when
sea level was higher than present (Geological Survey of Victoria 1967; Jenkin 1968;
Harris 1976). Elevation is constant at approximately 5-10 m above sea level (a.s.l.),
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apart from tlie dunes, which reach heights up to 20 m a.s.l. There is no stream channel
development within the study area.
SOILS
Soils of the study area consist of deep, uniform, well-drained, siliceous sands that are
highly acidic. Profile development is poor, with grey-brown sands found at the surface,
whitish-grey to white sands below, and orange sands deeper down the profile. Owing to
the well-drained and highly leached nature of the soil profile, nutrient levels and organic
matter content in the soil are extremely low. A detailed analysis of soils is given in
Chapters.
VEGETATION
Across most of the broad study area, there is a clear transition between vegetation types
along a gradient of soil moisture, fertility and salinity. The predominant vegetation type
of the study area is heath found on sandy substrates. Within this 'sand heath5, the shrub,
Leplospermum myrsinoides is the dominant species, with Monotoca scoparia, Bcmksia
marginal'a, Allocasuarina

misera, Epacris impressa and Caustis pentandra also

abundant in the mid-stratum. Hypolaena fasligiata dominates the ground stratum, while
the tree, Banksia serrata, and the 'mallee-form' eucalypts, Eucalyptus aff. willisii
(Gippsland Lakes) and E. viminalis ssp. piyoriana,

are emergent and scattered

throughout. On soils of relatively greater moisture availability and higher fertility, the
sand heath gives way to a herb-rich woodland. This community is characterised by an
abundance of forbs, grasses and orchids, with E, viminalis ssp. pryoriana, E. radiaia, B.
serraia and Acacia mearnsii dominant in the overstorey, and Pteridium esculentum and
A. longifolia var. sophorae common in the midstorey (Davies & Oates 2001). Moving
closer to the lakes, the woodland community is frequently bounded by a dense
Melaleuca ericifolia scrub, with a halophytic ground layer of graminoids and herbs
(Davies & Oates 2001). Finally, coastal saltmarsh is abundant on the more saline
margins of Lake Reeve (Davies & Oates 2001).
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CONSERVATION MANAGEMENT
The Gippsiand Lakes Coasial Park was proclaimed in 1979 and is reserved under
Schedule 3 of the National Parks Act (Parks Victoria 1998). Parks Victoria manages the
majority of the Park for both conservation, and recreation purposes, however, the section
between Beacon Swamp Track and Tip Track is managed solely for conservation (Parks
Victoria 1998). Wellington Shire Council also manages a small portion of the eastern
and western extremities of the study area.
The relevant conservation management aims for the Park are to:
•

Protect and conserve the natural environment

*• Allow natural environmental processes to continue with a minimum of interference
•

Maintain biodiversity

•

Conserve native plant communities

•

Improve knowledge of the Parks' native vegetation and its management
requirements

•

Actively manage significant flora species where required

•

Provide special protection and undertake specific management for threatened fauna
and communities where appropriate (Parks Victoria 1998)

FIRE HISTORY AND MANAGEMENT
Prior to European settlement in Australia, Aborigines burned much of the landscape
regularly for a variety or reasons, such as optimising the local abundance of food plants,
providing favourable habitats for animals they hunted, signalling, and clearing
vegetation to facilitate travel (Bowman 199R). Fixe regimes are predominantly thought
to have altered from a relatively high frequency, low intensity regime maintained by the
Aborigines, to a low frequency, high intensity regime caused by the accmnulation of
fuel associated with, active fire suppression following European settlement (Burrows et
al 1995; Bowman 1998; Ward et al. 2001). Conversely, Gell et at. (1993) found
evidence for a marked increase in lire frequency in East Gippsiand, Victoria, following
European settlement. This was then followed by a much lower fire frequency associated
with fire suppression policies implemented after the massive fires of 1939 that burnt
large areas of Victoria. Despite the contradictory nature of these studies, one certainty is
that evidence regarding the pre- and post-European fire history of the study area is

Chapter 2 - Study area and site descriptions

18

largely unknown, and any attempt to infer fire history without the proper techniques is
fraught with danger.
Wildfire is a significant and constant threat in the study area, with government policy
directing that all fires on, or threatening public land, be brought under control (State of
Victoria 1995). In order to minimise the risk of wildfire, prescribed burning for fuel
reduction purposes has been undertaken by the Department of Natural Resources and
Environment (DNRE) and the Country Fire Authority (CFA) within the study area since
at least 1981. Fire history mapping of wildfires and prescribed fires was commenced in
1981 by DNR£, however, prior to this, there are no detailed fire records for the study
area.
Due to wildfire and prescribed burning over the past few decades, a mosaic of post-fire
age classes exist across the study area. In 1980, a wildfire burnt approximately 290 ha,
while in 1983, another large wildfire burnt approximately half of the study area (c. 1830
ha). The ensuing 14 years saw a lack of large wildfires, however, in 1999, a prescribed
burn 'escaped' from control lines and burnt approximately 100 ha.

Two large

prescribed burns were conducted in 1997 and 2000, burning approximately 560 and 330
ha of heathland respectively. Apart from the fires listed above, all other fires within the
heathland over the past 20 years have been approximately 32 ha, or smaller.
Fire is pivotal to the success of conservation efforts in the study area. Currently, there
are two main foci of burning in the study area. Firstly, there is the asset protection
advantage provided by fuel reduction burning near the township of Loch Sport (between
Tip Track and the Loch Sport golf course). Secondly, there is an ecological focus across
most of the study area aimed at maintaining suitable habitat for the New Holland Mouse
(Pseudomys novaehollandiae) (G. Hollis pers. cumm.), which is critically endangered in
Victoria (Parks Victoria 1998). This burning program also has the joint management
benefit of reducing fuel loads and consequently, the potential intensity of wildfires
(State of Victoria 1995). Despite the conservation focus across much of the study area,
the burning program is heavily biased toward conservation of the New Holland Mouse,
whilst the fire-related requirements for the survival of individual plant species have yet
to be addressed and incorporated into prescribed burning programs.
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Presently, approximately half of the sand hcathland within the study area is over 20
years of age. Owing to the New Holland Mouse's preference for early successional or
regenerating heath two to nine 3fears old (Hollis 1996). Park management aims to
implement a burning program that will reduce the amount of vegetation contained
within older age classes, therefore enlarging the area of suitable Mouse habitat (L.
Jeremiah pers. comm.). Park management is currently in the process of implementing
an ecological burning program, where the aim is to burn three discrete blocks spread
between the Gippsland Lakes Coastal Park and the nearby Lakes National Park each
year (B. Houghton pers. comm.).
STUDY SITE SELECTION AND ESTABLISHMENT
Fifteen study sites were chosen according to three selection criteria. First, sites had to
be on sandy soils and comprise 'heath' vegetation, or a potentially related successional
stage.

Specht (1970) defined heath as vegetation less than 2 m in height, with a

projective foliage cover of the tallest stratum greater than 30%. Scattered, emergent
trees are allowable under this definition of heath (Specht 1970),

All sites were

classified as heath, according to Specht's definition, except SS-26 and T2-27, which
possessed an average vegetation height (excluding emergent trees) of 2.3 m and 3.4 m
respectively, placing them in the 'scrub' classification of Specht (1970). Second, sites
were required to be at Least 4 ha in size, in order to gain a comprehensive overview of
community composition, richness and heterogeneity for a particular post-fire age.
However, five of the study sites were smaller than 4 ha, owing to (a) inaccuracies in
establishing site boundaries due to navigational difficulties in extremely dense
vegetation (WT-16 and T2-27).. (b) the approximately linear shape of fire patches that
were narrower than originally thought (SS-6 and TT-9), and (c) the presence of a more
mesic. non-heathland vegetation type at the. base of a dune (WT-2.5). Finally, each site
had to be of a different post-fire age (time since fire) to allow comparisons to be made
among ages. The major characteristics of the study sites are given in Table 2.1.
It is clear from Figure 2.2 that most of the recently burnt (relatively young) sites are
situated at the north-east end of the study area, largely due to the greater incidence of
prescribed burning near the township of Loch Sport. A range of young and old sites
randomly dispersed throughout the study area would have been optimal from a design
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perspective, so as not to confound site location with time since fire, however, such a
distribution of ages was unavailable. In addition, a broader range of ages would have
added depth to the study. However, within the study area, there was no evidence of
heath older than 27 years, or a related late successional stage comprising scrub or heathy
woodland vegetation. The only woodland in the stud)' area was confined to the lakeside margins of the heath, and occasional depressions, which appear to be slightly more
nutrient-rich and mesic than the adjoining heath - factors that do not suit the
assumptions of the chronosequence approach.
Apart from the 15 study sites there is only one other patch (c. 350 ba at Track 3), burnt
between c. 1974 and March 1976, that 1 am aware of that meets the site selection
criteria. Other fire patches were located, such as those along Lakeside Track, however,
these were thin strips less than 70 m wide, and were often not heath vegetation. In
addition, fires occun-ed in 1986, 1989 and 1992, between Tip Track and the Loch Sport
golf course, however, these fire patches were not sampled, owing to inadequate patch
size, inappropriate vegetation type, and/or fire boundaries being overridden by more
recent fires (which were subsequently sampled). Furthermore, a number of patches predating DNRE fire history mapping were located, with four of these chosen as study sites
(GP-23, T4-25, SS-26 and T2-27).

Apart from the patch mentioned earlier, the

likelihood of finding any further 'old' sites is very low, as the vegetation adjacent to
every track within the study area was checked for this purpose.
Once a fire patch was deemed suitable to study, a 4 ha study site was randomly chosen
within the patch, with the only condition being that one of its boundaries was within 50
m of a track, for ease of access. For this study, each 4 ha site is considered to be
representative of a particular post-frre age. Obviously, study sites situated in small fire
patches will depict the effects of that particular bum on the vegetation more accurately
than a single site located in a large fire patch, owing to the similarity between fire patch
size and the size of the study site. However, in this study, I am examining variation in
parameters within and between 4 ha sites only, so as not to confound age with patch
area.
It should be noted here that WT-16 and SS-16 were burnt by the same fire in 1983.
Although DNRE mapping indicated mat these sites were the same post-frre age, visual
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inspection suggested that this may not be the case, with SS-16 appearing to be notably
stunted in stature, compared to WT-16. However, after dating the site using the Banksia
marglnata node count method and aerial photographs (Appendix 1), it was found to
correspond with the mapped age. Therefore, to avoid the problem of pseudoreplication.
data from these sites were merged and the mean values used in all analyses.
DETERMINING SITE AGE
The ages of the fifteen sand healhland patches were identified using a range of methods.
Firsts DNRE fire history maps were used to date sites burnt from 1981 onwards.
Second, an ex-ranger at the Gippsland Lakes Coastal Park gave the year of the last fire
at one site pre-dating DNRE mapping (R. Curnow pers. comm.). Finally, the Banfa-ia
node count method, which has previously been used to determine Banksia and/or
heathland age (Specht el al 1958; Lamont 1985; Cowling et al 1987; Witkowski et al.
1991: Witkowski et al. 1992; Marsden-Smedley et al. 1999). was used to estimate the
age of the four other sites burnt before 1981, in conjunction with aerial photograph
interpretation and consultation with old newspapers.

Field checks at each site

confirmed the accuracy of DNRE fire history mapping and the legitimacy of the Banksia
dating method (refer to Appendix 1 for a detailed description of the verification
procedure).
SITE ENVIRONMENTAL VARIABLES
Thirteen of the 15 study sites occur on a flat sandplain, lying approximately 10 m a.s.l
(Table 2.1). whilst SS-5 and WT-2.5 occur on a stabilised dunefield that reaches heights
up to 20 m. SS-5 comprises land covering a dune crest, dune slopes and a depression,
with gently inclined slopes up to 5°, and an aspect ranging predominantly from 140° to
3 60°. WT-2.5 incorporates a dune crest and slopes, with gently inclined slopes up to 5°,
and an aspect ranging predominantly from 0° to 50°. It should also be noted that SS-6 is
at the immediate base of the dunefield where SS-5 and WT-2.5 are located.

Table 2.1 Site location, fire history and environmental information. Prescribed fire is defined as any fire ignited by management authorities for fuel
reduction or ecological purposes. Wildfire is defined as any fire outside the realms of prescribed fire, including prescribed fires that escape control
lines. Landforms follow McDonald et al. (1990).

Site

Site area

dimensions

(ha)

200 x 200 m

4

200 x 200 m

4

200x145 m

2.9

200 x 200 m

4

270 x 130 m

TI-7

Beacon
Swamp Track
Beacon
Swamp Track
Wnverley
Track
Seacombe—
Sperm Whale
Head Road
Seacombe Sperm Whale
Head Road
Track 1

TT-9

Site

Location

code

Previous

Type of fire

fires

Size of

Fire coverage

Vegetation sampling

fire(ha)

(%Hes{i™tc)

*«*

Site age

Lnndform

^ ^

Elevation
( m a . s .i.)

Slope
(dcgrecs)

Aspect
(degrees)

1999 (Mar)
< 1970
1997 (Apr)
1983 (Mar)
1997 (Mar)
1989
1994 (Mar)
1986 ' •

Wildfire'

100

99

13/10/99-15/10/99

0.5

Sandplain

10

0

-

Prescribed4

560

99

08/12/98-11/12/98

1.5

Sandplain

10

0

-

Prescribed5

9

98

25/10/99-27/10/99

2.5

Duneilcld

10-20

0-5

0-50

Prescribed

13

99

10/05/99-12/05/99

5

Dunefield

10-20

0-5

140-360

3.5

1993 (Apr)
<1981

Prescribed

15

99

15/02/99-17/02/99

6

Sandplain

10

0

-

200 x 200 m

4

Wildfire

5

98

18/02/99-17703/99

7

Smidplain

10

0

-

Trig Track

200 x 130 m

2.6

Prescribed

32

99

02/02/99-04/02/99

9

Sandpluin

10

0

-

T4-14

Track 4

200 x 200 m

4

Wildfire6

16

-

21/01/99-02/02/99

14

Sandplain

10

0

-

WT-16

Waverlcy
Track
SeacombeSperm WhaleHead Road
Unnamed
track
Gas pipeline
easemenL
Track 4

200 x 200 m

3.3

Wildfire

1830

-

18/01/99-21/01/99

16

Sandplain

10

0

-

200 x 200 m

4

1992 (Apr)
< 1976
1990 (Mar)
19802
1984 (Oct)
<1976
1983 (Mar)
<1970
1983 (Mar)
< 1976

Wildfire

1830

99

17/09/99-13/10/99

16

Sandplnin

10

0

-

200 x 200 m

4

Wildfire

290

96 s

14/09/99-16/09/99

19

Sandplain

10

0

-

200 x 200 m

4

1980 2
< 1976
1976*

Wildfire

350"'

-

18/03/99-20/03/99

Sandplain

10

0

200 x 200 in

4

1974*

Wildfire

_

23'
(23-26)
25'
(25-28)

Sandplain

ID

I)

BS-0.5
BS-1.5
WT-2.5
SS-5

SS-6

SS-16

UT-19
GP-23
T4-25

13/05/99-15/05/99

to
to

Table 2.1 (continued) Site location, fire history and environmental information. Prescribed fire is defined as any fire ignited by management
autlioriLies for fuel reduction or ecological purposes. Wildfire is defined as any fire outside the realms of prescribed fire, including prescribed fires
that escape control lines. Landforms follow McDonald et al. (1990).

Silo

Location

code
SS-26

T2-27

Seacombe Sperm Whale
Head Road
Track 2

Site

Site area

Previous

dimensions

(ha)

fires

200 x 200 m

3-8

1974'

Type of fire

Size of

Fire coverage

Vegetation sampling

Site age

lire(lia)

(%) (estimate)

date

(years)

..

22/11/99-24/11/99

WilJfire

26'

Elevation

Slope

Aspect

(m n.s.l.)

(degrees)

(degrees)

Sandplnin

10

0

_

Sandplain

10

0

Landforni

(26-35)
200 x 200 m

4

1973"

Wildfire

-

-

02/10/00-04/10/00

27'
(26-28)

*
1
2
3
4
5
6
7
8

'Previous fires' and 'Site age' based on Banksia marginata node counts and aerial photograph interpretation (refer to Appendix 1 for
methodology). Potential age range (margin of error) indicated within brackets.
Site was possibly burnt previously in 1986, however mapping resolution makes this difficult to determine.
Ross Curnow (former Gippsland Lakes Coastal Park ranger) (pers. comm.)
Wildfire that commenced after escaping from prescribed bum control lines (T. Wills pers. obs.).
Prescribed burn conducted by the Department of Natural Resources and Environment (DNRE). Very intense fire, with flame height up to
30 m (B. Houghton pers. comm.).
Prescribed burn. Hot fire, with flame height up to 3-10 m. Approximately 98% burn coverage (B. Houghton pers. comm.).
Wildfire mat commenced after escaping from a private property bum off". Low intensity fire, spotting up to 50 m ahead, with a slow rate
of spread. Fire is likely to have been patchy, with some areas unburnt (B. Houghton pers. comm.)Size of fire based on aerial photograph interpretation.
Fire coverage greater than 96% based on Banksia marginata node counts, which indicate that less than 4% of individuals are older than
approximately 25 years.
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Figure 2.1 Map of Victoria showing the study area location.
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2.2 Locations of the 14 study sites.
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CHAPTER 3
SOILS AND VALIDATION OF THE CHRONOSEQUENCE
APPROACH
INTRODUCTION
Soil is vital for plant growth and survival, with properties such as water-holding
capacity, acidity, nutrient availability, exchangeable cations and organic content
combining to influence species distributions and local species composition and structure
(Beadle 1954; Gill 1994). On a global scale, Australian soils are generally recognised as
possessing very low nutrient levels, with heathlanc* soils regarded as some of the most
nutrienl-poor in relation to other vegetation communities (Beadle 1962; Specht 1979a;
Groves 1983; Specht 1994).
Soils arc very complex and variable in time (Stock & Lewis 1986: Gross et ah 1995;
Farley & Fitter 1999; de Kovel et al 2000) and space (both hori/ortally and vertically)
(Stock & Lewis 1986; Stark 1994; Gross et al. 1995; Farley & Fitter 1999). For
example, soil nutrient^may vary temporally, with the time of year (Stock & Lewis 1986;
Farley & Fitter 1999), the successional stage (age) of the vegetation (Enright et al. 1994;
de Kovel et al. 2000), or the age of the parent material (Spain el al. 1983). One wellknown fire-related effect of successional age on soil fertility is the 'ash-bed effect4
(Specht et al

1958; Specht 1979b; Humphreys & Craig 1981), where nutrient

availability increases immediately after fire, owing to the mineralisation of organicallybound nutrients (Adams et al 1994). However, nutrient levels quickly return to near
pre-fire levels, usually within one year (Stock & Lewis 1986; Adams et al 1994; Marafa
& Chau 1999).
Despite the evidence for surface soil properties changing with time since fire, there are
limited data on the effect of successional age on soils at greater depths, however, the
study by Specht et al. (1958) is an exception. Specht and his co-workers found that
levels of total C N and P, and a range of trace elements decreased in concentration with
depth (0-75 cm) in the A horizon of the soil profile, although there was evidence at one
site for an increase in nutrients in the B horizon. Although no statistical tests were
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undertaken, nutrient concentrations of surface samples appeared to vary substantially
with time since fire, while samples taken from 30-75 cm were consistently very similar
across a range of four post-fire ages to 25 years (Specht et al. 1958).
As this present study is based on the chronosequen.ee approach, it is very important that
each site be as similar as possible in terms of substrate. Owing to the geological and
topographical uniformity of the study area, soils at depth were expected to be similar,
regardless of time since fire. Conversely, properties of surface soils were expected to
change more readily with time since fire because of the influence of the extant
vegetation. Therefore, in an attempt to validate the chronosequence design, this study
used deep soil samples to determine the degree of similarity among sites. The soil
properties examined in this study are saturation capacity, loss-on-ignition, total N.
available P and pH. and are chosen to reflect a range of soil properties important for
plant growth and survival, including nutrient availability, organic matter content, waterholding capacity and acidity.
The study aims to:
1.

describe the soils of the study area: and

2.

justify the chronosequence design of the project in terms of soil properties from
deep samples across the study sites.
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METHODS
Soil field sampling
Soil was sampled from three randomly located points at all 15 study sites. At each,
random point, a combined surface sample (0-10 cm) and a deep sample (50-60 cm) were
extracted using a 75 mm diameter sand auger, and the soil profile was described.
Surface samples were combined from two surface cores (0-10 cm) extracted from the
north and south points of a circle with a i m radius surrounding the random point.
Surface litter was removed from the sample. Deep samples were taken beside the
'north* surface sample. Owing to the sandiness of the soil, the auger failed to extract
approximately half of the deep samples (50-60 cm), therefore, these samples were taken
by hand from the auger hole and may have been slightly contaminated by soil closer to
the surface during the extraction process. Soil profiles were described to a depth of at
least 55 cm at each point using the deep core, with horizon depths, soil colour, field
texture and primary profile form noted (Northcote 1974).

Profile descriptions below

this depth*wcrc rnad<T where possible (BS-0.5 and T2-27), and soil samples taken, to
gain a broader understanding of soil profile composition.
Soil sampling was undertaken for all sites between late November and mid-December
1999, except T2-27. which was sampled in early October 2000. Following collection,
soils were air-dried and stored in scaled plastic bags at room temperature until physical
and chemical analyses were undertaken.
Soil laboratory analyses
Prior to conducting soil analyses, samples were reduced to a 2 mm fraction by sieving,
and divided into the required weights using a Rotary Sample Divider, fed by a Vibratory
Feeder. A Planetary Micro Mill {Pulverisette-7) was used to grind samples to 0,2 mm
for use in determining total nitrogen.
Saturation capacity was calculated as the maximum amount of water a given amount of
oven-dry soil could hold, following the procedure of Dewis & Freitas (1970) cited in
Grimshaw (1989). pH was measured in a 1:5 (w:v) mixture of air-dry soil and distilled
water (Grimshaw 1989). Percentage organic matter was estimated by loss-on-ignition at
550°C for two hours, using c. 5 g samples of air-dry soil (Grimshaw 1989). Available
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phosphorus was measured on air-dry soil using the Bray and Kurtz No. 2 method (Bray
& Kurtz 1945; Rayrnent & Higginson 1992). Total nitrogen content was determined on
a 0.2 mm air-dry soil fraction using a Leco CHN-2000 analyser.
Data analyses
For the purposes of all analyses, values for WT-16 and SS-16 were combined and
averaged, as these sites were both burnt by the same fire in 1983. This reduced the
number of data points in all analyses to 14. Linear regression was used to examine the
relationship between the mean of each soil parameter and lime since fire.

Pearson

correlations were used to determine the degree of correlation between each soil
parameter. No adjustments were made for multiple pairwise comparisons;, following the
reasoning of Stewart-Oaten (1995). Paired /"-tests were used to determine whether there
were differences between surface (0-10 cm) and deep (50-60 cm) samples for ^ach soil
parameter. Data were logio or Iogio (x + 1) transformed to improve homo :eneity of
variances when required. Data were also analysed after removing Tl-7, as V us site did
not meet the assumptions of the chronosequence design. The rationale for this is
outlined in the Discussion.
testing.

A critical value of a = 0.05 was usca in all hypothesis
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RESULTS
Soil profiles
Soil profiles displayed considerable similarity across the study area, and are described in
Table 3.1. In terms of soil texture, all profiles were highly uniform, sensu fs'orthcote
(1974), with the greatest difference being the transition from sand/loamy sand to sand at
BS-0.5, WT-2.5, Tl-7, TT-9 and T4-25 (Table 3.1). There is evidence for texture
uniformity occurring as deep as 1.85 m below the surface (T2-27) (Table 3.1).
In terms of horizonal differentiation, a number of zones were commonly noted. First,
most sites (except two burnt recently) had a thin 01 horizon, usually less than 0.5 cm
deep, comprising undecomposed organic matter such as leaves and twigs (Table 3.1).
As expected, the greatest accumulation of maLter in this horizon occurred in the two
oldest study sites, SS-26 and T2-27.
Beneath the 01 horizon was the Al mineral horizon, characterised by grey-brown to
brown sands and loamy sands to a depth of c. 30 cm (Table 3.1). There was also some
accumulation of humified organic matter, giving this horizon a darker colour than
underlying horizons. In addition, the upper 2 cm of the Al horizon contained a layer of
dense mycorrhizal roots, particularly at the older sites. In contrast, the A2 horizon was
characterised by white grey to white sands from c. 30 cm to c. 70 cm below the soil
surface. However, the depth of this horizon varied considerably, terminating at 45 cm at
SS-5 and 155 cm at T2-27 (Table 3.1). The A2 horizon at Tl-7 was noticeably different
from all other sites in that sand colour was grey-brown.
The B2 horizon commenced at a depth of c. 70 cm (although closer to the surface at
some sites), where the sand changed from a white to an orange hue (Table 3.1). Sands
within the B1 horizon commonly formed aggregations up to 1 cm across, with a thin
hardpan evident at two sites (BS-1.5 and SS-5). Tt should be noted that the B horizon is
considerably closer to the surface at the dunefieid sites (WT-2.5 and SS-5) compared
with, the 13 sandplain sites (Table 3.1).
Soil analyses
All surface (0-10 cm deep) samples were taken from the Al horizon. Deep (50-60 cm
depth) samples were all taken from white-grey te-while sand in the A2 horizon, except
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Tl 7 (ail coreo in grey brown amid), SS-5 (all cores in orange brown sand, Bl horizon),
and WT-2.5 (one core in efafige-brown sand, Bl horizon). One core from SS-5 and
WT-2.5 was taken from a depth of 45-50 cm owing to auger failure in the sandy soil.
Saturation capacity differed markedly between surface and deep cores, with most
surface soils ranging from 40-70%. while deep soils were mainly between 25-30%
(Figure 3.1a). Cores from the B2 horizon (BS-0.5: 70-80cm deep, T2-27: 150-180 cm
deep) had a saturation capacity of 28-32?/o.

Saturation capacity at 0-1.0 cm was

significantly greater with increasing time since fire (logio transformed data, F = 10.9, p
= 0.006), however, the oldest site (T2-27) was an outlier (Figure 3.1a). When T2-27
was removed from the analysis results were unchanged (F = 7.04, p = 0.022). When
analysed without Tl-7, similar results were obtained (logio transformed data, F=13.1,p
= 0.004). Saturation capacity at 50-60 cm did not differ significantly with time since
fire (F = 0.68, p = 0.425), however, T2-27 was an outlier (Figure 3.1a). Conclusions
were unchanged after removing T2-27 from the analysis and after removing Tl-7. It
should be noted that surface soils were extremely water-repellent.
Loss-on-ignition ranged between 4% and 11% for surface soils, 0.5-3% for deep
samples, and 1-3% for sand from the B2 horizon at BS-0.5 and T2-27 (Figure 3.1h).
Loss-on-ignition for surface samples was significantly greater as site age increased
(logio transformed data, F = 6.92, p = 0.022), although T2-27 was an outlier (Figure
3.1b). After removing T2-27, loss-on-ignition was no longer significantly different
(logio transformed data, F = 3.36r p = 0.094). However, when analysed without Tl-7,
there was again a significant positive relationship (logio transformed data, F~ 10.8,/? =
0.007). Loss-on-ignition at 50-60 cm was not significantly different with time since fire
(logio transformed data, F « 0.08, p = 0.779) (Figure 3.1b).

Conclusions were

unchanged after removing Tl-7 from the analysis.
Total nitrogen differed substantially between surface soils (0.08-0.25%), deep samples
(0-0.04%), and the B horizon at BS-0.5 and T2-27 (0.02-0.04%) (Figure 3.1 c). Total N
in surface soils did not differ significantly with time since fire (logio transformed data, F
= 3.00, p = 0.109), however, T2-27 was an outlier (Figure 3.1c).

Results were

unchanged after the outlier was removed (F = 0.62, p = 0.448), and when the data were
analysed without Tl-7 (log10 transformed data, F= 4.69, p = 0.053). Total nitrogen for
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deep samples, was also not significantly different (F = 0.03, p = 0.865). Conclusions
did not differ after removing Tl-7 from the analysis.
Available phosphorus wTas greater at the surface, with, most samples ranging from 1.4 ng
g'1 to 4.2 u.g g"\ except Tl-7, which was substantially higher at 7.7 jxg g'1 (Figure 3.1 d).
Deep samples were lower in available P and ranged from 0.4 jig g*1 io 1.2 ^g g"1,
although Tl-7 was again an exception at 1.8 u.g g"1 (Figure 3.Id). Available P in the B2
horizon ranged from 0.7-1.1 fig g'1 at BS-0.5 and T2-27. For surface samples, available
P did not differ significantly with time since fire (logm transformed data, F = 0.02. p ~
0.906), however. Tl-7 was an outlier (Figure 3.Id). Results did not alter after removing
the outlier (logio transformed data, F~ 0.95, p = 0.350), Deep samples were also not
significantly related to site age (logio transformed data, F = 1.48, p — 0.247) (Figure
3.Id). Conclusions were the same when Tl-7 was removed from the analysis.
Soil pH was lower at the surface, ranging from 3.7 to 4.4, compared to deep samples,
which ranged from 4.2 to 4.7. and samples in the B2 horizon at BS-0.5 and T2-27 (4.7
to 5.0) (Figure 3.1e). pH decreased significantly for both surface and deep samples as
site age increased (0-10 cm: F=35.7,p<0.001:

50-60 cm: F = 9.69:p -0.009) (Figure

3.1 e). When analysed without Tl-7, conclusions for surface and deep samples were
unchanged.
Pearson correlation coefficients indicated that more soil parameters were correlated for
surface soils than in deep samples, when analysed with and without Tl-7 (Table 3.2).
For surface soils (ti = 14), six of the 10 pairwisc comparisons were significantly
correlated, with total N, loss-on-ignition and saturation capacity showing the strongest
correlation (Table 3.2a). Deep samples (n = 14) showed lower levels of correlation,
with only two pairvvisc comparisons significantly coiTelated (Joss-on>ignition with both
available P and N) (Table 3.2b). When Tl-7 was excluded from the analysis for surface
samples, all pairwise comparisons were significantly correlated except available P and
pH (Table 3.2c). The exclusion of Tl-7 did not affect the results for deep samples.
Paired /-tests indicate that there are significant differences between surface and deep
samples for each of the five soil parameters, with and without Tl-7 in the analysis
(Table 3.3).
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DISCUSSION
Generally speaking, the soils of the study area are deep, uniform, strongly-leached,
nutrient-poor, acidic sands. However, before any argument is presented to justify the
chronosequence design, it is important to examine individual sites to determine whether
they meet the chronosequence assumptions, outlined in Chapter 1. After examining the
data for outliers and unusually high or low readings, two sites appeared distinctive,
namely Tl-7 and T2-27.
Tl -7 is an anomaly in the data set for a number of reasons. First, sand in the A2 horizon
a darker grttj

was grey-brown in colour, compared with the white-grey-eokmr-of all other sites, which
suggests that Tl-7 contained more organic matter. This was confirmed by loss-onignition results, indicating that Tl-7 had the third highest organic matter content.1
Second, available P in deep samples at Tl-7 was 47% greater than the next highest site,
and 137% greater than the mean of all sites, excluding Tl-7. Furthennore, available P
at Tl-7 was an outlier in the surface soil, being 85% higher than the next site, and 241%
greater than the mean of all sites, excluding Tl-7. Considering that soil P is largely
recognised as the most crucial nutrient affecting plant growth in Australian heathlands
(Groves 1983), plant growth, and species composition at Tl-7 may be substantially
different, compared to other sites. Finally, deep samples at eveiy site had a higher pH
than surface samples, however, the opposite occurred at Tl-7.

Owing to these

anomalies, Tl-7 does not meet all assumptions of the chronosequence design, and
consequently, is excluded from the study and all further analyses.
In addition, T2-27 was an outlier in saturation capacity (surface and deep samples) and
loss-on-ignition (surface sample). A c greater saturation capacity and loss-on-jgnition
in surface soil at T2-27 is predominantly due to the greater density of mycorrhizal roots
present, which markedly increases the amount of organic matter (loss-on-ignition) and
the amount of water absorbed, thus increasing saturation capacity. Saturation capacity
at depth was lower at T2-27, indicating that the soil was slightly sandier, having less
1

Soils from the two sites possessing greater organic matter were taken from the B
horizon. Deep samples from 70-80 cm at BS-0.5 and 150-180 cm at T2-27 suggest that
the B horizon contains more organic matter than the overlying A2 horizon. Therefore,
results from the two sites yielding greater loss-on-ignition are possibly inflated when
compared with other sites where samples have been taken from the A2 horizon,
implying that Tl-7 may have the highest loss-on-ignition for soils in the A2 horizon.
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fine particles than the other sites. However, these soil characteristics do not warrant
exclusion of T2-27 from the study.
The two sites situated on the dunefield {WT-2.5 and SS-5) also differed from other sites
in that they were not found on the sandplain, however, no outliers in soil parameters
were found at these sites, indicating that soil properties are similar to those of sandplain
sites.
After careful examination of the data and the elimination of T1-7 from the data set, it
appears that the assumptions of the chronosequence are met on two fronts, with respect
to soil properties. First the chronosequence appears to be validated by the uniformity
and consistency of the soil profiles among sites. Second, the results of laboratory
analyses indicate that soils at depth (50-60 cm) are remarkably similar across the entire
study area. Because deep soil samples are likely to be less affected by time since fire
and vegetation growth, the consistency among sites again suggests that the
chronosequence is validated. In fact, it is extremely difficult to find a chronosequence
study of at least 13 different-aged sites anywhere in the literature that are so uniform in
terms of topography, elevation, geomorphology and soils. Therefore, I am confident
that the chronosequence used in this study represents an effective substitution of space
for time (Picket! 1989). However, it should be noted that fire history has not been
controlled for in this study.
The soils of the study sites are similar to other heathlands on sand in south-east
Australia, where soils are nutrient-poor and acidic (Specht et al, 1958; Parsons 1966;
Groves 1981; Wark at al 1987; Adams et al. 1994). In this study, soil properties also
differ significantly between the surface 10 cm and 50-60 cm, with nutrient and organic
matter levels decreasing with depth; a finding supported by other studies (Specht et al.
1958; Parsons 1966; Stock & Lewis 1986; Adams et al. 1989; Read 2001). However,
despite the common finding that nutrient levels decrease with depth, Specht et aL (1958)
reported, an increase in. C, N. P and other trace elements in the B horizon. In their
review of organic matter in Australian, soils, Spain et al. (1983) also reported that small
increases in organic matter in subsoils below the bleached A horizon were not
uncommon. The limited evidence from the B horizon of two sites in this study also
suggests that the B horizon may be a zone of slightly higher nutrient accumulation.
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Tn this study, levels of available P for surface soils are 1.4-4.2 \ig P g"1, a figure
comparable to other south-eastern Australian heathlands, which range between 0.3 and
2.4 ug P g'1 (Wark et al 1987; Adams et al 1994; Bennett 1994; Hahs et al 1999).
However, higher levels have been recorded, with Siddiqi et al (1972) and Enright et al.
(1994) reporting mean levels of c. 7.5 and 1 8 fig P g"1 respectively. Total N in surface
soils (0.08-0.25%) was also similar to other sand heathlands, which contained 0.060.19% N (Siddiqi et al 1972; Wark et al 1987; Adams et al 1994) but Specht et al.
(1958) reported lower levels (0.02-0.04%). At depth (50-60 cm), total N was very low,
ranging from 0-0.04%, which is similar to deep samples taken by Specht et al. (1958)
(0-0.01%) in south-eastern Australian heath and Stock & Lewis (1986) (0.01%) in South
African fynbos. Therefore, N and P appear to be similar to many other heathlands,
particularly those within south-east Australia. However, caution should be exercised
when making comparisons between studies because of the different methods used in
extracting and measuring soil nutrients.
Surface soils were very acidic and ranged between a pH of 3.7 and 4.4. This appears to
be more acidic than other south-eastern Australian heathlands, which range from 4.5-6.4
(Raupach 1951 in Specht & Rayson 1957; Parsons 1966; Siddiqi et al. 1972; Wark et al
1987; Adams et al. 1994; Enright et al. 1994; Hahs et al. 1999). As depth increased,
sands also became less acidic, a trend also reported by Raupach. (1951) in Specht et al.
(1958) for the Makin sand in south-east Australia.
Generally, the properties of surface soils were highly correlated (nine- out of 10
combinations), however, those of deep samples were not, with only loss-on-ignition
correlated with available P and N. The reason that many surface soil properties were
strongly correlated is probably due to the major influence of organic matter in the A
horizon, which is usually strongly associated with loss-on-ignition and N.
Some soil properties were distinctly correlated with time since fire, particularly in the
surface soils, where saturation capacity and loss-on-ignition increased significantly, and
pH decreased significantly with increasing site age. At 50-60 cm depth, only pH varied
significantly with increasing time since lire, with all other soil properties showing no
difference. The lack of a consistent trend in deep soils suggests that the effects of fire
are generally confined to surface soils. Specht et al. (1958) found a similar result in a
south-eastern Australian heathland, where the time since fire markedly affected a range
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of soil nutrients and exchangeable cations in the surface soil (0-15 cm), with the general
trend being for nutrients to increase in concentration with increasing time since fire.
However, soil properties at depth (30-75 cm) did not differ with changing site age
(Specht el al. 1958). Adams el al. (1994) also reported similar results (but over a much
finer scale) for heathlands at Wilson's Promontory, where the effects of fire (including
repeated fires), on C, N and P were confined to the surface 2 cm, while soils from, a
depth of 2-7 cm showed no significant variation with time since fire. Furthermore, the
time elapsed since fire has also been shown to contribute to increased acidity and total N
for surface soils during primary succession on inland sand drifts in the Netherlands (de
Kovel et al 2000). However, Enright (1994) reported no trend in soil exchangeable
cations and p H with site age for surface soils 0-5 cm deep.
Although some surface soil properties were shown to change with increasing time since
fire, this study provided no evidence for an ! ash-becT effect, created through the
mineralisation of nutrients during fire. However, the youngest site studied was sampled
eight months after fire, and any post-fire flush of nutrients may have already been
leached through the soil profile, or taken up by plants, by this stage in time.

Table 3.1 Soil profile horizons, depth, Munsell field colour and field texture for each study site. All cores were taken to a depth of 55-90 cm, as
soil texture prevented deeper cores being taken. T2-27 was the only site where cores were taken deeper than 90 cm.
Site

Site age

Primary

(years)

Pro/Tic

Horizon: depth (cm), field colour, field texture

Form
01

Al

A2

Bl
60-90+, light brown, S ;

BS-0.5

0.5

U

-

0-35, grey, S/LS

35-60r grey, S

B.S-I.5

1.5

U

0-0.2

0-20, grey, S

20-75, grey, S

75-85+, browi, S 1

WT-2.5

1.5

U

-

0-25, grey, S/LS

25-40(-60), hrown, S

(40-)60+1 brown, S

SS-5

5

U

0-0.2

0-30, grey, S

3045, brown, S

45-65, brown, S'

ss-e

6

0-0.5

0-30, grey, S

30-60+, grey, S

TI-7

7

u
u

0-0.3

0-20, greyish brown, S/LS

20-55+, grey, S

1T-9

9

u

0-0.5

0-30, grey, LS

30-901% grey, S

u

0-0.4

0-25, grey, S

25-55+, grey, S

T4-14
WT-16

16

u

0-0.3

0-30, grey, S

30-60+, grey, S

SS-16

16

u

0-0.2

0-30, grey, S

30-65+, grey7 S

UT-19

19

0-0.3

0-30, grey, S

30-65+, grey, S

GP-23

23 (23-26)

u
u

0-0.4

0-30, grey, S

30-701-} grey, S

T4-25

25 (25-28)

u

0-0.4

0-25(-45), grey, S/t-S

(25-)45-55+, grey, S

SS-26

26 (26-35)

u

0-3.3

T2-27

27 (26-28)

u

0-1.0

0-30(-55), dark greyish biirnwn, S (30-)55+, grey, S
45-lS5,£rcy,S
0-45, grey, S

L-1.5

15S-] 65, reddish grey, S

65-75+, light brown, S

165-185+, binwn / light brown, S

Table 3.1 (continued) Soil profile horizons, depth, field colour and field texture for each study site. All cores were taken to a depth of 55-90 cm,
as soil texture prevented deeper cores being taken. T2-27 was the only site where cores were taken deeper than 90 cm.

Horizon descriptions (McDonald et al. 1990):
01

Undecomposed organic debris (leaves, twigs, etc).

02

Decomposing organic debris.

Al

Mineral horizon near the surface with some accumulation of humified organic matter. Usually darker in colour than underlying horizons and
containing the greatest levels of biological activity.

A2

Mineral horizon having less organic matter, sesquioxides and/or silicate clay than adjacent horizons, and usually paler in colour than Al.

A3

Transitional between A and B, and dominated by properties of Al or A2.

Bl

Transitional between A and B, and dominated by properties of B2.

B2

Horizon characterised by an illuvial, residual or other concentration of silicate clay, iron, aluminium, or humus; and/or different structure,
consistency, or stronger colour development than A horizons.

U

Uniform soil profile: dominated by the mineral fraction with small, if any texture differences throughout the profile (Northcote 1974).

S

Sand

LS

Loamy sand

1

Haxdpan (sand aggregations appearing richer in iron)

2

Gravel (coarse, stonyfragmentsup to 20 mm diameter) at 85 cm

00
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Table 3.2 Pearson correlation (7-) matrix of soil parameters. An asterisk indicates a
significant pairwise correlation: * p < 0.05; ** p < 0.01; ***p < 0.00L
(a) 0-10 cm depth, n = 14
Saturation

Loss-on-

capacity

ignition

Loss-on-ignition

0.98 ***

Total N

0.92 ***

0.97***

Available P

0.39

0.53

Total N

Available P

0.59*

-0.68 **

-0.55 *

-0.43

0.22

Saturation

Loss-on-

Total

Available P

capacity

ignition

pH

(b) 50-60 cm depth, n = 14

Loss-on-ignition

0.51

Total N

0.23

0.88 ***

Available P

0.28

0.62*

0.43

pH

0.33

0.22

0.11

-0.11
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Table 3.2 (continued) PeaTSon correlation, (r) matrix of soil parameters. An asterisk
indicates a significant pairwise correlation: * p < 0.05: ** p < 0.01; *** p < 0.001.
(c) 0-10 cm depth, n = 13 (Tl -7 excluded from analysis)
Saturation

Loss-on-

capacity

igniLion

Loss-on-ignition

Q

Total N

0.93 ***

0 97***

Available P

0.70 **

0.76 **

-0.80 **

-0.72 **

pH

Total N

Available P

59 ***
0.82 **
-0.62 *

-0.37

(d) 50-60 cm depth, n = 13 (Tl-7 excluded from analysis)
Saturation

Loss-on-

capacity

ignition

Total N

Loss-on-ignition

0.54

Total N

0.24

0.88 ***

Available P

0.45

0.63 *

0.45

pH

0.35

0.36

0,18

Available P

0.22
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Table 3.3 Paired /-test results for differences between surface (0-10 cm) and deep (5060 cm) soil samples for each soil parameter.

Soil parameter

AH sites (71=14)
t

Tl-7 excluded (» = 13)

P

P
5.56

<0.001

6.13

O.001
O.001

5.60

<0.001

Total N

7.77

O.001

7.18

O.001

Available P

4.79

O.001

6.59

O.001

-7.23

<0.001

-12.50

O.001

Saturation capacity

6.08

Loss-on-ignilion

pH
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Figure 3.1 Mean values of soil parameters with increasing site age: (a) Saturation
capacity; (b) Loss-on-ignition; (c) Total nitrogen; (d) Available phosphorus: (e)pH. Linear
regression lines of best fit are displayed where soil parameters differ significantly with time
since fire. Dashed lines indicate line of best fit after an outlier from linear regression has
been removed; dotted line indicates line of best fit after removing T l . #, 0-10 cm; 0,50-60
cm; • , 70+cm.
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CHAPTER 4
VEGETATION
INTRODUCTION
Australian heathlands are generally thought to adhere to the 'initial floristic
composition' model of succession (Egler 1954), where any given species assemblage is
basically a subset of the initial composition following post-disturbance recruitment
(Russell & Parsons 1978; Groves & Specht 1981; McFarland 1988). This initial postfire composition may be markedly affected by the fire regime, which is composed of the
season, intensity, frequency and type of fire (Gill 1975). Furthermore, the time elapsed
since the last fvre may substantially affect the species composition, richness, diversity,
evenness, heterogeneity and structure of heathlands, depending on post-fire conditions
(Lamont et al. 1993) and the reproductive and life-history characteristics of individual
species.
As time since fire increases, hcathlands can be said to experience four phases of
development: the pioneer, building, mature and degenerate phases (Barclay-Estrup &
Gimingham 1969). The pioneer stage encompasses the first few years after fire, and is
often characterised by the presence of short-lived, post-fire ephemeral species
(McMahon 1984b; Enright et ah 1994; Wark 1996). Following the pioneer phase, the
heath undergoes a building phase, where most species increase their projected cover,
until the total cover plateaus upon reaching the mature phase (Specht et al. 1958;
Russell & Parsons 1978; Wark 1996). Finally, the heath may enter a degenerate phase
where many species begin to senesce, and the heath elements become overtopped by
taller shrubs and scattered trees, mainly of the genera Banksia, AUocasuarina and
Eucalyptus (Gill & Groves 1981; Specht 1994).
Relatively few studies have used statistical techniques to examine the effect of time
since fire on community composition in south-eastern Australian heathlands. Some
exceptions are Posamentier et al. (1981) and Enright et al (1994), who have shown
species composition to change with increasing time since fire. However, Russell &
Parsons (1978) found that sites geographically closer together were more similar man
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sites of similar age, suggesting that the environment, rather than time since fire, was
playing a more influential role in. determining species composition. Species ricliness is
also commonly associated with changes in species composition, and usually peaks in the
first few years after fire. After this 'pioneer' phase, richness progressively declines,
however, various studies have indicated different levels of decline, and shifts in species
dominance, with increasing time since fire (Specht et al. 1958; Russell & Parsons 197S;
Posamentier el al. 1981; McMahon 1984b; Enright et al 1994; Wark 1996).
Tn addition to the composition, richness and physical structure of the vegetation, an
important facet of ecology is the spatial structuring, cr heterogeneity, of the vegetation.
Christensen (1997) states that heterogeneity, complexity and diversity are critical
elements to sustained ecosystem function.

Environmental patchiness creates

heterogeneity in resource availability, which provides an array of opportunities for
colonisation and survival, thereby accomplishing one of the major objectives of
conservation biology - fostering species diversity (Ewel 1997). Arrnesto et al. (1991)
reviewed patterns of heterogeneity during oldfield succession and consistently found
that community heterogeneity' changed over time. Despite the growing interest in
heterogeneity over the past 15-25 years (Wiens 1997), there have been no studies in
Australia to my knowledge that address the issue of spatial heterogeneity in heathlands,
let alone, the effects of time since fire on this parameter. This study aims to help fill this
gap.
The central aim of this study is to determine the effects of time since fire on species
composition, richness, diversity, evenness, life-form richness, community heterogeneity
and structure in the he^thlands of the Gippsland Lakes Coastal Park.
Associated with these aims are a number of predictions:
(1)

Vegetation will follow the 'Initial Floristic Composition1 model of succession
(Egler 1954), with no new species recruited after the initial post-fire recruitment
pulse lasting 1-2 years, and composition in older heaths consisting of a subset of
the initial composition following fire. Species that are long-lived, and/or can
regenerate in the absence of fire, are also predicted to become dominant in older
heaths.

Chapter 4 - Vegetation

(2)

45

Species richness, evenness (J) and diversity (H) are all predicted to peak c. 1-2
years after fire, then gradually decrease with increasing time since fire.

(3)

Life-form richness will peak as species richness peaks, then gradually decline as
post-fire colonisers and relatively short-lived species die out.

(4)

Community heterogeneity will be greatest in the period of species establishment
in the immediate 1-2 years following fire, and lowest as the heath ages and
species die ouL or become competitively excluded.

(5)

Vegetation structure is predicted to change with increasing lime since fire, with
projected foliage cover greatest in the lower height classes of young heath and
the upper height classes of older heath.
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METHODS
Field sampling
Within each fire patch, a random point was generated which delineated the south-vrest
point of the study site, the only constraint being that site boundaries were within 50 m of
an access road or track. Site boundaries were then defined by taking a compass bearing
east for 200 m, then north, west and south for the same distance. Random coordinates
(south-west point) for quadrat locations were then generated.
In order to meet the aims of the study, an appropriate spatial scale (grain), sensu Allen &
Starr (1982) needed to be determined prior to conducting the major component of the
study. Therefore, five spatial grains were sampled, with each increasing by an order of
magnitude (except for the 900 m2 grain, which was close to an order of magnitude
greater than the 100 m 2 grain). The spatial grains examined were 1 m2, 10 m2. 100 m .
900 m 2 and 1 ha. The number of random quadrats required to effectively sample the
species richness at a site for each grain was then determined by examining species
accumulation curves at BS-1.5, which was the first site sampled. Because the shape of
the species accumulation curve is sensitive to the order in which quadrats are sampled
(Palmer 1990a; Colwel] & Coddington 1994; Inouye 1998), mean values of 1000
random quadrat sequences were used to plot curves for each sampling grain. Using this
method, site species richness appeared to plateau substantially after ten 10 m2 quadrats,
seven 100 m2 quadrats, or three 900 m2 quadrats. At the 1 m2 grain, species richness
began to plateau after 20 quadrats, however, the curve was not as flat as the other three
sampling grains (Figure 4.1).
hi order to estimate sampling efficiency at each spatial scale, three estimates of total site
species richness were made. First, total observed richness for the entire site. Sohs(TOT)>
was derived from quadrat sampling over three days and at least one return visit in
spring, to search for annuals and/or geophytes that may not have been found in the
original survey. Second, species accumulation curves were extrapolated to 4 ha using
the asymptotic, two-parameter hyperbola, known as the Michaelis-Mentcn equation:
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{B + Wsat)

where &,„,%•, the asymptote, is a fitted constant, estimating true richness for the site, B is a
fitted constant, and nsat is the number of quadrats required to saturate the site for a given
sampling scale (Colwell & Coddington 1994; Inouye 1998). An asymptotic curve was
used, because (a) site richness was expected to be finite, owing to the finite sample area,
and (b) the curves fitted th>- data extremely well. Third, the first-order jackknife
estimate was used:
Sjaekl

=

Sgbs + L (tl-1 / Ti)

where Sahx is the observed number of species in the sampled quadrats (at a given scale),
L is the number of species present in only one quadrat, and n is the number of quadrats
sampled.

The first-order jackknife estimate takes into account the number of

'singletons' (species occurring in only one quadrat), with higher proportions of
singletons yielding higher estimates of species richness (I-Ieltshe & Forrester 1983;
Palmer 1990a).
The total observed species richness proved to be the most appropriate of the three
estimators of actual site richness at BS-1.5, as it consistently yielded the greatest number
of species for each grain sampled. Extrapolation using the Michaelis-Menten equation,
and estimation using the first-order jackknife both yielded consistently lower estimates
than SobscroT)foreach sampling grain* except 900 m , where all three estimators gave the
same value (Table 4.1). The lower estimates of the first-order jackknife arc probably
due to the low proportion of singletons, which suggests that the vegetation is quite
homogeneous.

The estimates of both equations imply that they were inadequate

estimators of species richness, since they were lower than So^rmT) (Palmer 1990a).
'

M Hie. site

SohsfTOT) may in fact have been very close to the actual richness* Although the
Michaelis-Menten equation and the first-order jackknife are commonly used estimators
of species richness, the appropriateness of each model may vary according to the spatial
heterogeneity of the vegetation (Colwell & Coddington 1994) and the sampling scale
employed (Palmer 1990a). Therefore, owing to the results given in Table 4.1, Sobs(rar)
will be used to determine sampling efficiency, since it was the most effective estimator
of site species richness at BS-1.5, the first site sampled in this study.
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Using Snbs(TOT) as the estimator of site richness, twenty 1 m2 quadrats estimated 81% of
total site richness, ten 10 m 2 quadrats estimated 83% of site richness, seven 100 m2
quadrats estimated 86% of site richness and three 900 m2 quadrats estimated 93% of site
richness (Table 4.2).
Choosing an appropriate scale to study is often a difficult task, as diere is rarely, if ever,
a 'correct' scale to study a given pattern or process (Levin 1988, Gardner 1998).
However, for the purpose of this chapter, vegetation description and analyses will focus
on a single spatial scale (grain), 100 m2, while the effects of scale on vegetation
parameters will be examined in Chapter 5. The 100 m2 grain was chosen because the
inflection point on the piot of mean species richness per quadrat for each grain
(averaged across all sites) was between 10 m 2 and 100 m2 (Figure 4.2), a similar result
to that obtained by Cheal (2000) for a south-eastern Australian semi-arid heathland. At
quadrat sizes below 100 m2, the relationship between species richness and area
increased rapidly, while the rate of increase of species added per unit area over 100 m~
was very low. Specht (1979b), Specht & Specht (1989) and Keith & Myerscough
(1993) provide a summary of species-area relationships in Australian heath-type
vegetation.
At each quadrat, every species with living material projecting vertically over the quadrat
was recorded and given a cover-abundance value, even if it was rooted outside the
quadrat. Cover values were assigned from one of 12 classes: <1%, 1-5%, 6-10%, and
thereafter in 10% intervals up to 100%. Total species cover abundance within five
height classes (0-0.1 m, 0.2-0.3 m, 0.4-1.0 in, 1.1-2.5 m and 2.6-8.0 m) was estimated to
provide a measure of community structure. The cover of bare ground, litter, bryophytes
and lichens was also estimated at each quadrat.
Sites that were surveyed in summer and autumn were rechecked at least once in spring
to determine whether any annuals or cphemerals were present that may have been
overlooked in the original survey. In addition, GP-23 was re-surveyed with a further
seven random 100 m2 quadrats in December 2000, following a large (330 ha) prescribed
fire in May 2000.
Nomenclature follows Ross (2000). apart from the updated treatment of Boronia
anemonifolia by Neish & Durelto (2000). Lomandra longifoUa and Drosera peltata

m
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were not segregated to subspecies level because suitable material was not always
present.
•M
Data analysis
The mid-point {% cover) of each cover class was used for all analyses. Non-metric
Multidimensional Scaling (NMDS) using the Bray-Curtis similarity index was
employed to ordinate quadrat data using the PRIMER statistical package (Clarke &
Gorley 2001). NMDS, using Bray-Curtis dissimilarities has been wcll-aigued as being
one of the most robust and appropriate ordination methods available for vegetation data
(Faith et al. 1987; Minchin 1987; Clarke & Warwick 1994). Quadrat data for each site
were

ordinated

using

cover-abundance

data,

standardised

cover

data

and

presence/absence data, as these different measures are useful to gain a comprehensive
overview of species patterns (Allen & Wyleto 1983). Standardisation was achieved by
dividing each entry by the total abundance in that sample and multiplying by 100. In
addition to the three forms of data just mentioned, ordination plots were derived for the
means of the seven quadrats at each site, grouping sites into young (0-6 years old, n =
5), intermediate (9-19 years, n = 5) and old (23-27 years, n = 4) age classes, enabling
coarser

easier interpretation of k»=g6r-scale patterns. The young age class was designed to
incorporate any post-fire ephemcrals that may be present, while the old age class was
designed (within the confines of the age range a>v..:«ible) to be representative of sites
where species senescence had already begun.

All ordinations were plotted in two

dimensions, with the plane of maximum variation represented on the x-axis, as
recommended by Clarke & Warwick (1994).
The difference in species composition for the three abundance measures, first, among
sites, and second, among age classes, was tested by Analysis of Similarity (ANOSIM).
using PRIMER. ANOSIM works by testing for global differences between groups of
samples, specified a priori, and (.hen by analysing all pairwise comparisons (Clarke &
Ciorley ^001). Pairwise comparisons between every site (91 possible comparisons) were
of no great interest, therefore, they are not reported here.

However, pairwise

comparisons between young, intermediate and old sites are reported, with no
adjustments made for multiple comparisons, following the reasoning of Stewart-Oaten
(1995).

The contribution of each species to the similarity within groups was also

calculated using the Similarity Percentages (SIMPER) routine in PRIMER.
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Spatial autocorrelation between sites was assessed to determine whether sites were truly
independent replicates that were unaffected by the species assemblage in surrounding
sites (Legendxe 1993). Autocorrelation was assessed using a one-tailed Mantel test
(Mantel 1967; Legendre & Legendre 1998), which is designed to determine whether
sites that are physically close to one another arc more similar in terms of species
composition than sites that are further apart. The test works by comparing the ranks of
two independent distance matrices, in this case, ecological distances measured using
Bray-Curtis dissimilarities, and geographic distances measured in kilometres, to
determine whether a significant relationship exists between the two.
Species richness (S) was defined as the total number of species at a given quadrat, group
of quadrats, or site. A measure of the evenness (J) of species cover-abundances was
calculated using Pielou's evenness index:

J'=H'(observed) /log2(S)
where S1 = total number of species (Pielou 1966). J ranges from zero (all species possess
different cover-abundances) to one (communities or sampling units where all species
possess the same cover). Species diversity (H) takes into account both the total number
of species (S) and their relative frequency or abundance (J), and was measured in terms
of species cover-abundance using the Shannon-Wiener index:

where pi is the proportion of the total count arising from the /th species (Peet 1974).
Life-form richness was determined by dividing each species into seven morphological
classes: trees, shrubs, subshrubs, graminoids (sedges/rushes/grasses), forbs/geophytes,
twiners and parasitic mistletoes, according to categorisations given by Walsh &
Entwisle (1994), Walsh & Entwisle (1996) and Walsh & Entwisle (1999).
Community heterogeneity (CH) was measured using the Similarity Percentages
(SIMPER) procedure in PRIMER, which determines the Bray-Curtis similarity in
composition between each sampling unit and then averages pairwise similarities to give
an inverse measure of dissimilarity (Clarke & Gorley 2001), or heterogeneity. This
method has previously been used in oldficlds and tallgrass prairie vegetation by
Muraoka et ah (1984), Inouye et a!. (1987) and Collins (1992). The average similarity
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between pairs of plots should be lower as communities become more internally
heterogeneous (Armesto el al. 1991). Community heterogeneity was analysed using
cover data, standardised cover data and presence/absence data.
The effect of time since fire on species richness (total and mean), diversity (H),
evenness (J). life-form

richness, community heterogeneity (mean Bray-Curtis

dissimilarity within a site), structure and bryophyte and lichen cover was assessed using
linear regression. In addition, structural data displaying non-linear trends, litter cover,
and bare ground cover were fitted with the LOWESS smoothing function, for descriptive
purposes. The LOWESS function estimates y based on the weighted average of nearby
^values, with 0:.v - oal amount of flex (tension) adjusted on a scale of 0-1 (Anon. 2000).
Pearson correlations were used to determine the degree of correlation between selected
vegetation parameters. Ati data were square-root, 1ogio, or logio (x + 1) transformed to
improve normality and homogeneity of variances when required. A critical value of a —
0.05 was used in all h}'pothesis testing. Pairwise comparisons in correlation matrices
were not adjusted for multiple comparisons, following the reasoning of Stewart-Oaten
(1995). All regression and correlation analyses were carried out using the SYSTAT
statistical software package (Anon. 2000).
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RESULTS
Species composition
During the study, 94 species from 31 families and 66 genera were recorded across all
sampling grains (Appendix 2). In terms of species richness, the dominant families were
Orchidaceae (11 species), Myrtaceae (8); Fabaceae (7), Poaceae (7), Epacridaceae (6),
Casuarinaceae (5), Xanthorrhoeaceae (5), Cyperaceae (4), Dilleniaceae (4) and
Proteaceae (4). Twenty species were recorded at every study site (Table 4.3). with five
of these belonging to fipacridaceac and four to Fabaceae. Of these 20 ubiquitous
species. 14 were shrubs, two were trees, two were subshrubs and two were sedges.
Twenty-four species were only recorded at one study site (Table 4.3). with eleven of
these belonging to either Orchidaceae (6) or Poaceae (5). Of these 24 species, 16 were
herbs (forb/geophyte and sedge/msh/grass) and six were shrubs., with 12 of these species
found in young sites (0-6 years since fire) (seven herbs) and 12 found in old sites (23-27
years since fire) (nine herbs) (Table 4.3). All species recorded were native, except for
four very localised and uncommori herbaceous weeds, each occurring at only one or two
sites.
Focussing on the 100 ra2 grain, the heath was dominated by the shrub Leptospermum
myrsinoides, which had a mean cover of 29 ± 2% in all sites nine years and older (Table
4.4). Sub-dominants of the shrub layer were Monotoca scoparia, with a mean cover of
6 i 1% in sites nine years and older., Banksia marginata (5 ± 1%), Epacris impressa (2
± 1%) and Allocasuarina misera (3 ± 1%). Other shrubs common to at least 13 of the
14 sites were Acacia oxycedrw, Bossiaea cinerea, B. heterophylla, Brachyloma
dqphnoides, Dillwynia glaberrima, D. sericea, Hibbertia fasciculata var. prostrata, H.
virgata, Leucopogon ericoides and L. virgatus var. virgatus (Table 4.4). Asiroloma
pinifolium, Calytrix tetragona, Thryptomene micrantha and Xanthorrhoea australis
were locally common and abundant (up to 5% cover), however they were only found at
certain sites. The heathland was overtopped to varying degrees by scattered Banksia
senata {6.6 ± 2.2%) trees up to 8 m, and the 'mallee-fonn1 eucalypt, Eucalyptus aff.
wiltmi (Gippsland Lakes) (3.7 ± 0.4%), to 5 m. The rush5 Hypolaena fastigiata (7.0 ±
2.0%) and the sedge, Caustis pentandra (4.5 ± 0.9%) dominated the ground layer, while
other herbaceous species were very uncommon and/or had extremely low coverabundances.
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NMDS suggests a number of interesting relationships among the study sites. Cover data
indicate that the youngest sile, BS-0.5, was substantially different in species
composition from all other sites, while the next three youngest sites, BS-1.5, WT-2.5
and SS-5 were also separate from the main group, which comprised the remaining 10
sites (Figure 4.3a). Following standardisation of the data, BS-0.5 remains distinctly
separate, with SS-5 and WT-2.5 on the fringes of the main group (Figure 4.3b).
Analysis of presence/absence data suggests that BS-0.5 and T2-27, the youngest and
oldest sites respectively, are substantially different from the main group, with each at
opposite ends of the axis of maximum variation (Figure 4.3c). The second oldest site,
SS-26, is closest to T2-27. and forms a group on the edge of the main group, while WT2.5 and SS-5 also form a distinct group (Figure 4.3c). Species composition differed
significantly among sites, using cover (ANOSIM: R = 0.83, p < 0.001), standardised
cover (ANOSIM: R - 0.80, p < 0.001) and presence/absence (ANOSIM: R =.0.80,/? <
0.001) data. The effect of low frequency species was assessed for presence/absence data
by removing any species restricted to a single quadrat (seven species in total). This
produced no discernible change in the NMDS plot, and ANOSIM conclusions were
unchanged.
Sites were highly negatively autocorrelated, with the standardised Mantel test statistic
oukfete
0"M = 0.495) lying well below the 5% confidence level of 0.192, implying that sites
geographically closer together were more similar in terms of species composition.
When sites were grouped into young (0-6 years old), interniediate (9-19 years) and old
(23-27 years) age classes, NMDS of untransfbrmed cover data suggests that old and
intermediate-aged sites were grouped together, while young sites were grouped
separately but covered a much broader area in multidimensional space (Figure 4.4a).
Tlie oldest of the young sites (SS-6) was grouped with the cluster of interniediate sites.
A similar result was obtained using standardised data, with the intermediate and old
sites largely inseparable (Figure 4.4b). Presence/absence data differed from the previous
two NMDS plots in that there was no clear separation of young, from intermediate and
old sites. However, there was a general trend from young, to intermediate, to old sites
along the axis of maximum variation, with the oldest site (T2-27) substantially different
from all other sites (Figure 4.4c). Using axis scores from the NMDS ordination of the
mean of the seven 100 m2 quadrats at each site, time since fire was found to be
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significantly correlated with the axis of maximum variation (axis 1) for cover data (R = 0.71, p = 0.004), standardised cover data {R = -0.72, p = 0.003) and presence/absence
data (R = 0.61. p ~ 0.020).

Species composition differed significantly among age

classes using untransformed (ANOSIM: R = 0.31, p =* 0.004) and standardised
(ANOSIM: R = 0.23, p = 0.022) data, while presence/absence data was not significantly
different (ANOSIM: R = 0.14. p = 0.074). Pairwise comparisons indicated that young
and intermediate-aged sites were significantly different in composition for cover and
standardised cover data (cover: R - 0.50, p = 0.008; standardised cover: R ~ 0.45,;? =
0.008), while young and old sites were significantly different for cover data (R = 033,p
— 0.024). All other pairwise comparisons were non-significant.
The percentage contribution of dominant species to the average similarity within a site
was calculated using the SIMPER routine in PRIMER, and is given in Table 4.5.
Leptospermum myrsinoides is clearly the dominant species, contributing the most
toward overall within-site similarity at every site, except BS-0.5. Other species that
contributed substantially (at least 5%) to overall similarity within sites were Monotoca
scoparia (10 sites), Hypolaena fastigiata (8 sites), Banksia serrata (6 sites), B.
marginaia (5 sites) and Xanthotrhoea australis (4 sites).
Species richness
Both total and mean species richness decreased significantly as site age increased. Total
richness for the seven 100 m2 quadrats at each site ranged between 26 at the oldest site
(T2-27) and 43 at the youngest site (BS-0.5), indicating a gross decline of 40% for total
richness, or a decrease of 19% derived by linear regression (y = -0.276* + 39.508)
(Figure 4.5a).

Mean richness ranged between 15.1 at T2-27 and 28.4 at BS-1.5,

indicating a gross decline of 47%, or a decrease of 22% using linear regression (y = 0.227* + 28.092) (Figure 4.5b). T2-27 was an outlier for mean richness, however, when
removed from the analysis, the result was still significantly different. Total and mean
richness were both significantly negatively correlated with mean tree cover (total: r = 0.60,7? «= 0.032; mean: r = -0.71 tp = 0.007).
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Species diversity and evenness
Mean species diversity (/f) decreased significantly with increasing time since fire,
ranging from a high of 4.7 at the youngest site (BS-0.5) to a low of 2.4 at the oldest site
(T2-27) (Figure 4.6a). Evenness (J) displayed a similar trend, decreasing significantly
with time since fire, and ranging from a peak of 0.98 at the youngest site (BS-0.5) to a
low of 0.62 at the oldest site (T2-27) (Figure 4.6b). The youngest site was a strong
outlier but when removed from the data set, the result was still significant.
Life-form richness
Total life-form richness across all sites was dominated by shrubs (44% of species),
followed by forbs/geophytes (24%) and graminoids (sedges/rashes/grasses) (17%).
Subshrubs (6% of species), trees (4%), twiners (3%) and parasites (1%) made up a
minor component of the vegetation in terms of the richness of life-forms. Total richness
of life-forms at the 100 m2 scale did not differ significantly with time since fire, with all
sites possessing between five and seven of the seven defined life-forms (Table 4.6).
Shrubs were by far the dominant life-form, with each quadrat possessing 15.6-19.4
shrub species on average, however, T2-27 was substantially lower in richness than all
other sites, with a mean of 9.6 shrubs. The next most dominant life-forms were
graminoids; with a mean of 1.9-3.9 species, and subshrubs (1.5-3.9 species), which was
the only life-form to differ with time since fire, decreasing significantly; all other lifeforms exhibited no significant difference in richness with time since fire. Trees ranged
from 1.6-2.4 species per quadrat, while all other life-forms were predominantly less than
one species per quadrat, with the exception of forbs/geophytes at one site, BS-0.5.
Community heterogeneity
Community heterogeneity appeared to show no trend and did not differ significantly
with increasing time since fire, regardless of whether data were transformed or
standardised, using linear or non-linear regression (Table 4.7). Values ranged from 2437% for cover data, 26-38% for standardised cover data, and 11-27% for
presence/absence data (Figure 4.7). Following removal of low frequency species (those
restricted to one quadrat), mean dissimilarity differed by less than 1% in comparison to
the full data set.

Chapter A - Vegetation

56

Correlations between selected vegetation parameters
Pearson correlation coefficients indicated that species richness (mean and total), ./and H
were all positively correlated (Table 4.8). Community heterogeneity (presence/absence
data) was not correlated with any of the parameters tested, except mean species richness,
with which it was negatively correlated (Table 4.8).
Community structure
Mean total vegetation cover increased rapidly until reaching c. 70% cover 6-9 years after
fire (Figure 4.8). Following the initial increase, cover plateaucd at 75-85% until c. 25
years, after which, it appeared to sharply decline. Mean cover in each height class also
displayed distinct trends, with two patterns emerging. In the 0-0.1 m, 0.2-0.3 m and 0.41.0 m height classes, cover increased quickly until reaching a peak 9-16 years post-fire
(Figure 4.9a5b,c). The maximum cover recorded at the ground layer (0-0.1 m) was 44%;
this increased to 58% in the 0.2-0.3 m height class, and 72% in the 0.4-1.0 m height
class. Following the peak at 'intermediate' ages, cover declined at a similar rate to
which it initially increased. In the 1.1-2.5 m and 2.6-8.0 m height classes, there was a
significant positive linear relationship between cover and time since fire, with young
siles virtually devoid of cover in these height classes, and older sites reaching covers of
26-38% (1.1-2.5 m) and 4-28% (2.6-8.0 m) (Figure 4.9d,e). Mean height of the upper
stratum of the heath (excluding emergent Bariksia serrata and Eucalyptus- spp.) was
below 2.0 m at all sites, except SS-26 and T2-27, where it was 2.3 ± 0.1 m and 3.4 ± 0.1
m respectively. Mean tree cover (square-root transformed) did not increase significantly
with time since fire (F= 2,63, p = 0.133).
Litter, bare ground, bryophyte and lichen cover
Mean cover of bare ground was greatest in Ihe first 2.5 years following fire, with values
ranging from 60-66% (Figure 4.10). Following this time, bare ground cover decreased
dramatically until it reached a constant level of 1-3% from 14 to 27 years after fire.
Mean litter cover (incorporating charred material, leaves and twigs smaller than 5 mm
diameter) increased steadily following fire, until it began to plateau at a cover of 9095% 19 years after fire (Figure 4.10).
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Mean cover of biyophytes and lichens increased significantly with lime since ike, from
zero cover at the youngest three sites, to a maximum of 3 ± 1 % cover at the oldest site
(linear regression, square-root transformed data: F= 1.6S,p = 0.018).
Vegetation change following fire at GP-23
Species composition was significantly different between prc- (23 year old) and post-lire
(0.5 year old) quadrats at GP-23, using species presence/absence data (ANOSIM: R =
0.49, p = 0.001). . NMDS confirmed this result, indicating that the two groups had
minimal overlap (Figure 4.11), with the seven pre-fire (23 year old) quadrats grouped
tightly together (mean similarity: 82%), while the post-fire (0.5 year old) quadrats were
grouped further apart, and were more dissimilar (mean similarity; 76%) in terms of
composition. Interestingly, ihe mean dissimilarity between pre- and post-lire vegetation
was 26%, a level of dissimilarity that was greater than that between GP-23 and live of
the six sites located within 5 km of GP-23. Eight extra species were recorded post-fire,
after 33 species were found in the original survey of seven 100 m2 quadrats. This
represents an increase of 24% following fire, however, four species recorded in the
original survey were not found after fire. Of the new species found, a number were
herbaceous species, including Cassytha glabella, Drosera peltata, Gonocarpua
tetragynws and Thelionema sp.
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DISCUSSION
Species composition changed notably as time since fire increased. However, sites that
were situated closer together were found to be significantly negatively autocorrelated in
terms of species composition, i.e. sites closer together were compositionalry more
similar. Nevertheless, this does not preclude fire from being the determining factor.
Since the youngest sites were all grouped geographically close together at the eastern
end of the study area, it is difficult to separate the effects of time since fire from the
effects of site proximity. A random distribution of site ages throughout the study area
would have potentially alleviated this design problem but such a distribution was not
present. Although sites that were closer together were more similar, there is evidence
that time since fire is the more important factor, because the mean dissimilarity between
pre-fire (23 years old) and post-fire (0.5 years) composition at GP-23 was greater than
that between GP-23 and five of the six sites located within 5 lem of GP-23. Therefore,
there is no basis for excluding sites due to spatial autocorrelation. However, the results
do need to be interpreted with this in mind,
The vegetation comprised many genera common to other south-eastern Australian
heathlands, with Coaldrake (1951), Specht et al. (1958), Russell & Parsons (1978),
McMahon (1984b), Enright et al. (1994), Myerscough et al. (1995) and Wark (1996) all
reporting similar dominants (e.g. Allocasuarina spp., Banksia spp., Leptospennum spp.
and Xanthorrhoea spp.)-

Shrubs were clearly the dominant life-form in terms of

richness, total cover and percentage contribution to the average similarity within sites,
with Leptospernmm myrsinoides consistently dominating the shrub layer, and Monotoca
senparia and Banksia marginata sub-dominant. Although forbs/geophytes accounted
for 24% of all species in the heathland, their contribution to total cover was very low,
with no species contributing more than 5% to the average similarity within a site. The
frequency of forbs/geophytes was also very low, with 70% restricted to only one or two
sites. Conversely, shrubs were very, frequent, with 56% of recorded species present on
at least 10 of the 14 sites. These findings are similar to those of Russell & Parsons
(1978). The other relatively dominant life-form, in terms of species richness were the
grammoids, dominated by Hypolaena fasligiata and Canstis pentandra, however, as
with the forbs/geophytes, frequency was low. with only 19% of species in tin's category
present in more man half of the study sites. In terms of overall species richness, trees
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contributed little, however, the tree iayer was nonetheless important with Banksia
serrata dominating,, in association with Eucalyptus aff. villisn (Gippsland Lakes).
Cover of non-vascular plants increased significantly with time since fire, however, it
was never a significant component of the vegetation in terms of cover, compared with
other studies which have found bryophytes and lichens to be considerably more
abundant following fire (Wark ]996; Esposito et al. 1999).
Hie composition of the heath changed significantly with increasing time since lire,
however, the degTee of variation was dependent on whether data we-Te standardised,
transformed, or split into age classes of young, intermediate and old. NMDS indicates
that BS-0.5 was substantially different from all other sites, even when data were
standardised and transformed. This suggests that differences in BS-0.5 compared to
other sites were due to species composition rather than any influence of the low plant
cover in the regenerating heath. The next three youngest sites, BS-1.5, WT-2.5 and SS5, were grouped separately (to a degree) from the main group, while the main group
comprised the remaining 10 sites. The main group appears to be reasonably similar in
composition and cover, despite the fact that most pairwise comparisons are at least 'well
separated' (Clarice & Gorley 2001). The presence/absence transformation separates sites
even further, particularly at the older end of the age spectrum, and suggests that the axis
of maximum, variation is representing time since fire, since the two oldest sites are at
one end and the two youngest sites al the opposite end of the axis, with the remaining
sites grouped in between.
Coarse-scale trends were similar when sites were grouped into age classes, with
intermediate and old-aged sites grouped together and young sites largely separate for
untransformed, standardised and presence/absence data. However, the oldest of the
young sites, SS-6, was closer to the intermediate and old sites, suggesting that after six
years composition was more similar to older sites, owing largely to the general absence
of posl-fire ephemcrals (Table 4.3). This response appears to be similar to other studies,
where vegetation cover was levelling off, and/or post-fire ephemerals had disappeared
after c. 6 years (Spccht et al. 1958; McMahou 1984b).
The results of ANOSIM were notable in that species composition differed among age
classes using cover and standardised cover data but not with presence/absence data, i.e.
they differed only in abundance and relative abundance. However, the age class into
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which each site was placed may have affected the findings of this study. For example,
the young age class may have been too broad, encompassing a six year old site (SS-6),
where any post-fire ephemerals characteristic of young sites may have already
disappeared.
Despite the lack of a significant difference among age classes with presence/absence
data, there was a significant correlation between the mean position of the seven quadrats
at each site (along the axis of maximum variation on the NMDS) with time since fire,
This suggests that species composition is changing with time since fire. Many studies in
Australian heathlands (Specht et al. 1958; Posamentier el al. 1981; McMahon 1984b;
McFarland 1988; Enright el al. 1994; Wark 1996), South African fynbos (Hoffman et
al. 1987) and CaHfornian. chaparral (Hanes 1971) suggest that vegetation composition
changes with time since fire, with the findings of Russell & Parsons (1978) an exception
to the general rule. However, where compositional change is evident the exact 'level'
of difference among sites is difficult to determine for two reasons. First, many of the
aforementioned studies use the chronosequence approach, which considerably increases
the likelihood of additional 'noise' in the data set, owing to inherent site to site
variation. Consequently, this makes the determination of change more difficult and ies'j
precise, compared to a permanent plot study. Second, many studies (including all of the
above studies) do not undertake statistical tests to determine whether significant
differences exist in composition among sites.

Instead, compositional changes are

reported in a descriptive manner, in part because some tests were unavailable when
these studies were carried out. However, if changes in vegetation composition with
time since fire had been statistically analysed in these studies, the conclusions reached
may have been different.
It is interesting to note that of the 26% of .species that were restricted to a single site,
half were found in sites at least 23 years old. This is an intriguing finding, in that the
majority of species restricted to a particular site were predicted to be post-fire
ephemerals, occurring predominantly in recently burnt sites (e.g. younger than five years
old), as found by Bell et al. (1984), McMahon (1984b), Enright et al. (1994) and Wark
(1996) in different Australian heathlands. Furthermore, the fact that herbaceous species
comprised a greater proportion of the 'restricted' species in old sites compared to young
sites was also unexpected. These unexpected results may be due to a number of factors.
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First, the similar proportion of species restricted to young versus old sites may be due to
the lack of genuine post-fire ephemeral species, defined here as species that appear soon
after the occurrence of fire, have short life cycles and depend on fire for their occurrence
(Gill 1981b). Second, some post-fire ephemerals may be present but at more than one
site. Third, some species may be inherently rare in the study area, and therefore be sitespecific. Species likely to be site-specific rather than ephemeral are woody species such
as Baeckea ramosissima ssp. proslrata, Bossiaea ohcordata, Hibberiia riparia and
Eucalyptus viminalis ssp. pryoriana X Eucalyptus cephalocarpa in the young sites, and
Allocasuarina

Htloralis, Persoonia juniperina

anemonifolia in the old sites.

and Boronia cmemonifolia ssp.

Finally, the relatively high number of restricted

herbaceous species in old sites may be due to recruitment from soil-stored seed, or
bulbs, corms and tubers as the understorey begins to 'open up' with increasing age
(Specht etal. 1958; Patric & Hancs 1964; Keeley 1992b).
It is difficult to ascribe the status of 'post-fire ephemeral' to a species, particularly when
it is recorded at only one or two sites, as there is no way of determining, apart from
establishing permanent monitoring plots, whether the species is simply site-specific.
Even so, 17 of the 94 species recorded in this study were restricted to the youngest four
sites, all burnt 0.5-5 years prior to sampling.

Of these 17 species, eight were

forbs/geophytes, four were graminoids, four were shrubs and one was a subshrub.
Owing to the potential life-span of the shrubs, they are not considered here as post-fire
ephemerals; instead, they are most likely site-specific species that are rare within the
study area.

In addition, two of the species were exotic weeds that were probably

opportunistic colonisers of disturbed ground, rather than true post-fire ephemerals, while
one species was a seasonal geophyte that avoided lire. Therefore, 10 species, nine of
which are herbaceous, are considered to be potential post-fire ephemerals in the context
of this study.
(forb/geophyte),

They are Anisopogon avenaceus (graminoid), Caesia parviflora
Carpobrotus

rossii

(forb/geophyte),

Crassvla

sieheriana

(forb/geophyte), Euchiton sphaericus (forb/geophyte), Isolepia marginata (graminoid).
Laxmannia

orientalti

(forb/geophyte),

Rhylidospontm

proewnbens

(subshrub),

Sckoenus imberbis (graminoid) and Thelionema sp. (forb/geophyte). Without having
detailed information regarding the biology of each of these species, it is difficult to
categorically state that all are true post-fire ephemerals as defined in the previous
paragraph. However, most of these species appear to be fire-sensitivc and regenerate by
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seed rather than resprouting, which is a characteristic, of fire ephemerals (Bell et al.
1984). This will be discussed in more detail in Chapters 7 and 8.
Species ricliness in heathlands is usually reported (and generally accepted) to reach a
peak in the first few years following fire (Campbell & van der Meulen 1980). and then
decrease as time since fire increases. For example, Specht ei al. (1958) found that total
species richness in dry heathland declined by 44% in the 25 years after fire, McMalion
(1984b) found a 36% decrease in total richness in a semi-arid heathland up to 20 years
post-fire, and Wark (1996) reported a 33% decrease from one to ten years after fire in
coastal heathland, while Russell & Parsons (1978) found no obvious decline in wet
heathland total richness for at least 10 years after fire, followed by a 22% decrease up to
21 years post-fire. Conversely, Cheal (2000) found that mean richness increased by
13% over a 14 year period, in plots that were burnt 33 years earlier, and 33% over the
same 14 year period in plots burnt eight years earlier in semi-arid heathland. The results
of this study arc most similar to the first two of the aforementioned studies. However,
the degree of decline in ricliness varies, depending on (a) whether total or mean richness
is used, and (b) whether the regression slope is used, or the difference between the x ost
species-rich and most species-poor site is used to calculate the degree of change. Using
the difference between the most species-rich and poor sites, total richness declined by
40% over 27 years, after reaching a peak 0.5 years after fire. This is highly comparable
with the studies of Specht et al. (1958) and McMahon (1984b) in Bonksia ornata
dominated heathlands, in terms of both the decline in species richness and the time scale
over which this decline occurred. However, when the regression equation is used, me
magnitude of the decrease in richness is approximately halved. This may actually be a
more suitable method of estimating change in ricliness for chronosequence studies,
owing to the inherent variability in richness between sites, irrespective of time since fire.
In addition to time since fire, tree cover was also a significant correlate of species
richness, with mean and total richness both significantly negatively correlated with
mean tree cover, even though tree cover was not correlated with time since fire. This
suggests that tree cover has an independent effect from time since fire that, accelerates
the decline in species richness. Potential sources of this 'tree cover effect' are chemical
inhibition (allelopathy) via foliar and/or litter leachates (del Moral et al. 1978; Gill &
Groves 1981; Hobbs 1984; Keeley et al, 1985; May & Ash 1990; Vila & Sardans 1999)
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and increased competition for light as a result of canopy shading (Specht & Specht
1989; Vila & Sardans 1999).
Species evenness (J) in terms of projected cover was greatest at the youngest site as
expected, owing to the low cover of all species following the recent fire. Evenness
decreased significantly, albeit gradually, until reaching its lowest point 27 years after
fire, where the cover of each species was the most variable ('uneven'). Morrison et al.
(1995) also reported a decline in evenness (modified Hill's ratio) for fire-tolerant
species in. dry sclerophyll communities near Sydney with increasing time since fire,
however, I am unaware of any studies that have calculated evenness in Australian
heathlands.

Species diversity (H) is a product of the species richness (number of

species) at a site and the evenness (J) of the cover of each species. Therefore, the
significant decrease in diversity with increasing time since fire is not surprising, given
that species richness and evenness were both found to decrease significantly with time
since fire. A similar result was found in North American boreal forest burnt up to 44
years prior lo sampling, where richness, evenness (K, Hurlbert 1971) and diversity (H)
all decreased along a chronosequencc of increasing time since fire, although there was
variability between sites during the succession (Shafi & Yarranton 1973a). Campbell
(1980) also found that young (four year old) fynbos was more diverse (H) than older (36
year old) fynbos, however, Kruger (1983) indicates that fynbos diversity may increase
again later in succession as older shrubs senesce, creating gaps and opportunities for
understorcy species to regenerate. Unfortunately, the temporal scale of this study is
limited to 27 years post-fire, owing to a lack of older sites in the study area; therefore, it
is difficult to predict future trends in diversity with increasing fire-free periods.
However, because diversity is strongly correlated with both total and mean species
richness, it should mirror any change in richness further than 27 years, which is likely to
be a decrease with increasing time since fire.
According to models of community structure, species richness and/or diversity are
predicted to be greater where environmental heterogeneity is greater, owing to the
increased availability of resource niches and the subsequent opportunity for more
species to colonise these niches (Tilman 1982; Shmida & Wilson 1985; Burnett et al.
1998; Nichols et al 1998; Huston 1999). Tf this relationship holds true, the variability
(heterogeneity) expressed as the mean Bray-Curtis dissimilarity in composition among
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sampling points (quadrats) is also predicted to be greater where environmental
heterogeneity is large between any two points. Therefore, one would expect species
richness, diversity and community heterogeneity to be positively correlated, if all were
related in a similar manner to environmental heterogeneity. However, owing to the
relatively uniform nature of the soil at the 100 in2 grain across the study area,
differences in community heterogeneity between sites are likely to be also influenced by
variance in fire regimes, interspecific competition, species dispersal characteristics and
reproductive strategies.
In a review of spatial heterogeneity during oldfleld succession, Armesto et al. (199.1)
consistently found that community heterogeneity changed over time, with many studies
suggesting that there are cycles of community heterogeneity that tend to be more
pronounced during early rather than lale succession. As a consequence of this, Armesto
et al. (1991) proposed a theoretical model of community heterogeneity based on
disturbance characteristics, life history and aulecology of species through succession.
The structural essence of the model is that high and low periods of spatial heterogeneity
in community composition alternate through succession. The functional essence of the
model is that periods of high community heterogeneity represent periods of species
invasion and establishment, whereas periods of low heterogeneity represent periods of
species exclusion. Therefore, in accordance with the model of Armesto et al. (1991),
sand heath community heterogeneity was predicted to be greatest in. the period of
species establishment in the immediate years following disturbance (fire), and lowest as
the heath aged and species died out or became competitively excluded. Although there
was a peak in species richness and diversity in the first 2.5 years following fire, no such
peak was observed for community heterogeneity.

Furthermore, even though a

significant decrease in species richness (total and mean) and diversity with time since
fire was found in this study, no comparable trend was observed for community
heterogeneity, which concurs with results obtained by Facelli et ah (1987) for a South
American grassland succession. However, community heterogeneity (presence/absence
data) was significantly negatively correlated with mean species richness. This finding is
highly contrary to most other studies that have examined the relationship between
richness, diversity and community heterogeneity. For example, Whittaker & Levin
(1977), Inouye et al. (1987) and Collins (1992) all found that species richness and/or
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diversity were significantly positively correlated with community heterogeneity,
although Collins {1992) did note that heterogeneity is likely to be scale dependent.
The absence of a trend in community heterogeneity, and the negative correlation with
mean species richness in this study, have two possible explanations. First, although
quadrats at younger sites contained more species on average than older sites, it does not
imply that their mean dissimilarity should automatically he greater than that of older
sites containing fewer species.

For instance, young sites may exhibit high mean

richness but low community heterogeneity if each sampling unit contains a similar suite
of species (and environmental heterogeneity is similar between sampling units).
Conversely, an old site may exhibit low mean richness but greater heterogeneity, as
species become competitively excluded and potentially more patchily distributed across
the site. An alternative explanation is that species colonisation and invasion may be
influencing community heterogeneity at older sites. However, the extent of this is
considerably lower than in the North American oldfields in which the model was
derived, where waves of invasion and extinction are common during secondary
succession (Shafi & Yarranton 1973b; Armesto & Pickctt 1985). In terms of the model
derived by Armesto el a!. (1991), there is no evidence of cycles of heterogeneity in the
Tx)ch Sport sand heathlands, as any site to site variation in heterogeneity is most likely
attributable to inherent site variability, rather than specific waves of invasion or
colonisation.

Invasion may potentially occur, given a long enough fire-free period,

however, extended fire-free periods are rare in this system. If an effect of colonisation
or invasion does exist, it would only occur in sites 23 years or older, as species
establishment from seed was uncommon in younger sites apart from the immediate postfire environment and 'invasion' was restricted to the bird-dispersed mistletoe, Amyema
pendula ssp.pendula, and a small number of highly uncommon herbaceous weeds, often
confined to abandoned fire control lines.
As expected from other studies, the structure of the heath changed markedly with
increasing time since fire. Initially, in the first six years after fire, total cover increased
dramatically to c. 70%, and was largely influenced by a dense cover of shrubs and
graminoids in the 0-0.1, 0.2-0.3 and 0.4-1.0 m height classes. This is consistent with the
findings of Specht et al. (1958), Bell et al. (1984) and Wark (1996) for South Australian
heath, Western Australian kwongan (scrub-beath vegetation) and Victorian coastal heath
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respectively, where it took 5-10 years to reach c. maximum cover of 70-92%. During
this time, the cover of bare ground decreased ekama&saBy, while litter cover increased
in a similar manner, although litter cover was initially relatively high, owing to charred
plant remains in young sites. As the time since fire increased to 14 years, cover in the
five height classes continued to increase, in what could be described as the building
phase. Following the building phase, the heath experienced a mature phase, where total
cover remained constant at c. 75-85% until 25 years after fire, and decreased to c. 50%
27 years after fire. During this time, many shrubs continued to grow in stature and trees
regained pre-fire cover levels, while the cover in height classes below 1.0 m declined
substantially, a similar trend to that reported by Meredith & Isles (1980). This decline
in understorey cover is predominantly due to the increased cover of shrubs and emergent
trees in the 1.1-2.5 and 2.6-8.0 m layer (Specht & Specht 1989), which reduces light
a\ ailability to the strata below. As a consequence of this, many shrubs shed foliage
from the lower strata and allocate a greater proportion of pliotosynthetic tissue to the
upper shrub stratum, where light availability is greater. Although total cover decreased
by c. 25% from 25-27 years after fire, this is not evidence of a degenerate phase sensu
Barclay-Estrup & Gimingham (19<59); as there is no clear evidence for mass senescence
of different species. Groves & Specht (1981) actually suggest that the degenerate phase
is uncommon in Australian heathlands, most likely as a result of inter-fire intervals
being too short, to allow the vegetation to reach this stage.
In a chronosequence spanning 60 years, McMahon (1984b) found that heath structure
began to change markedly c. 20 years following fire, with two of the four dominant
shrub species {Aliocasuarina spp.) beginning to senesce and decline in cover. Tn
response to the resultant canopy openings and increased light availability, the cover of
rhizomatous monocotyledons then increased substantially. In this study, no such trend
was observed, with no widespread senescence of dominant shmb species, and no
noticeable increase in the total cover of ground layer species.
In addition to the time elapsed since fire, community structure may be influenced by
water and nutrient availability (Specht 1979b). The most pertinent example of this
occurs in the two 16 year old sites that were sampled from within the same fire patch,
although they were 5.3 km apart. The shrub layer at SS-16 (mean height: 1.1 m) was
noticeably shorter than WT-16 (mean height: c. 1.5 m), while the eucalypts at SS-16
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were the most stunted of any of the sites in the entire study area, possessing a mean,
height of c. 3.5 m. In addition, total cover was very similar at both sites, however, the
cover in each height class Vvas dramatically different with the heath at WT-16 much
more dense than SS-16. The structural discrepancy between the two sites may be due to
the lower available P, total N. organic matter and reduced saturation capacity at SS-16
compared with WT-16. However, due to the general uniformity of the study area in
terms of soil characteristics, this is seen as a secondary influence to that of time since
fire.
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Table 4.1 Species richness estimators for BS-1.5. n — number of quadrats sampled;
Sobs ~ number of species observed in the sampled quadrats: SO^OT) ~ total observed
species richness at the site; L = number of species present in only one quadrat; Sjackj

=

first-order jackknife estimate of site species richness; SMM ~ estimate of site species
ricliness based on extrapolation of Michaelis-Menten equation; R2 = goodness of fit for
the Michaelis-Menten equation.
T

7

Scale (m)

n

SOba

SohsfruTj

L

Sjacki

SMM

R~

900

3

39

42

4

42

42

1.00

100

7

36

42

3

39

37

l.OO

10

10

35

42

4

39

37

1.00

1

20

34

42

5

39
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Table 4.2 Levels of saturation (SObs / SofofroT) ) observed for each sampling grain at
every site. 1 in 2 : 2(3 quadrats per site; 10 m2: 10 quadrats per site; 100 m 2 : 7 quadrats
per site; 900 m 2 : 3 quadrats per site; 1 ha: 1 quadrat per site.

Site

Sampling grain
lm2

10 m2

100 m2

900 m2

lha

BS-0.5

0.62

0.75

0.81

0.83

0.79

BS-1.5

0.81

0.83

0.86

0.93

0.90

WT-2.5

0.53

0.70

0.79

0.89

0.77

SS-5

0.75

0,82

0.75

0.78

0.75

SS-6

0.64

0.68

0.84

0.82

0.86

TT-9

0.80

0.78

0.85

0.90

0.88

T4-14

0.63

0.65

0.85

0.83

0.85

WT-16/SS-16

0.74

0.86

0.84

0.87

0.87

UT-19

0.63

0.83

0.83

0.83

0.83

G.P-23

0.65

0.78

0.83

0.83

0.88

T4-25

0.67

0.71

0.88

0.88

0.86

SS-26

0.65

0.75

0.80

0.90

0.83

T2-27

0.58

0.58

0.60

0.79

0.67
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Table 4.3 Species presence/absence table based on all spatial scales studied. FG:
forb/geophyte; Gr: graminoid; P: parasite; S: shrub; Ss: subsbrub; Tr: tree; Tw: twiner.
GP-0.5 denotes GP-23 six months after fire. An asterisk indicates an introduced
species.

Species
Caesia panijlora
* Cony:" sp.
liuchiltKi sjihaericus

Thelloiicmu sp.
Ixolepii mtirginoia
Carpobrutus rossii
Crossula xlvheriuita
* I'ulpia bromoliies
Anixnpugon ovenoceus
Sdxoenvt imherbin
Grvrillea clirytopluiea
(.aximnmia orieniahs
Bavckeo ramnsissimo ssp. proxtrata
Rasslaea nbccrikila
Hibbrrtla riparia
jPl&vMylis parviflara
ilhyiidoxparwn proamihem
Droscra pclraia
Acacia lonmfiilia var, lungifollu
Eucalyptus viminalix ssp. pryoriana X
Eucalyptus ceplialocarpa

Life- BS- C1P- nS-WTfnrm 0.5 0.5 1.5 2.5
FG
FG
FG
FG

4
4
-r

Gr

4

S

4

FG
S

4

Crimcxpuriiui calyimiga

Ss

S

Alloeasuarina paradaxa
Awns ericoides
Rkinocar/'os piitij'ulius
Xanihorrhoea attstralis
Slylidium sp, 2
Telrothccapllnsa ssp. latifatia
Pva sieherlana var. sichcriano
Xaiitliorrlioiit minor ssp. Ixiteti

Allncasttarina liltoralis
Ausirtidaiitlwnia gmiiadata

Puncsae sp.
Altacasuarlna sp.
Thryntoumni: mtenmiha
isimcnxUrafiUformis ssp. filiform!;;
Caladanta sp.
PenaonlajuniiKirma
Calaelilhis robertsonii
Cassytlia mdanllia
lioronia anemonffoiia ssp. anfmonijbllo
Dampierfl stricto
Hypvlaun" faxtiRlala
Eucalyptus- viminalis ssp. pryoriana
GamphaMiiuin liuegclii
Corri'O reflexp var. .tpeciosa
Plnielca Imijblia ssp, limfotia
Allacastiarina puiudosa
Ailocastmrinn mixcra
Acacia oxyenitvn
Amprrea xipiiuchdu var yipbochtda
Hanksia nlargmnta
Banksia serrala
Hnxxiaifo einereu
Bassiaea hcleropliylta
Caustlx pauanrlra
I'illlwytlia Rlabcrrlma
lipacrls Iviprcssir
Huvalyptus yJT. H'l'/A// (Gippslaml Lakes)

Hibbenia virgaia
tjiptospurtnum myrslntudes
Lvncopogoii irictwltis
Lcuenpogptx virgonut var. virgatus
Ltimandra longifolio
Moiwtora .tcoparia

Gr
FG
S

TT- T4- WT14
9
16

.ss.

1.IT-

16

19

GP- T425
23

SS- T226 27

4

4

•I1
4
4
4
1

4

I
•1
4
4

-

+

Tr

Acacia suuveolera
Lepidass-crma concavum
* Hy/ipchucris I'ddicata

4

S
S
FG
Ss
FG
S

6

4
4
4
4

FG
Gr
+
4

5

4

FO

Gr
Gr

ss- ss-

T

4

4

-i-

•I-

•i
4

4

+
4

4
4

+•

4

4

S
S

4
—

S
FG

T
4

4
4

4
4

S
Gr
Or

4
•

1
4

4
H

•14

4

•I-

4
4
4

4
4
4

1

•r

4
H
+

4
4
4
4
4

1
4
4
T

4
4

4

4
4

+
4
-r

•1
1
4

S
Gr
Gr
S

4

S

+

4

+

4

-

4

+

4

4

4

4
4

4
4

Gr
FG

1

1

+

•I

4
4

S
FG
Tw
S
SS
Gr

T
-

4
4

Tr

-

•!•

S
S
S
S

r4
-i
•!•

4
4
-t

+
-r

+

+

4
4

•1

s

1
*

4
4
4

-

•!•

S

4

4

SB

S

4
4

•!•
•(•

•!•
4

Tr

+

+

+

4

+
4
I

i

+

+

S

4

4

•>•

1

Gr

4

+

+

S
S

4
4

4
4

4
4

+
+

Tr

•!•

-t

1

+

S
S
S

4
4
4

-1.
4
1-

+
4
4

Gr

+

+

>•

S

4

4

4
14
4
4

1
4

S

S

4
4
4

4
4
4
4
4

•r
4
4
4
4
4
4
4
f

4

4

4
4
4
4
4

4

4
4
•I
4

+
—
—
f

+

T

I

*
H

^

4

4

•1

•i-

4
4

4

4

+
4
4

4
4

4

+

-14
H
14
4
4

4

4
4
•••

.

4

4
- •

•f

4
1
4
4
4

T

4

4

4
4
4

—
4
-J4

4
4
4
4
-I

4
4

4
4
4
4

4
4
4
4

44
h

4
4
4

•*"

- > •

4
4
4
4
4
4

4
4
1

4
4
4
4
4
4
4
4
4
4

1T

1

4
4

4
4

4

4
4

4
4
"r
4
4
4
14

4
4

4
4

4
-I

4
4
4
4

t
4
4
4

4

T+

H

4

•i-

1

+
14

4
4
4

1
+

-'
1

1
14
4
4
•14

V

I
4
4
4

•i4

4
4

'
4
4

H-

•I

1

4
4
4
4

1
4
4
4

T

•=•

4
4

4

-i-

4

i.

•i
t-

-i

I
1

+

+

4

4

f
4
4
4
4
4
4
1

4
~
4
4

+

4
4

-j.

4
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Species presence/absence table based on all spatial scales

studied. FG: forb/geophyte; Gr: graminoid; P: parasite: S: shrub; Ss: subshrub; TT: tree;
Tvv: twiner. GP-0.5 denotes GP-23 six months after fire. An asterisk indicates an
introduced species.
Species
1'lalysace vriaiides
Brachyloma daphnaides
ffihhertia aciai'aris
C'as.v)ilin glaheHa
/.eptwtfterinujti contlnemale
Gonncarpux tetragymis
Pitiiidmm esciilenlum
DiHwynki .vi^r/cw
Zicria vDronictui
Asirolom a pinifaliani
J'yrvrchis nigrienns
Hibhurliafaxciciilata var. prvstrata
Calytrix ietrapptia
I.omantirn glaum
Pierasiytls sp.
Glnntniui nmjor
Atnyeam penJula ssp. peiu/ula
Wahlatlie.rghi gntrJlmiia
Ceiiopleximii sp. aft', ru/uin
Cassyifia pubt&cens
Xanthosia piloya
* Aim cnryophyllca
Calaclmu'a alaia
Calaclenia cantea var. carnea
Cateana major
Catncliilu.1 sp.
Pauccae sp. 2

Life- BS- GP- BS- WT- SSionn_0,5 0,5 1.5 2.5
5
Ss
S
S

SS0

TT9

T4- WT- SS- LT- GP- T414
16
16
19 22
25

T\v
S
FG
S
S

s
s
FG
S
S
Gr
FG
FG
P

FG

FG
Txv
Ss
Gi

TO
FG
FG
FCr
Gr

+
+
I+
H

•!
-1+
I

+
1 1
+
+
4+
I

+

4

4+

+

SS26

T227

Table 4.4 Frequency (F) (maximum = 7) and mean cover (C) (± 1 SE) of each species found at the 100 m2 sampling grain.
Species

BS-0.5

BS-1.S

WT-2.5

F C
0 0

F C

Acacia longtfolin var. /ongifolia

F C
0 0

Acacia oxyecdrus

7

7 0.5 i O

Attocosiiarlna m mra
AHocnsuarma polurfosa

0

Allocusuarinn paradnxa
Aihcaxuarina sp.
Amperen xiphoclmla var. xiphodada
Amjmna pcndala ssp. pemhila
Anisopogon awitaeem
Aolni encaides
AstraloiXo pinifuliutn
Bankxia marjpnata
llanksia serrata
Bassiaea cinerea
Bossiaca heiavptiylla
Snichyhma deplmoides
Ca'<-vfenip carnea var. cqrnea
Calnaaa major
Cahvhilus robttisonii

0.5 = 0

ss-5

SS-6

1 0.1 *0.1 6 0.4 ±0.1 6 2.9 ±0.9 5 0.7 ±0.4
4 0.3 ±0.1 2 0.1 ±U.l 3 (1.2 ±0.1 I 0.4 ± 0.4
0 0
0 0
0 0
0 0
0 0
0 0
6 0.4 ±0.1 U 0
0 0
1 0.4 ±0.4
5 0.4 ±0.1 fi 0.4 ±0.1 6 0.4=0.1
0.4 =. 0.1 7 0.5 ± 0
0 0
0 0
1 0.1*0.1 0 0
0 0
0

0 0
0 0

1 0.1 ±0.1 0 0
0 0
0 0

1 43 = 0.8 3 1.9±1.1
! fl.4 = O..l (i 0
0

0

0

0 O

WT-16

SS-1C

7 1.6 ±0.5 & 3.5 = 1.1
2 0.5 ± Q.-1 6 2.1=1.0

1 0.1 ±0.1 0 0
0 0
0 0
0.4
±0.1
5 0.4 4 0.1
s
0 0
n 0

0

0 0

1 0.1 ±0.1 0

0

0

0 0
3 U.2±t).l
0

0

0

0

0 0

0

0

0

0

0

0

0

0

0

0.2 = 0.1 2 0.5 ± 0.4 7 2.6 ±2.1 0 0
13.0 = 3.5 7 2.9 ±0.9 7 11.0 ±4.5 7 4.9 ±0.9
l.-1±0.d 7 16.9 = 5.6 7 2.640.9 6 1.5*0.5
1.1 i:U.5 7 1.9 ±0.5 7 0.9*0.4 7 2.2 ±1.0
0.1 ±0.1 7 0.5 ±0
7 0.5*0
7 1.2*0.5
0.8 ± 0,4 4 1.0 J. 0.5 2 0.1 ±0.1 5 0.7 s. 0.4
0 0
0 0
0 0
0 a

0 0

0

0

0

0

0

0
5 0.4 ±0.1 4 0.3 ±0.1 2 0.1=0.1 3
0.9 ±0.4
I.I ±0.5 7 2.3*0.5 7 3.0 = 0 7
6
5 0.4 = 0.1 7 1.1 ±0.5 7 3.3 ±0.8 7 3.9 = 1.0 7 10.1 ±1.8 •1
7 0.5 ±0 7 0.9 ±0.4 5 0.4 ±0,1 2 0.1 ±0.1 7 2.6-0.4 5
7 0.5+ 0 7 0.5 ±0
7 0.9 ±0.4 7 3.0 ±0 6 3.?. = 0.8 2
1 0.1 4-0.1 1 O.I i 0 . 1 6 I.? ±0.5
0.7 ±0.4 4 0.6 r: 0.4 6
0

0
0
0.4 ±0.1 7

0

0

0

0 0
0 0

0

0

(I

n

0

Calochitia sp.
Calylrtx teiragfina
Caaylha globulin
Cassyllia aalanlha
Cussyi/iu puhescens

0
0

0

0

t

0

0

0

0

7 O.S±O

0

0

6
2

0 0
a
r.
0
0 0
0 0
0.8 ±0.4 7 6.6 ± 1.6 1 0.1 =0.L 7
0.1*0.1 2 0.1 ±0.1 0 0
I

0

0

0

D

0

0

O 0

0

0

o

o

0

0

o

o

o a

Caustis peatandra

7

0.5 ±0

7

0.5 ± 0

7 0.5 ±0 7 0.5 + 0

Comespcrma calyvicga
• C(»ty;o sp.
Contra reflexa var. speciosa
Craisuia slebenana
Dampicra sificta

0

0

Dithvynia sertcmi

0

0 0
6 0.4*0.1

0

Dillwynia glaberrima

T4-14

4
4

0 0

0.5 ±0 7 0.5 ± 0
6 0.4 ±0.1 7 0.5 ± 0
1 0.1 ±0.1 7 0.5 ± 0

7

0

0

0

0

0

b 0.4 ±0.1 4 0.3 ±0.1 0 (1
0.3 iQ.I 0 0
0 0
0 0
0
0.1
±0.1
0
1
0.3 =.• 0.1
0 0

0 0

UT-19

GP-23

T4-25

SS-26

F C
F C
F C
F C
F C
F c
F C
F C
F C
F C
0 0
1 0.1 ±0.1 3 0.6 = 0.4 0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
3 0.7. =0.1 3 0.2 ±0.! 5 1.1 ±0.5 7 2.6 i 0.4 7 J.2-1Q.5 7 1.6 i n s 7 1.9 = 0.5 7 U s 0.5 3 0.2 ±0.1 7 1.2 = 0.5 7 0.5 ±0

0 0

1 0.S=0.1 0 0
0 0
C 0

TM

1 0.1=0.1 0
1 0.1=0.1 3
2 0.1=0.1 2
7 O.5 » 0

D
0.2 ±0.1
0.1 ±0.1
0.4 ±0.1

0

2
4

0

0

0

0

0

0

a

O

0

0

0 0

0

0

0

0

8R±32
0.1=0.1
O.I-;O.I
0.3 i 0.1

?

0
01*01

0
0

0

0

0

0

0

0 0

(i
1

0

0

0

0 0
0 0
6 0.4=0.1 4 0.3 = 0.1
5 0.7 ±0.4 7 0.9 i 0.4
6 0.4 ± 0.1 7 0.5 = 0

0
D 0
1 0.1 ±0.1 0 0
0 0
0 0

0
0 (1
1 0.1*0.1 0
0
0 0

0 0
1 0.1 ±0.1 0

(1

0.5 ± 0

0

0.1 ±0.1 6
4.5±J.l i

2

O.I ±0.5 5 0.4 £0.1

0

0

0
0

S

0
2

6

P c
0 0
0 0

6

1.9 ±0.5 0
1 0.4±0.4 0

0 0
0 0
7

0.5 = 0

0
0

0 0
0 0
5 0.4=0.1

0

0
0 0

0

0

0

0

0

0

0

r<

4.1 = 1.3 7 5.610.9
1.9 ±0.5 2 0.5 l 0.4

3

0.6 i 0.4
3.3 ±0.8 7 4.9 r. 0.9 7 4.6-11.9
2.9 ±0,9 5 2.1 ±1.0
5 4.912.6
7 4.3*2.0 7 0.9 ±0.4 7 2.3 ±0.5
7 0.5 ±0
7 1,9 ±0.5 7 1.2 ±0.5
0.7 ± 0.4 7 3.0 ± 0
5 1.7 ±1.0
0 0
0 0
0 0
0 0
0 0
0 0
i 0.1 ±0.1 0 0
0 0

7

0

0

7

2
4

0.1 * 0.1 7 3.6 i 0.6 6
I O.I ±0.1 0
1) 0
0 0
0
0 0
0

0

0

0 0
0 0

OA-t-0.1 5 D.4+0.1 3 0.2 XI). 3
5.6 * 0.9 7 5.6 A 0.9 6 •191-2.1
0 0
0 0
C 0
0
0 Q
0
0 0
0 0
2 0.1 ±0.1
4 0.3 ±0.1 7 0.5 i O
0
0
0 0
0 0
0 0
5 0.4 ±11.1
0.1 ±0.1 0 0.4-k 0.1 7 0.5 - Ii
0.3 ± D.I 7 1.2 ±0.5 7 1.2 = 0.5 *ii 0.5 ±0

I

11 0

0
0

2.2 = 0.5 7 6.4 ±2.2 & 1,9 ±0.5
a 1.5 = 0.5 2 0,5 ±0.4 1 0.1=0.1
0 0
J O.J±(U 0 0
0
0
0
0
0 0
0.3*0.1
4
6 0.4 ±0.1 4 0.3 = 0.1
(j

T2-27

0

7

0

0

9 8±3.4 7 17.&±3S
7 0.9 ±0.4 5 0.4 ±0.1
0 0
1 0,1 ±0,1
7 1.9*0.5 I (1.1 ±0,1
2 0.1=0,1
U 0
•y O.I ±0.1
0 0
1 0,1=0.1 0 0
0
0 0
1 0.1 ±0.1
n 0
7 2,5 J. 1,3 5 0.4.10.1
0
0 0
0
3 0.2-i 0.1 0 0
1 0.1 ±0.1
0
D 0
0 0
0 0
0.1 i D.I 1 0.1 ±0.1 4 0.3 ± 0.1 0 0
I.I = 0.5 A 2.2 ±0.5 7 I O . I ± ] . B 7 2.6=; 0.9
0 D
0
0 0
0 0
3 0
0 0
0
0 n
0.1 =0.1 2 IU±DJ 3 0.2 + 0.1 0 0

0
U
2
0 0
0 0
4 0.3 ±0,1 7 D.910.4
7 0.5 ±0
5 0.4 ±0.1
0.4 ± 0.1 3 0.2 ±0.1 7 0.5 ± 0

6

U 0

0 0

G 0,4 ±0.1

a

0

3 0.2 ±0.1 5 0.4 ±0.1
4 0.3 ±0.1 0 0

to

Table 4.4 (continued) Frequency (F) (maximum = 7) and mean cover (C) (± 1 SE) of each, species found at the 100 m2 sampling grain.
Species

BS .0.5

BS-1.5

WT-2.5

ss•5

SS-6

V C
F C
F c
F
Y C
I 0.1 ±0,1 A 0.3*0.1 0
Droserv ptliaia
I 0.1 =0.1 0 0
3 0.2 = 0.1 7 0.9 i 0.4 5 0.4 ±0.1 6 0.4 ±0.1 7
Epaais impuma
Huealypins aff. willlsit (Gippsland Lakes) 'i 0.5 = 0 6 4.9-1.9 5 3.4 ±1.2 7 4.4 ±1.8 5
F.ucuSypiux viminalis ssp. pryoriana
0 0
1
1 0.1-0.1 2 2.1=1.4 0 0

5

0.4 +.0.1 0

4 0.3 ±0.1 7 D.5±("J

6

0.4 = 0.1 5 0.4 = 0.1 7

0

T

0.5 ± 0

7

0,5 i a

Hibbertia rirgaw
* Hypochncrk radicala

i

Hypolaenafnstigiata

7 0.510

Ltptthspawa cvncuvum

1 0.1=0.1
1 O.Ufl.l
7 0.5 =0
4 O.3 ±0.1

Lepiosperniutii eoni'mcntale
/^epinrpennum myrsinoidnx
LcucapoRan r.ri;oides
/.eucopngtm \irgalus var. virgatux

0.5=0

0

a

0
0

lomamiro fongifolfa

5

0.4 ±0.1 0 0

0

Mvnotoca xnparia
Pimeten linifoha ssp, Hnifolia
Ffaty^aee ericnides

7 0.5 ±0 7 3.0 ±0
6 0.4 = 0.1 3 0.2 ±0.1
5 0.4 = 0.1 7 0.5 ±0
0 (1
0 0
0 0
0 0

0

0
0

0 0
0 0

2.2 ±1.0 0 0
22.1 = 1.a 7 293 ±2.0
7 1.9*0.5 7 1.2 ±0.5
7 0.9 + 0.4
7 0.5 ±0
0 0
0 0
7

0

0

0

0

0

0

0

0 0

0

0

Pyrorchis nigricons

5 0.4 ±0.3 0 0

Jticinocorpos plmfnlius
Schoenus Imterbls

0

0 0
0 0

0.5 ±0

7 0.510

0

0

0 0

0 Cl

0

0

0

0

0

Pieroslyiis sp.

7

0

7

q

0 0
0
6

O.I =0.! 0 0
2 0.1*0.1 0 0
0 0
0 0
.i

0
0 0
0 0
0.4 = 0.1 5 0.4 ±0.1 0 0

0.2 ±0.1 4 0.3 ±0.1 3 0.2 ±0.1 0 0

0 0

5 1.1 ±0.5
40,7 = 2.0 7 29.3*2.0
6 an = 0.4 7 0.5 ± 0
7 0.5 = 0
7 0.5 i I)
0 0
0 0
0 0
0 0
0,4 + 0.1 1 (1.1 =0.1
7.1 ±2.1 7 1.2 = 0.5
0 0
0
0.1 ±0.1 0 0

0

0

4 2.7 ±2.1
0 0
0 0
0 0
0 0

0

u

0

0 0

4 0.3 ± CM 0 0

0

1 O.UO.I

0
0 0
1 J.I ±0.1 2
0 0
0 0
0 0
0 0

0 0

0

7

7 0.9 ±0.4 6
7 7.1+2.1 7

0 0
0 0

4 0.3 ±0.1 5 0.4+.0.1 4 0.310.1 2 0.1=0.1

7 0.5 ±0

0

a

7 0.5+-0

7 0.5 ±0

7 0.5 ±0

0

0

0

0 0
0 0
0 0
0

0

0 (1
0 0

0

0 n
0 <l

0

a

0

0
11

7 0.5*0

O.fiO

0

0

u
0.9 ±0.4
4.2*1.2
fl

0.5 = 0

"f

0 0
1 0.1=0.1 0 0
2 0.5 ±0.4 1 O.I ±0.1 0 0

7 2,3 s 0.5
0
0 0
2,fi = 0.4 7 3.0 ±0 7 9,6 = 1.4
2 0.1 ±0.1 0 0
0 0
6 0.4 = 0.1 T 0.5+-0 7 1.9 ±0.5
0 0
0 0
0 0
0 0
0 0
2 0.1 ±0.1
0 (1
0 0
6 5.9 i 2.5

0 0
0 0
0 0

0 0

c

7 0.5 i D

0

1.9=1,0 7 0.5 J.0
0 0
0
0 0
0

0

6

D 0

3

0

0

7

7

0

Siyltdium sp.2

0

0 0
O.-1 ± 0.1 1 0.1 ±0.1 0 0
10.7 ±1.5 7 8.6 ±1.1 7 9.6 = 1.1
0.4=0.1 7 0.5*0 7 2.3 = 0.5
7 0.5 ±0 7 0.5 10
0.5 ±0

0

0

0.4 ±0.1 7 0.5 ± 0

0 0

1) 0

0
0

e

0

].nnwndrojWfoniii<;ssp.JiliJbrmis
Lumundru f,loiica

Poactae sp.
Poa siebcriona var. sicbcrlono
Pleridium uaculentum
Pternxtylis porvifiora

7 0.5 ±0

7 9.6*1.4 7 7.3 ±1.5 7 12.1 ±2.5 7

0 0
5

0
0

1.2 ±0.5 7 3.0 ±0.6 7
4.8 ±2.1 5 2.J ' 1.0 7
5.4 + 0.4 I 0.2 = 0.1 0

7 0.5 = 0
0 0

0

7 0.5 ±0

0.5 ± 0

Hibbunia fasciculate var. proslrata

1 0.1 ±0.1 0 0
0 O
n

F

7 0.5 = 0

i

0

T2-27

F C
0 0

0,5 ±0

7 0.5 ± 0

l.axmannia oricnlalis

SS-26

F C
0 0

0,3 ±0.4 7 0.5 ±0

H/bberlia ackularix

Jsoicpis marginata

T4-25

F C
0 0

0

0.1=0.1 0 0
(I 0
0

0

GP-23

F C
0 0

2

0.6 ±0.4 0

0

LIT-•19

F C
0 0

7 0.5 = 0

3

7 3.0 ± 0

SS-16

F c
0 0

0 0

0.2 + 0.1 2

7 0.5*0

1 0.1 ±0.1 0 O

WT-16

F c
U 0

D

2 0.1 ±0.1 3

7 0.9 ±0.4 7 0.5 * 0

T4-14

F c
0 0

0

(iampho'obivH) Itvegplil

0.5*0

TT-9

1.2 ± 0.5 7 2.3 ±0.5 7 4.9 = 0.9 7 3.0 ±0.6 7 3.0 ±0
7 4.3 = 0.8 7 1.6 ±0,5 7
J.3±2.0 7 •1 .u ±1.9 7 3.2 - 1.2 7 3 . 2 1 i .2 6 2.9 ~ 0.9 6 O±1.5> 6 3.2±O.S 7
0 0
2 0.1 i 0.1 5 3.1 ±1.2 5 1.4 = 0.6 0 0
0
0.1 J- O.I 0
7 0.5 A D 3 0.2 ±0.1 5 0.4 ±0 1 7 0.5 ±0 4 0.3 ±0.1 0
0.1 ±0.1 7 0.5 ±0
(t
0 0
0
U 0
1 0.1 ±0.1 0 0
0 0
0 0

Gnnoeurpus telragynus

7

C
0

7 8.6 ±1.1 7
0 0
0
0 0
0 0

5 0.4 + 0.1 4 0.3 ±0.1
7 22.U1.R 7 30,7 ± 2.0
7 1.9 ±0.5 7 0.5+0
7 0.5 ±0
1
0.5 ±0
1 0.1 ±0.1 0 0
6 O.S + 0.4 5 0.7 ± 0.4

0

0

2
7
4
7
0
0

0.1 ±0.1 I) 0
0
25.0 i 2,2 7 2G.4* 1.4 7
0.3 ±0.1 5 0.410.1 6
0.5*0
7 o.5 -i a
5
2 Q.I ±0.1 0
0
0 (1
0
0

0.2 ±0.1 7 0.5 ±0
1
7 4.310.8 7 7.3 ±1.5 7

a
i

0 0
0 0
i
1 O.I ±0.1 1 0.1 ±0.1 2
0 0
0 0
0
0

0

0

0

0

0

0.3 ± 0.1 0
0
0

0
0

7 0.5 ±0

0

0

0

0
0
0
0

0

0
1) 0

0

2 0.1 ±0.1

26.4 ± 5.1
0.4 ±0.1
0.4 ±0,1
ft

1

2G.-I +. 1.1

5

0.4 + 0.1

4 0.3 ±0.1
0 0

2 0.1=0.1
0
0.5 ±0
5 11.4=0.1 5 0.410,1 4 0.3 ±0.1
9,6 ±1.4 7 11.8 ± 1.5 7 4.1 ±1.8 7 1.9 = 0.5
0
2 0.1 ±0.1 0 0
0 n
0.110,1 4 (1.3 = 0.1 i 0 2 ±0.1 0 0
(1 0
0 0
O.l±0.t 0 IJ
0 0
I) tl
O.I ±0.1 0 0
0
4 0.6 = 0.4 4 0.6 = 0,4 6 1,5 ±0,5
0
0 0
0 0
0 0
0 (1
0 0
0
0 0

0
3 0.2 ±0.1 0 0
7 0.5 = n
2 0.1 ±0.1 0 0
•1

0.3 ±11.1 0 U

0

3

2 0.1 ±0.1 0 if
2 0.1*0.1
0 0

4

5 0.4 = 0.1 0
0
0
0 0
0 0
13.6 ±3,1 7 13.3 ± 1 . 7 2 1,1 = 1.1 0
0 0
0
0 0
0
(1 0
0
0 0
0

11.8 = 1.5 7
0
0

0 0
0 0

7 0.5 ±0

0 0
0 0

2

0J±0.1 (I

(1

1 O.I ±0.1

0

0
0

0

0

0

Cl

0 0
t) 0

0

A 0.3 ±0.1 4 0,3+0.1 2 0.1 ±0.1 (1 (I

na

0

0

4
U>

Table 4.4 (continued) Frequency (?) (maximum = 7) and mean cover (C) (± 1 SE) of each species found at the 100 m2 sampling grain.
BS-1.5

WT-2J

Species

BS-0.5

Telrallieeo piloxa ssp. hlifolia

F C
F C
F C
5 0.4 ±0.1 2 0.1=0.1 0 0

TheJioucmo sp.

1 0.1 ±0.1 0 0

Tiiryplomcne micraniha

0 0

7

D.5 ± 0

SS-5

F C
0 0

c

TT-9

T4-H

c

F C

F

0 0

0 0
0 0

F

1 0.1=0.1 0

0
7

0.9 ±0.4 7 9.4=2.1 1 0.1 ±0.1 0

0

5.6±0,D
5.6-r 1.8 0 0
U.5J-0 2 0.I-L0.1 0 0

0

n

0

0

0 0
7

Xamlwsia pilnsa

0

0 0

Zieria veronicea

3 0.2 £ 0.1 0 0

0

2

0

0 0

0

Q

7
5 1.4 ±0.6 7 3.0 ±0
5 0.4 ±0.1 5 0.4 ±0.1 7
0
0 0
0 0

Xanihonhoea mistralis
Xam/iorrhoea minor ssp. hiica

5S
F

0 0

0.1 ±0.1 0 0

0

0

WT-lfi

SS-16

c

UT-19
F c

F c
2 0.1=0.1 1 0.1 ±0.1
0 0
0 0
0 0
0 0
4 4.1=3.5 3 0.2 ±0.1 0 0
0 0
5 1.4 ±0.6 J 1.3 ±0.6 0 0
0 0
0 0
1 0.1 ±0.1 0 0

GP-23

T4-25

F c
0 D
0 0

F
0 0

F

0 0

0

0

0 0

0 0

0

0

0

0

0

0

0

c

SS-26

c.

0

0

0

0

ll.fi=4.8 0 0
0 0
0 0
0 0
0 0

0

5

T2 -27

F C

(1 0

0 0

3

0.2 ±0.1 0

0

0 0

0 0

0 0

1 0.1=0.1 0 0

0

0

0

2

0.1 ±0.1 0

0

0 0

0 0

0

1 0.1 ±0.1 0 0

0

0

0

0

Table 4.5 Percentage contribution of species to average similarity witliin a site at the 100 m scale, using mitransfomied coA'er data. Species were
only included if they contributed greater than 5% to :?/?u#ge similaiity within a site. S: shrub; Gr: graminoid; Tr: tree.

Species

Life-form

BS-0.5 BS--1.5 WT-2.5

SS-5

Allocasuarina misera

S

Astrolonta pinifolium

S

Banksia marginaia

S

Banksia sarraia

Tr

Bossiaea heterophylla

S

6

Calylrix teiragona

S

9

Caitstis pentandra

Gr

Epacris impressa

S

Eucalyptus aff. wHiisii (Gippsland Lakes)

Tr

8

Hypolaena fastigiata

Gr

10

Leptospermum myrsinoides

S

27

Monotoca scoparia

S

10

Thryplomene micranlha

S

Xanthorrhoea australis

S

SS-6

TT-9 T4-14 WT-16 SS-16 UT-19 GP-23 T4-25 SS-26 T2-27
6
o

5
8

5

9

12

7

6

13

12

9

25

6
8

15

8
6

6
16

9

12

2S

16

32

38

58

8

6

13

6

6

12
5.0

10

16

6

54

13

15

15

17

34

44

36

36

6

8

13

14
6

42

52
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Table 4.6 Mean quadrat species richness in each life-form class at the 100 m 2 spatial
scale.

s

Square-root transformation;L Log ]0 transformation.

Site

Site age

Total life-form

(years)

richness (100 rn2)

Tie*

Shrub

Subshrub

Craminoid Forb / Geophyie Twiner Parasite

BS-0.5

0.5

6.6

1.9

15.6

2.6

3.9

3.3

1.0

0.0

BS-1.5

1.5

5.0

2.1

18.7

3.9

2.7

1.0

0.0

0.0

WT-2.5

2.5

6.0

1.7

17.7

2.3

3.9

0.7

0.3

0.0

SS-5

5

7.0

2.0

17.7

2.3

3.4

1.3

0.3

0.1

SS-6

6

5.0

1.9

17.6

2.7

2.6

0.6

0.0

0.0

TT-9

9

5.0

1.7

7.6

1.7

3.0

0.0

1.0

0.0

T4-14

14

5.0

2.0

16.3

1.7

2.7

0.0

0.1

0.0

WT-16/SS-16

16

2.1

19.4

1.5

2.9

l.O

0.9

0.0

UT-19

19

6.0

2.4

18.0

1.6

3.7

1.1

0.4

0.0

GP-23

23

6.D

2.4

15.6

.1.6

3.3

0.3

0.3

0.0

T4-25

25

6.0

1.6

18.3

2.3

2.9

0.3

0.6

o.o

SS-26

76

6.0

1.9

15.9

2.3

2.0

O.i

0.6

0.0

T2-27

27

6.0

2.0

9.6

0.7

1.9

0.1

0.0

0.00

0.07

5.5

R2

0.04

F

s

s

0.30

0.9
L

s

0.03

0.18

0.41

0.48

0.38

2.44

7.68

4.76

1.92

0.00

0.77

0.504

0.551

0.147

0.018

0.052

0.194

0.989

0.400

0.15
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Effect of time since fire on community heterogeneity, using linear and

quadratic regression.

s

Square-root transformation;

L

Logjo transformation. Quadratic

equation: y=a + bx + ex2.

Abundance measure

Linear regression

Quadratic regression

R2

F

P

R2

F

0.06

0.70

0.421

0.27

1.85

0.207

Standardised cover L

0.02

0.26

0.618

0.14

0.80

0.475

Presence/absence

0.21

2.91

0.116

0.38

3.12

0.089

Cover

s

P
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Table 4.8 Pearson correlation (?•) matrix of vegetation parameters. S: Species richness:
.7: Pielou's evenness; H: Shannon-Weiner diversity; CH: Community heterogeneity.

s

Square-root transformation. Asterisks indicate significant pairwise correlations: * p <
0.05: **p < 0.01; *** p < 0.00L

Vegetation parameter

S (mean)

S (total)

S (total)

0.87***

.7 s

0.64 *

0.74 **

77 s

0.80 **

0.84 ***

CH (presence/absence data)

-0.72**

-0.32

Js

Hs

0.97 ***
-0.22

-0.39
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Figure 4.1 Species accnmuJation curves for the four spatial grains sampled at BS-1.5.
Data are fitted wilhthe Michaelis-Menlen equation,j' = (a*x)/b+x).
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Figure 4.2 Species-arca curve showing mean quadrat species richness (± 1 SE),
averaged across all sites.
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(a) Untransformed cover data; stress = 0.15
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Figure 4.3 Ordination by NMDS of all quadrats at the 100 m2 scale.
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(a) Untransformed cover data; stress = 0.08

(b) Standardised cover data; stress = 0.10

(c) Presence/absence data; stress = 0.11

Figure 4.4 Ordination by NMDS of mean quadrat data points at the 100 rrf scale. Sites are
grouped into young (0-6 years), intermediate (9-19 years) and old (23-27 years) age
classes.
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(a) Total species richness
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Figure 4.5 Relationship between species richness and time since fire at the 100 m~ grain.
(a) Total species richness; (b) Mean species richness (± I SE).
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(a) Mean species diversity
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Figure 4.6 Relationship between: (a) mean species divereity (H) (= I SE), and (b) mean
species evenness (J) (± 1 SE), with time since fire at the 100 ms grain. Data points with no
SE bars indicate that SE is zero, or less than the size oTthe symbol. Data have been squareroot transformed for stati stical analysis.
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Figure 4.7
Relationship between community heterogeneity (mean Bray-Curtis
dissimilarity) and time since fire at the 100 m2 grain. O cover data; A standardised cover
data; II presence/absence data.
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Figure 4.8 Mean total vegetation cover (=l SE) at the 100 m2 scale, with LOWHSS
smoothing function fitted to the data (tension: 0.6).
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Figure 4.9 Mean vegetation cover (± 1 SE) for each height class at the 100 m2 scale, with
LOVVCSS smoothing funtion Iltted to the data (tension: 0.6) on (a) - (c), and linear
regression line of best fit on (d) and (e). Data points with no SE bars indicate that SE is
zero, or less than the size of the symbol. Data for (d) and (e) were square-root transformed
for the statistical test.
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Figure 4.10 Mean litter (A ) and bare ground ( • ) cover (± 1 SE) at the 100 nr scale, with
LOWBSS smoothing fimtion luted to the data (tension: 0.6). Data points with no SE bars
indicate that SE is zero, or less than the size of the symbol.
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figure 4.11 NMDS ordination at G? (stress = Q.I 6), using species presence/absence data
pre- (23 yearold) and post-firc (0.5 yearold) atthc ] 00 m2 scaJc.
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CHAPTER 5
INFLUENCE OF SAMPLING GRAIN ON VEGETATION
PARAMETERS
INTRODUCTION
In recent decades, the issue of scale in natural communities has been recognised as a
major issue in ecology (Allen & Starr 1982; Levin 1992; Gardner 1998; MacNally &
Quiim 1998: Scheiner et al. 2000). Many ecological patterns and processes have been
shown to be spatially and/or temporally scale-dependent (Allen & Starr 1982: Reed et
al. 1993; MacNally & Quinn 1998). For example, landscape-scale processes such as
climate, geomorphology (Nichols et al 1998) and fire (Williams et al 1994) all
combine to influence species distributions. However, at a smaller scale, features such as
environmental rnicroheterogeneity (Weir & Wilson 1987; Vivian-Smith 1997; Kleb &
Wilson 1999), fire intensity (Rice 1993; Williams et al 1994), interspecific competition
(Keith & Bradstock 1994; Vila & Sardans 1999) and species dispersal mechanisms
(Reed et al 2000) also interact to substantially affect local species composition and
abundance. Despite the growing literature, we still have much to learn regarding the
scale(s) at which different biological processes operate, the scale(s) at which different
organisms live and interact, and the scaling of different communities.

Often, we

perceive patterns and processes at particular spatial and temporal scales based on our
world-view, however, the manner in which other organisms perceive the world may be
totally different (Levin 1992). Furthermore, "as one moves to finer and finer scales of
observation, systems become more and more variable over time and space, and the
degree of variability changes as a function of the spatial and temporal scales of
observation" (Levin 1988).
Central to an understanding of spatial scale are the concepts of sampling grain, extent
and iniensity. The grain of a study is the size of the sampling or experimental units (e.g.
quadrat size) (Allen & Starr 1982), or the lower limit of resolution (Reed et al. 1993).
Extent refers to the size of the area over which the individual samples are distributed
(Reed et al 1993) (e.g. 4 ha sites in this study). Finally, intensity refers to the total area
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sampled (Reed et al. 1993) (e.g. c. 3500 ha hi this study). Furthermore, the number of
sampling units used and the shape of these sampling units are also important factors to
consider when designing and comparing studies (Palmer & White 1994).
Prior to any ecological stud}', a sampling grain (or multiple grains) should be chosen
that is appropriate to the question being asked (Dutilleul 1993; MacNally & Quinn
1998),

otherwise,

difficulties

can

arise

in

making

ecologically

meaningful

interpretations of the data. Despite the importance of sampling grain, it is frequently
chosen on Ihe basis of current practice or precedent, without carefully considering the
ecological processes or organisms being studied (MacNally & Quinn 1998).

For

instance, heathland studies in Australia usually employ sampling grains ranging from 1100 m2 (Specht & Rayson 1957; McMahon 1984b; Wark et al. 1987; Enright et al.
1994; Myerscough et al 1995; Bradstocke/ al 1997; Cheal 2000), and sometimes up to
800 m 2 (Posamentier et al 1981). However, me majority of these studies do not explain
the reason for choosing a particular sampling gTain. As there appears to be no single
'correct' scale in which to investigate a given community (Palmer 1990b; Levin 1992), a
multi-scale approach may often yield more information and be more appropriate
(Walker et al 1972; Levin 1988; Thorhallsdottir 1990; Gardner 1998).
Tliis study aims to determine the effect of sampling grain on:
(1)

heathland species composition, richness, diversity, evenness and community
heterogeneity; and

(2)

trends in these vegetation parameters with increasing time since fire.

The study is significant in that it is the only study that I know of that examines trends in
vegetation parameters with time since fire across multiple spatial scales in Australian
heath lands.
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METHODS
The field sampling methods follow those outlined m Chapter 4. In addition to the five
spatial grains sampled (1 m2, 10 m2, 100 m2, 900 m 2 and 1 ha), a sixth scale, that of the
entire site (4 ha), is included in analyses where possible. All data analyses follow those
outlined in Chapter 4, except those outlined below.
Species composition is only analysed using the mean values averaged across a site.
rather than individual data points (quadrats). Results from Chapter 4 suggest that the
mean values are a reasonable

approximation of the actual data points in

multidimensional space (sec Figure 4.3 and Figure 4.4). Furthermore, they allow for a
simpler set of pairwise comparisons, grouping sites into young, intermediate and old age
classes, rather than attempting to deal with the 91 pairwise comparisons among
individual sites.
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RESULTS
Species composition
For all six sampling grains studied, NMDS of cover data generally grouped old (23-27
years old) and intermediate (9-19 years old)-aged sites closely together, while young
sites were grouped separately but covered a much broader area in multidimensional
space (Figure 5.1 a-f). BS-0.5 was distinctly different from all other sites for each grain,
but most notably at the 1 m 2 and 10 m 2 grains, where all other sites were grouped tightly
together. The next three youngest sites, BS-1.5, WT-2.5 and SS-5, were also grouped
separately, while the remaining 10 sites that were six years or older at the time of
sampling were grouped together. The oldest site, T2-27, appeared to become more
distant from the main group as grain increased, particularly at tlie 1 ha and 4 ha grains.
Following standardisation of the cover data, general patterns were similar. However,
the pattern at the 1 m and 10 m" grains changed markedly, representing each site in
two-dimensional space in a similar manner to the other grains (Figure 5.2a-f). As with
the unstandardised cover data, young sites were generally grouped separately from the
rest. However, there were small variations in the degree of overlap between young and
intermediate/old sites, particularly with SS-6. Finally, transformation of the data, to
presence/absence caused the most noticeable difference in how sites were grouped in
two-dimensional space (Figure 5.3a-f). The oldest site. T2-27, was separated much
more distinctly from all other sites, across all grains, man it was for either the cover or
standardised cover data. This was particularly evident at the 1 ha grain (Figure 5.3e).
Young sites (0-6 years old) were also grouped separately, with the exception of SS-6,
which was sometimes associated with the l.-ain group. All other sites were grouped
relatively close together.
ANOS1M indicated that species composition differed significantly among age classes
for cover, standardised cover and presence/absence data at all sampling grains, except
100 m2 (presence/absence) and 1 m 2 (all three abundance measures) (Table 5.1).
Pairwise comparisons indicated that young and intermediate sites were significantly
different for cover, standardised cover and presence/absence data at all sampling grains,
except 100 m2 (presence/absence) and 1 m z (all three abundance measures) (Table 5.1).
In addition, composition differed significantly between young and old sites for the 4 ha,
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1 ha and 900 m 2 grains, for cover and presence/absence data, and 100 m2 for cover data
(Table 5.1). Composition did not differ between intermediate and old sites.
Species richness
Species richness was markedly influenced by sampling grain in two ways. First, as
sampling grain increased, species richness generally increased, as expected (Figure 5.4).
This was true at every site for mean richness. However, total richness was not always
greater as sampling grain increased, because of the different number of quadrats
sampled at each grain, and the different levels of saturation associated with this
sampling regime (Figure 4.1, Table 4.2). Second, species richness (total and mean)
decreased significantly with increasing time since fire for some sampling grains but not
for others (Figure 5.4, Table 5.2).
Total site species richness decreased significantly with increasing time since fire for the
100 m2, 900 m 2 and 1 ha grains (Table 5.2a). However, there was no significant change
for the two smallest grains sampled, 1 m2 and 10 m2, and the largest grain, which was
the entire site (4 ha). Mean species richness displayed a similar trend, with the 10 m2,
100 m 2 and 900 m2 grains indicating a significant decrease in richness with time since
fire, while at the 1 m 2 grain there was no such difference (Table 5.2b).
Species evenness and diversity
Unlike species richness, evenness (.1) displayed no consistent pattern (e.g. a clear trend
toward higher or lower evenness with increasing grain) among sampling grains (Figure
5.5a). In terms of the line of best fit derived via linear regression, there was a greater
discrepancy among grains at young sites compared to older sites, where evenness
appears to be converging, irrespective of grain (Figure 5.5a). /decreased significantly
with increasing lime since lire for all grains except 1 m2 (Table 5.3).
Species diversity (H) responded to sampling grain in a similar manner to richness. First,
H increased from the smallest to the largest grain in an approximately parallel fashion,
although mean diversity at the 900 m2 grain was usually slightly more than the 1 ha
grain (Figure 5.5b). Second, H decreased significantly with increasing time since fire
for all six grains (Table 5.4).
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Community heterogeneity
Community heterogeneity (mean Bray-Curtis dissimilarity) decreased markedly with
increasing grain, for both cover and presence/absence data, although WT-2.5 and BS-0.5
were exceptions to this general pattern (Figure 5.6). Using cover data, community
heterogeneity averaged across all sites decreased from a peak of 61 ±3% at the 1 m2
grain, to 45 ± 2% (10 m2), 29 ± 1% (100 m2) and 18 ± 2% at the 900 m2 sampling grain.
Similarly, using presence/absence data, heterogeneity decreased from a peak of 44 ± 2%
at the 1 m 2 grain, to 31 ± 2% (10 rn2), 18 ± 1% (100 m2) and 14 ± 1% at the 900 m2
grain. Heterogeneity for both cover and presence/absence data did not display a linear
trend with time since fire for any of the four grains sampled (Table 5.5). However, the
quadratic equation appeared to fit the data much better than linear regression, with cover
data at the 10 m grain significantly related to time since fire in the form of a positive
quadratic equation (y = 52.13 - 2.12* + O.O&xr).

In addition, R2 values were

substantially higher for the quadratic regression compared with linear regression.
Generally speaking, at the 1 m2 and 10 m2 grains for cover and presence/absence data,
heterogeneity appeared to be relatively high initially following fire, after which it
decreased until c. 15 years after fire, and subsequently increased to reach immediate
post-fire levels 26-27 j'ears after fire (Figure 5.6).

For presence/absence data, the

pattern at the 100 m 2 and 900 m2 grains is similar to that mentioned above, while cover
data suggest no trend at the 900 m2 grain, and a slightly inverse trend at the 100 m2 grain
(Figure 5.6). However, the results should be interpreted with caution, owing to the
variability of the data set.
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DISCUSSION
Spatial scale, in the form of sampling grain, was found to influence various vegetation
parameters and in some instances, significantly affect their relationship with time since
fire. There was a distinct trend toward higher mean species richness as sampling grain
increased, which is an almost universal finding in studies worldwide (Colwell &
Coddinglon 1994; Palmer & White 1994), which Lomolino (2000) describes as the
closest thing to a rule in ecology. However, total richness did not always display this
trend, predominantly owing to the fact that as grain increased, sample number
decreased, subsequently'affectmg total richness values at each scale.
Species richness was found to decrease significantly with increasing time since fire. In
the context of Australian heathlands, this is not surprising, given, the number of studies
that have reported this trend (e.g. Specht et al. 1958; McMahon 1984b; Wark 1996).
However, this study is unique in that mean richness was shown to decrease at three of
the four sampling grains, while total richness decreased at only three of the six grains,
i.e. the decline in richness with time since fire is dependent upon sampling grain. In a
dry European heathland. Chytry et al. (2001) found that richness changed with time
since experimental disturbance in a similar manner across three different spatial scales,
0.1 m2, 1 m2 and 9 m2, however, the timing of the peak in richness was scale dependent.
These findings have major implications for studies investigating the effect of time since
disturbance (e.g. fire) on species richness, as they provide evidence that the effect of
time since disturbance is scale dependent (Palmer & White 1994). This also suggests
that studies reporting a change in richness over time should only be interpreted at the
grain sampled, and not extrapolated to larger spatial scales (Walker et al 1972; Palmer
1990b; Carpenter 1996), as is commonly the case (MacNally & Quinn 1998).
The lack of a decrease in total and mean richness with time since fire at the 1 m* grain is
intriguing, given the trends observed at larger grains. For instance, greater numbers of
species are expected to be packed into an area of 1 m 2 in the immediate years following
fire, owing to the promotive effect of fire on germination (Gill & Groves 1981; Tyler
1995), the relatively small size of each individual (Rice & Wesloby 1983; Crawley &
Harral 2001) and the reduced levels of resource competition in the initial years after fire
(Grime 1977; Clarke et al 1996; Vila & Sardans 1999). As time since fire increases,
individuals grow in size to the point where trees (Banksia serrata and Eucalyptus spp.)
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and large shrubs (e.g. Allocasuarina spp., Banksia marginafa and Leptospermum spp.)
may cover an area greater than the grain size (1 m2), competition for resources increases
(Vila & Sardans 1999), and weaker plants or shorter-lived species are expected to die
out, resulting in reduced species richness (Specht & Specht 1989; Keith 1995). Despite
this prediction, such a trend in species richness was not evident at the 1 m2 grain in this
study. There are two possible reasons for this. First, there was a dearth of post-fire
ephemeral species present at the 1 m2 grain (only four of the 10 species that were
recognised as potential post-fire ephemerals in Chapter 4), therefore, reducing any
potential decrease in richness due to these species from the outset. Second, in the
immediate post-fire environment, higher seedling densities do not .necessarily equate
with higher species richness; instead, there may simply have been a greater number of
individuals of only a few species.
In addition to the absence of a decrease in total and mean richness at the 1 m~ grain, and
total richness at the 10 in2 grain, there was also no significant decrease in total richness
with time since fire at the scale of the entire site (4 ha). This is surprising in the context
of other heathiand studies, however, it may be explained by the degree of patchiness in
species distributions. For example., species frequencies are hypothesised to reach their
respective maxima for a given grain approximately 1-2 years following fire, when all
seed promoted to germinate by fire has emerged (Keith & Bradstock 1994). Thereafter,
as populations increase in age and become increasingly subject to competition from
surrounding plants (Grime 1977), many species begin to 'thin out' via densitydependent mortality (Begon et al 1990) and/or old age, to the point where richness
displays a decrease with time since fire at the intermediate grains assessed in this study.
Despite this 'thinning' effect, after 27 years of post-fire vegetation development, many
species may still be present at a site, but at a much lower frequency, thus maintaining
species richness and preventing a decrease in richness with time since fire.
Furthermore, different determinants of species richness may operate at different spatial
scales (Palmer 1990b; Crawley & Harral 2001). This is a phenomenon that may be
occurring in the heathlands of this study, with the potential scale-dependent
determinants of species richness being past fire regimes, patchiness in fire intensity,
environmental heterogeneity and variability in distance to propagule sources.
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According to Kwiatkowska & Symonides (1936) and Kvalseth (1991), species evenness
(J) is predicted to alter with sampling grain, with the most basic model predicting this
change to be an increase in J as spatial grain increases (Wilson et al. 1999). Despite this
prediction. Wilson et al. (1999) found the opposite, Kwiatkowska & Symonides (1986)
fovnd no pattern in plots ranging fiom 1 -64 m2, while this study also found no clear
pattern, although there was a general trend for / to increase with increasing grain
(although the 1 ha grain was an anomaly). This suggests that at larger grains, species
cover-abundnices were generally more even, pointing to the relatively uniform nature of
the heathland. Li addition, J decreased with increasing time since fire for all grains
except 1 m2, indicating that species cover-abundances were becoming more variable as
time since fire increased. This pattern is probably attributable to a combination of
variability in individual plant size, species frequencies, and growth and mortality rates.
In terms of the total variability among grains, /appears to be more variable at young
sites compared with older sites, where J values are very similar among grains. For
example, the total spread of J values from the 1 m2 to the 1 ha grain at T2-27 was only
Q.C >-0.67. This suggests that J is beginning to converge across spatial grams as time
since fire increases.
In a similar manner to mean species richness, diversity (H) increased as sampling grain
increased, although the 1 ha grain was slightly less diverse than the 900 m2 grain. The
overall trend of increased diversity with area was expected, as H is a direct by-product
of species richness and / .

The decline in II with time since fire appeared to be

independent of scale, as all six grains decreased significantly with increasing time since
fire, indicating that this was a universal trend when sampling at any grain between I m~
and 4 ha.
As with richness, changes in species composition among young, intermediate and old
sites were dependent on sampling grain, with all grains exhibiting significant differences
in composition, apart from the 1 m2 grain (cover, standardised cover and
presence/absence data) and the 100 m 2 grain (presence/absence data).

This again

indicates the importance of sampling at multiple spatial scales, as the grain chosen to
study (100 m2) based on a species-area curve in Chapter 4, yielded a non-significant
difference, while four of the other five grains were significantly different. Prior to the
study, young and old sites were postulated to be the most dissimilar in terms of species
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~,ies senescence over time, however, pairwise comparisons

indicated that young an^ intermediate sites were more often significantly different
across a range of grains and abundance measures (Table 5.1).
The importance of scale in determining the level of heterogeneity within a given site
remains when the focus shifts from composition to changes in community heterogeneity
with time since fire.

For instance, at one scale, landscapes may appear quite

heterogeneous, however., at another scale, they may seem homogeneous, thus making
spatial scale essential in definitions of landscape heterogeneity and diversity
(Meentemeyer & Box 1987). Despite the recognised importance of scale, studies
determining its effects on plant community heterogeneity are uncommon (Steinberg &
Kareiva 1997). Tn this study, the level of community heterogeneity decreased markedly
as spatial grain increased, to the point where heterogeneity among quadrats at the 900
m2 grain was quite low. This pattern is predominantly due to the fact that larger samples
are more likely to include a greater subset of species from a given community, thus,
increasing Lhe level of similarity among quadrats, compared with smaller quadrats
(Collins 1992). Comparisons with other Australian communities are unable to be made,
owing to the paucity of data on community heterogeneity in Australia, however, the
heathland in this study appears to be relatively homogeneous in composition within
sites, especially at the 900 m2 grain.
In two of the few exceptions examining heterogeneity in terms of compositional
dissimilarity, Collins (1989) and Collins (1992) found that community heterogeneity on
annually burned grasslands was significantly lower than on unburncd or once-burned
grasslands, suggesting that higher fire frequency reduced heterogeneity.

However,

Collins (1992) found this effect to be scale-dependant, with community heterogeneity on
an annually burned grassland significantly lower than unburned (control) grassland at a
small scale (10 m 2 ), but not at a larger scale (200 m2). Evidence for scaling effects on
the relationship between heterogeneity and fire (in mis case, time since fire) were also
found in this study, with a positive quadratic relationship appearing to exist between
community heterogeneity and time since fire for some scales.

Although these

relationships were rarely statistically significant, some observations may be made.
Generally, heterogeneity was high (relatively speaking in the context of this study) in the
early post-fire years, owing to a combination of relatively high species diversity and the
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potential presence of post-fire ephemerals. This can be seen as the period of high
heterogeneity associated with species establishment, as proposed in the cyclic
heterogeneity model of Armesto et al (1991). As time progresses to an intermediate
heath age, post-fire ephemerals and short-lived species die out, while most other species
remain alive, resulting in decreased heterogeneity. In this study, it is unclear to what
degree species loss is due to the shortening of plant lifespans caused by competition,
where species can no longer compete under changing site conditions, compared with
inherent plant lifespan constraints. Finally, as time since fire increases further to the
oldest age sampled in this study (27 years), heterogeneity appears to in.:rtux, even
though species richness is decreasing. This phase is hypothesised "by Armesto et al.
(1991) to signify species invasions, however, the incidence of invasion, or even
recruitment for that matter, is very low in the older sites of this study. Therefore, a
possible explanation for this pattern is that as some species begin to die out at a given
sampling grain, whether through old age or competitive exclusion, their distribution
becomes patchier, thus increasing the mean dissimilarity between any two quadrats.
Given the relatively short age-span of this study, it would be pre-emptive to suggest that
cycles of heterogeneity exist within the heathland, sensu Armesto et al. (1991).
however, there is evidence to suggest that this may be Lhe case. Further monitoring and
sampling of sites as they increase in age may shed more light on this situation.
Overall, sampling grain was shown to have a major effect on
(a)

species composition, and levels of species richness, evenness, diversity and
community heterogeneity', and

(b)

the significance of trends in some of these vegetation parameters with increasing
time since fire.

If this study had simply presented the results of Chapter 4 without analysing for the
effect of different sampling grains, conclusions would have been markedly different and
would have led to a distorted image of the system (Levin 1988). In particular, this study
gives further weight to the view that multiple sampling grains are essential to
comprehensively understand pattern and process in communities.
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ANOSIM results (R values) for cover (c), standardised cover (sc) and

presence/absence (pa) datr for mean data points at each, site for the six sampling grains.
Y: young sites (0-6 years since lire); I: intermediate sites (9-19 years since fire); O: old
sites (23-27 years since fire). An asterisk indicates statistical significance: * p < 0.05;
**/?<0.01. No/7-values were < 0.001.
Sampling
grain

Abundance Global test

Pairwise comparisons

measure
Y-I

Y-0

1-0

4 ha

c

0.31 **

0.48 **

0.46*

0.18

4 ha

sc

0.22*

0.37 **

0.23

0.13

4 ha

pa

0.29 **

0.53 **

0.37*

0.08

1 ha

c

0.31 **

0.49 **

0.43 *

0.15

1 ha

sc

0.21 *

0.36 **

0.21

0.09

lha

pa

0.24**

0.47 **

0.23 *

0.00

900 m2

c

0.25 **

0.44*

0.45 *

-0.07

900 m2

sc

0.19*

0.35 **

0.26

-0.06

900 m2

pa

0.25 **

0.42*

0.33 *

-0.02

100 m 2

c

0.31 **

0.50 **

0.33*

0.08

100 m2

sc

0.23 *

0.45 **

0.19

O.OO

100 m 2

pa

0.11

0.26

0.27

-0.14

10 m 2

c

0.29 **

0.39 *

0.24

0.24

10 m2

sc

0.29**

0.40**

0.28

0.23

10 m2

pa

0.20*

0.40*

0.13

0.08

0.16

0.34

0.01

0.03

0.03

0.08

0.06

-0.08

0.13

0.27

0.14

0.02

lm2

c

lm2

sc

lm2

pa
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Table 5.2 Results of linear regression of species richness in relation to increasing time
since fire.

Square-root transformation;

Logio transformation.

(a) Total richness
Sampling grain (nr)

R2

F

p

1

0.29

4.42

0.059

L

0.26

3.33

0.076

100

0.40

7.26

0.021

900

0.43

8.26

0.015

10000

0.43

8.38

0.015

40000

0.27

4.07

0.069

Sampling grain (m2)

R2

F

1

0.23

10 s

0.42

3.37
7.83

0.094
0.017

100

0.40

7.38

0.020

900

0.33

5.32

0.041

10

(b) Mean richness
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Table 5-3 Results of linear regression of species evenness {J} In relation to increasing
time since fire.

s

Square-root transformation; L Logj0 transformation.

Sampling grain (m2)

R2

F

P

1L

0.12

1.53

0.243

10 L

0.37

G.40

0.028

s

0.55

13.5

0.004

900 L

0.65

20.4

0.001

10000 L

0.49

10.6

0.008

40000 L

0.57

14.6

0.003

100
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Table 5.4 Results of linear regression of species diversity (H) in relation to increasing
time since fire.

s

Square-root transformation; L Logio transformation.

Sampling grain (m )

Bf

p

1L

0.32

5.11

10 s

0.51

11.4

0.045
0.006

100

s

0.59

15.5

0.002

900

s

0.62

18.1

0.001

10000 L

0.53

12.4

0.005

40000 L

0.57

14.4

0.003
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Table 5.5 Results of linear and quadratic regression of community' heterogeneity in
relation to increasing time since fire, c: cover data; pa: presence/absence data.
Square-root transformation;

L

Logio transfomiation. Quadratic equation: y - a + bx +

cx~.
Sampling

Abundance

grain (ra2)

measure

Linear regression

Non-linear regression

R2

F

P

R2

F

P

1

c

0.07

0.79

0.393

o.r.4

1.61

0.249

1

pa

0.07

0.85

0.376

0.39

3.25

0.082

10

c

0.01

0.07

0.791

0.52

5.39

0.026

10 L

pa

0.07

0.78

0.397

0.41

3.51

0.070

100 s

c

0.06

0.70

0.421

0.27

1.85

0.207

100

pa

0.21

2.91

0.116

0.38

3.12

0.089

c

0.01

0.10

0.759

0.03

0.13

0.881

pa

0.04

0.41

0.534

0.23

1.50

0.269

900

h

900 L

s
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(a) 1 m2; stress = 0.01

(b) 10 m2; stress = 0.01

(c) 100 m2; stress = 0.03

(d) 900 rrf; stress - 0.06
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(e) 1 ha; stress = 0.05

<f) 4 ha; stress = 0.05

Figure 5.1 Ordination by NMDS (cover dala) of mean data points at each site, for the six
sampling grains. Sites are grouped into young (0-6 years), intermediate (9-19 years) and
old (23-27 years) age classes.
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(a) 1 mistress = 0.10

(b) 10 mistress = 0.12

(c) 100 m2; stress = 0.10

(d) 900 m2; stress = 0.06

(e) 1 ha; stress = 0.06

(f) 4 ha; stress - 0.05

107

Figure 5.2 Ordination by NMDS (standardised cover data) of mean data points at each
site, for the six sampling gmins. Sites are grouped into young (0-6 years), intermediate (919 years) and old (23-27 years) age classes.
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(a) 1 nf; stress = O.'K

(b) iOnf; stress = 0.13

(c) 100 mistress = 0.11

(d) 900 m2; stress = 0.09

I

1.5

/

[l7__^—
\

{e) 1 ha; stress = 0.01

(f)4ha; stress = 0.11

Figure 5.3 Ordination by NMDS (presence/absence data) of mean data points at each site,
for the six sampling grains. Sites are grouped into young (0-6 years), intermediate (9-19
years) and old (23-27 years) age classes.
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(a) Total species richness
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(b) Mean species richness
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Time since fire (years)

Figure 5.4 Total and mean species richness in relation to time since fire and samplinggrain.
O 1 m"; • 10 nr; A 100 rn!; A 900 m2; O ] ha; H 4 ha. Data have been square-root or log
transformed where appropriate to derivethe line of best -fit by linear regression.
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(a) Species evenness
1
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(b) Species diversity
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1m 2
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I
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Time since fire (years)
Figure 5.5 Relationship between: (a) mean species evenness (J), and (b) mean species
diversity (JI) with time since fireacross all sampling grains, O I m';# lOrn^A 100m1; A
900 m"; D1 ha; • 4 ha. Data have been square-root or log,,) transformed where appropriate
to derive the line of best fitby linearrcgression.
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(a) Cover data
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Figure 5.6 Relationship between community heterogeneity and time since fire among
sampling grains: (a) cover data, (b) presence/absence data. O I m~; • 10 m2; A 100 m1; A
900 m\ Data have been square-root or log,0 transformed where appropriate to derive the
line of best fit by quadratic regression.

CHAPTER 6
SOIL SEED BANK PILOT STUDY
INTRODUCTION
Fire plays an integral role in maintaining species diversity in mediterranean-type
systems, with many species dependant on it for regeneration. Following fire, resource
marked
competition is thought to dramatically decrease as a result of reduced overstorey cover
and increased availability of light and soil nutrients (Spechl 1979b: Warcup 1980).
Changes in soil temperature regimes (Auld & Bradstock 1996), a reduction in seed
predalion (Bond et al 1984; Bradstock 1991) and lower levels of allelopathic chemicals
(Kecley et al 1985) may also be associated with the post-fire environment. This
environment promotes mass regeneration, with species regenerating from soil or
canopy-stored seed (obligate seed regenerators), by resprouting from lignotubers,
rootstocks, rhizomes, bulbs, tubers and epicormic buds (obligate resprouters), or from a.
combination of both (facultative resprouters) (Purdie & Slatycr 1976).
Many seed regenerators only germinate after fire, or else in very low numbers during the
inter-fire period (Specht et al 1958; Russell & Parsons 1978; Wark 1996; Benwell
1998). This phenomenon is commonly regulated by seed dormancy, which may occur
by physiological, morphological, physical or chemical means (Baskin & Baskin 1998).
The prevalence of seed dormancy in mediterranean-type systems, means that knowledge
of the mechanisms that break dormancy and induce germination is essential to
understand vegetation regeneration dynamics.
Various fire-related agents have been shown to promote germination of soil-stored seed
in a range of species in mediterranean-type systems. These include heat (Warcup 1980;
Vlahos & Bell 1986; Enright et al 1997; Read et al 2000), smoke (Dixon et al 1995;
Enright et al. 1997; Marsden-Smedley et al 1997; Roche et al 1998), charred wood
(Keeley et al 1985) and different combinations of these (Marsden-Smedley et al 1997).
Ash (Enright et al 1997; Marsden-Smedley et al 1997) and stratification (Carroll &
Ashton 1965; Marsden-Smedley et al

1997) have also been used to promote

germination; however, their promotive value is generally low in comparison to heat and
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smoke treatments. Most studies indicate that smoke and heat are consistently the most
successful

agents for breaking seed dormancy and promoting germination

in

mediterranean-type systems.
Knowledge of the composition of soil seed banks is important from a conservation
management perspective, particularly with regard to the fire-prone heathlands of southeast Australia, where burning for management purposes is common practice (Avis 1993;
Friend el al. 1999). In these dense, sclerophyllous and highly flammable heathlands,
fire is essential to promote recruitment of many species, particularly obligate seed
regenerators (Specht 1979a; Bcnwell 1998).

Despite the growing soil seed bank

literature, little work has been undertaken in south-eastern Australian heathlands,
particularly with regard to the effects of fire-related products such as heat (see Molnar et
al. 1989) and smoke on germination of soil-stored seed. If future studies are to be
accurate in determining the species composition, richness and density of the soil seed
bunk, then the optimal methods for breaking seed dormancy and inducing germination
need to be known.
This pilot study aims to determine:
(1)

the effects of smoked water and heat on species richness, composition and
density of seedlings emerging from the soil seed bank;

(2)

the number of soil cores needed to adequately estimate species richness and
composition of the soil seed bank at a 4 ha site;

(3)

species emergence rates, to indicate appropriate experimental time-spans for
future soil seed "bank studies; and

(4)

the compositional similarity between the soil seed bank and the extant vegetation
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METHODS
Experimental procedure
A relatively large number of small samples is generally more suitable than a small
number of large samples in soil seed bank studies (Benoit et al. 1989; Thompson et al.
1997). Therefore, 36 randomly located soil cores (8 cm diameter, 5 cm depth) were
extracted at each of four random 100 m2 quadrats in a mature heath (GP-23), giving 144
cores over the 4 ha site (total surface area of cores sampled: 0.724 m2; total volume:
0.036 m 3 ). This is comparable to other studies, which sampled 0.557 m2 (0.056 m3) of
soil in heath (Carroll & Ash Lou 1965), 0.018 m2 (0.002 m3) in heath (Molnar el at,
1989), 1.000 m2 (0.050 m3) in heathy woodland (EnrighL et al 1997), and 0.456 in2
(0.046 m3) in heathy forest (Marsden-Smedley et al. 1997). Surface litter was included
as it is a potentially important seed source, especially in relatively old heath, with almost
100% litter cover.
Sampling was undertaken on 21 March 1999, after most species had finished fruiting
and released their seed. This allowed comparison with other studies of south-eastern
Australian soil seed bank where soil was collected during March (Carroll & Ashton
1965; Enright et al. 1997; Marsden-Smedley el al. 1997).
The seedling emergence technique was used to estimate species composition, richness
and density of the soil seed bank (Simpson et al. 1989).

In order to maximise

germination and obtain the best estimate of composition, richness and density, cores
were exposed to three contrasting treatments. Of the 36 cores from each quadrat, 12
random cores were treated with heat, 12 with smoked water and 12 were left untreated
(control), giving 48 cores in each treatment.
Various Australian studies across a range of vegetation types have promoted seed
germination by treating soil with dry heat at temperatures ranging from 80°C to 120°C
for 20-30 min (Vlahos & Bell 1986; Enright et al, 1997; Marsden-Smedley et al. 1997;
Smith et al. 2000).

Studies on south-eastern Australian legume species and South

African fynbos species have also found substantial variation in emergent seedling
densities in response to different combinations of heating (40-120°C) and exposure
period (0-120 min), indicating that individual species may possess markedly different
temperature optima for breaking seed dormancy (Auld & O'Connell 1991; Musil 1991).
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As a result of these findings, a temperature of c. 100°C was considered appropriate to
break dormancy in most: species without killing the seed. Therefore, heat was applied
prior to potting, -with 12 random cores from each quadrat spread on trays to a thickness
of 1.0-1.5 cm ard heated in ovens set at 100°C for 15 min. Cores were randomised
across three ovens. The actual temperatures inside the ovens varied between 80°C and
100°C. owing to temperature losses when oven doors were opened.
The smoke treatment was applied with Regen 2000 SMOKEMASTER smoked water,
derived by burning predominantly Eucalyptus spp. (including some Pimts sp.) sawdust
waste and percolating the smoke through water. Four c. 5 ml applications of undiluted
smoked water were lightly sprayed over each potted soil core at 1 week intervals,
commencing 1 week after potting, providing a total of 22 ml of smoked water per core.
"Watering was minimised hi the days following treatment to avoid leaching the active
agents from the soil. Although the application of smoked water to each core was
independent in time, the smoked water used originated from the same batch; therefore,
the experimental treatment is not truly replicated (Morrison & Morris 2000). The
remaining 12 cores from each quadrat were left untreated to act as controls.
Before cores were potted, coarse litter was removed from each sample. Each core was
then spread to a depth of 1 cm, over 2.5 cm of sterilised river sand in two punnets. All
cores were potted within two days of collection and randomly placed on benches within
a large, fine-mesh enclosure, open to sunlight, rain and wind, while excluding external
wind-borne seed and minimising seedling herbivores. To determine whether extraneous
seed was present in the sand, or dispersed into the punnets once the experiment had
commenced, 20 punnets containing sterilised river sand with no soil were established.
Monitoring indicated that no extraneous seeds were likely to have been present.
Punnets were watered as required.

Mean monthly maximum and minimum

temperatures in the enclosure ranged from a low of 14.9°C and 6.1°C, respectively, in
June 1999 to a high of 32.9°C and 15.6°C, respectively, in February 2000. Seedlings
were recorded on a weekly basis for the first 3 months and then on a fortnightly basis.
The experiment concluded when no germination occurred over a 5 week period, which
was after 1.1 months.
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Species composition of the standing vegetation at the study site was sampled several
days before collection of soil cores, as part of the study examining vegetation pattern at
different spatial grains (Chapter 5). The samples comprised 41 quadrats from five
spatial grains (1 m 2 sampling grain: 20 quadrats; 10 m2: 10 quadrats; 100 m2: seven
quadrats; 909 m 2 : three quadrats; 1 ha: one quadrat), together with general
reconnaissance across the site. The four 100 m 2 quadrats used for sampling the soil seed
bank were not the same quadrats as those sampled during the vegetation survey.
Nomenclature follows Ross (2000).
Data analysis
Species-area curves for each of Lhe three treatments, grouping quadrats together, were
generated from a random accumulation curve with 100 random starts. A two-parameter
power function by the least squares Gauss-Newton method was then applied to estimate
species richness, according to the equation

wherey is species richness, h is area and a and* arc estimated parameters.
Species richness and density data were analysed with a randomised block ANOVA. with
quadrat acting as the blocking variable and the three germination treatments blocked
within each of the four quadrats. The 12 cores in each treatment-quadrat combination
were combined to give one value, as individual cores were too variable to act as
effective replicates. Tukey's post-hoc tests were used to examine unplanned pairwise
comparisons of treatments. The assumptions of ANOVA were checked, with log™, or
square-root transformations used when required. A critical value of a — 0.05 was used
in all hypothesis testing.
Non-metric Multidimensional Scaling (NMDS) was used to ordinate quadrat data, using
the Bray-Curtis similarity index. Differences in species composition among treatments
were tested by two-way unreplicated Analysis of Similarity (ANOSIM2), and mean
similarity between treatments was calculated by the Similarity Percentage (SIMPER)
procedure in PRIMER (Plymouth Marine Laboratory 1994). Compositional similarity
between the soil seed bank and the standing vegetation of the entire site was calculated
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by using both Bray-Curtis and Jaccard similarity indices (Kent & Coker 1992), to enable
comparison with other studies.
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RESULTS
Species richness, composition and density
Species-area curves for each treatment indicate that species richness increased with core
number (sample area), although it did not reach saturation (Figure 6.1). The power
function fitted the species-area curves extremely well (Figure 6.1), with 2?" > 0.99 for
each treatment.
The germinable soil seed bank comprised 20 identifiable taxa, from 17 genera and 12
families, all of which were native (Table 6.1). A small percentage of seedlings could
not be identified (1%), or were only identified to genus or family level because of
premature death (2%). Dillwynia glaherrima and D. sericea were grouped together,
because of the death of most seedlings before identification to species level was
possible.
Sixteen of the 20 species were recorded in the heat-treated soil, 11 in the smoke
treatment and nine in the control (Table 6.1).

Mean richness per quadrat of the

germinable soil seed bank differed significantly among treatments (F = 15.05, p =
0.005), with richness of heat-treated soil significantly greater than both smoked and
control soils, while no significant difference occurred between smoked and control soils
(Figure 6.2). There was no significant quadrat (blocking) effect {F = 3.773 p — 0.078).
Ten species were restricted to a specific treatment (six in the heat treatment., three in the
control and one in the smoke treatment) (Table 6.1), with each of these recorded only
once or twice. When species present in only one treatment-quadrat combination were
excluded from the analysis, there was still a significant treatment effect on the mean
number of species germinating from the soil seed bank (F = 34.26, p = 0.001) and no
significant block effect (F = 4.63, p = 0.053). A total of 30% of species present within
the soil seed bank was recorded in all treatments (Table 6.1).
Species composition based on density data differed significantly among treatments
(ANOSIM2: R = 1.00, p = 0.006), while presence/absence data yielded non-significant
results (R — 0.08, p - 0.317). Conclusions were unchanged when species present in onlyone treatment-quadrat combination were excluded from the analysis. Although there
was no test for pairvvise comparisons, two-dimensional NlvtDS of density data suggests
that control and heat-treated quadrats were most dissimilar, with smoke quadrats
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intermediate (Figure 6.3). Mean similarity between treatments was lowest between
control and heat-treated soils, with density data consistently more dissimilar than
presence/absence data (Table 6.2).
In total, 1769 seedlings were recorded, with. heat, smoke and control treatments yielding
276 ± 54. 137 ± 26 and 29 ± 5 seedlings per quadrat (0.060 m2), respectively. Mean
seedling density per quadrat was significantly different between all treatments (F =
93.34, p < 0.001) (Figure 6.4). Highest seedling density was recorded, in the heat
treatment, 10 times higher than the control, with seedling density in the smoke treatment
five times higher than controls. There was a significant quadrat (block) effect (F = 7.53,
p = 0.019), indicating patchiness in seed density across the site. Epacris impressa was
by far the most common species (71% of all seedlings), followed by Leptospermum
myrsinoides (15%).

Six of the 20 taxa (E. impressa, Leptospermum myrsinoides,

Leucopogon ericoides, Hypolaena fastigiata, Bossiaea heterophylla and. Dillwynia spp.)
comprised 98% of the seedlings. The total density for heat-treated soil was 4575
seedlings m"2, with 2271 and 485 seedlings m'2 recorded in the smoke and control
treatments, respectively.
Mean seedling densities of five taxa, Dillwynia spp., E. impressa, H. fastigiata,
Leptospermum myrsinoides and Leucopogon ericoides, were significantly different
among treatments (Table 6.3). Smoked water yielded significantly greater seedling
densities than the control in three species {E. impressa, H. fastigiata and Leptospermum
myrsinoides), while seedling densities of heated soil were significantly greater than the
control in all of the five species (Table 6.3).
Rate of emergence
All 20 species present within the germinable soil seed bank germinaled witliin 164 days
(Figure 6.5a). A steady number of new species emerged for approximately the first 90
days, after which the rate of emergence declined until 164 days, with no new species
emerging over the final 173 days of the trial (Figure 6.5a).

The rate of species

emergence was very similar between the heat and smoke treatments, while the control
soils had a slightly delayed emergence (Figure 6.5b).

Shrubs (nine species) and

sedges/rushes (three species) dominated the early stages of emergence.
Cumulative seedling density for each treatment followed a sigmoidal distribution, where
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the rate of increase peaked after 66 days for the smoke and heat treatments and after 80
days for controls, after which it quickly plateaued (Figure 6.6a). In the heat-treated soil,
90% of seedlings germinated after 94 days; in the smoked soil, 90% of seedlings
germinated after 122 days; while 90% germination occurred after 150 days in control
soils (Figure 6.6b).

Of the six species present in every treatment, seedlings within

control trays never emerged before seedlings hi heat- or smoke-treated soil.
Similarity between soil seed bank and vegetation
Fifteen of the 20 species (75%) present in the germinable soil seed bank were present on
site in the vegetation, while five (25%) were only found in the soil seed bank (Table
6.1).

Of the five, all were herbaceous, including two forbs (JDrosera peltata and

Eitchiton sp.), two geophytcs (Pyrorchis rdgricans and Orchidaceae sp.) and one
herbaceous twiner (Cassytha glabella). The Bray-Curtis similarity between the soil seed
bank and the vegetation was 50%; while the Jaccard similarity was 20%.
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DISCUSSION
More than half of the species found in the germinable soil seed bank required a heat or
smoke stimulus to promote germination. In terms of both total and mean species
richness and seedling density of the germinable soil seed bank, heat was the most
successful treatment for promoting seed germination, followed by smoked water, then
controls. However, variability in the intensity, concentration and duration of treatments
may result in differences in relative germination (Warcup 1980; Auld & O'Connell
1991; Musi! 1991; Baldwin el al 1994; Roche et al. 1997b). Therefore, the results of
this study are applicable only to the particular heat and smoke treatments used, not to
heat and smoke per se.
Five species differed significantly in seedling density between treatments, with all
greater in either smoke- and/or heat-treated soil than in controls. Heat-treated soil also
had more unique species than smoked and control soils, a result also found by Enright el
ah (1997) Li ix Victorian heathy woodland. Even though certain species only germinated
in one treatment, this does not imply that they are constrained to that treatment, as the
species may be inherently rare in the soil seed bank. However, the greater number of
species unique to heat-treated soil, compared to smoked and control soils, and the lack
of any effect on mean terminable species richness or composition created by the
removal of species restricted to a single treatment-quadrat combination, suggests a
treatment effect rather than a sampling artefact. There was little evidence of heat or
smoke treatments inhibiting germination in any species, consistent with the studies of
Enright et al. (1997) and Marsden-Smedley et al. (1997).

However, in other

communities (e.g. grassy woodland and forest), heat and smoke may actually inhibit
germination (Clarke et al. 2000).
Species that required a heat or smoke stimulus for germination are highly likely to
germinate from seed following fire. However, they may die out during the sustained
absence of fire if their requirements for seedling establishment are not met and if
dormancy does not change over time (Auld et al. 2000). In contrast, species that did not
require a heat or smoke stimulus may be more likely to increase in abundance during the
prolonged absence of fire. However, unknown mechanisms (e.g. soil disturbance,
exposure to light) associated with the control treatment may have broken seed dormancy
and triggered germination.

Furthermore, survival of inter-fire seedlings under field
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conditions might be low because of factors such as canopy shading., dense leaf litter and
associated allelopathic chemicals (Keeley et al. 1985). soil pathogens and herbivores.
Following the initial post-fire flush of germination, seedlings in the study area are very
uncommon, potentially because of either of the above explanations.
Use of heat and smoke treatments gave a more reliable estimate of the species richness
and density of the soil seed bank in this community than untreated soil. The density of
seedlings in untreated soil (485 m"2) is comparable with that found by Carroll and
Ashton (1965) in the top 5 cm of soil in heath (388 rn'2); and Enright et ah (1997) in
heathy woodland (605 m"2). However, the heat-treated soil gave the highest, and
therefore most reliable estimate of viable seed densities (4575 m"2). This compares with
Enright et al. (1997), who found wet heat to be the optimal treatment (1080 m"2)s and
Marsden-Smedley et al. (1997), who found total native seed density in heathy forest to
be 4212 seeds m1 (average of all treatments for the top 5 cm of the soil). The actual
richness and density of the soil seed bank rnaj' be even greater than that found in this
study, given that dormancy may not have been broken in some seeds. The accuracy of
results may have increased if soil sieving and tests for seed viability were undertaken
(Baskin&Baskinl998).
Studies in Australian heath and forest suggest similarity between the germinable soil
seed bank and the existing vegetation is of the order of 11-38% (Vlabos & Bell 1986;
Molnar et al. 1989; Marsden-Smedlcy el al. 1997). However, comparisons with this
study (Jaccard index, 20%, and Bray-Curtis index, 50% similarity) are difficult because
the similarity index used is often not stated. The discrepancy between composition of
the soil seed bank and the extant vegetation in this and other studies may be due to a
number of factors. First, certain species may have been absent from the soil at the time
of sampling, for either of the following two reasons: (a) species possessed transient seed
banks, i.e. they were persistent for less than one year, due to seed senescence or
germination prior to sampling; or (b) species were serotinous and stored seed in the
canopy, releasing little seed between fires (e.g. Allocasuarina spp., Eucalyptus spp.,
Banksia spp. and Leptospermum continentale). Second, dormancy in some species (e.g.
hard-seeded species in. the Fabaceae and Mimosaceae) may not have been broken by the
treatments applied.

Third, sampling intensity may have been insufficient to record

species with patchy distributions.

Fourth, predators, particularly ants, may have
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Fifth, seed

production and/or viability may be inherently low in some species, particularly
resprouters (Bell et al. 1987), as they are predicted to allocate more resources to root
biomass at the expense of seed production (Bond & Midgley 2001). Finally, some
species may be shoit-lived relative to the time elapsed since the last fire, yet have
strongly persistent soil seed banks or highly effective dispersal capabilities.
Species-area curves reached 90% of the sampled species numbers by using 69-73% of
cores, in comparison to Gross (1990), who found 80% of samples were required to
assess 90% of species in the germinable seed bank. Although sampling of the extant
vegetation reached saturation, the number of species recorded in the soil seed bank was
still increasing, most likely because of differences in the extent and intensity of
sampling.

Extrapolation of the species-area curves by using the power function

estimated that species richness of the genninable soil seed bank would increase by 2836% if sampling intensity was doubled. Although the power function fitted the data
well, it is a curve displaying continuous increase and is therefore likely to yield an
overestimate of richness. A curve reaching an asymptote would, be more useful for
extrapolation, but none was found to fit the data satisfactorily. Despite inaccuracies in
extrapolating from the data, Figure 6.1 does suggest, that not all species present in the
soil seed bank were sampled.

Assuming that the soil-stored seed of most species

follows a Poisson distributions the minimum detectable density of seeds with a 95%
confidence level is 12 m"2 (for each treatment), according to the formula of Thompson et
al. (1997). Species with seed abundances below this level and'or with very clumped
distributions, wrere likely to be overlooked by this sampling regime. Six months appears
to be an adequate time period to conduct soil seed bank studies in this vegetation; a
shorter period means there is a risk of not recording species with delayed germination
responses.
The study further reinforces the importance of treating soil with heat, and to a lesser
extent smoke, prior to conducting soil seed bank germination trials in fire-prone systems
to obtain an accurate estimate of the soil seed bank. Although smoke appears to be
secondaiy in importance to heat in breaking seed donnancy, this may be a result of (a)
the type of smoke used in this study, i.e. a commercial product, rather than smoke, or
smoked water, derived from combustion of species found on site (Dixon el al 1995;
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Roche et al. 1997b) or (b) the concentration of the smoke product used (Lloyd et al.
2000).

However, after testing germination responses to smoke derived from 27

grassland species, Baxter et al. (1995) found that smoke from 26 of the 27 species
promoted various levels of germination in Themeda triemdra. but no species produced
smoke detrimental to Themeda germination. These findings, together with those of
Baldwin et al. (1994), suggest the active ingredient in smoke is present across a range of
species. In addition, germination of selected heath species has been shown to increase
when treatments such as heat and smoke are combined (Keith 1997; Gilmour et al.
2000; Kenny 2000; Morris 2000), but this was not examined in the current study.
This study indicates that when the above-ground (vegetation) and below-ground (soil
seed bank) components of the flora are taken into account, the total species richness at a
given site is higher than that apparent solely in the extant vegetation. This is important
from a conservation management perspective, as seed bank studies can indicate the
potential success of fire in promoting germination of soil-stored seed and thus species
diversity, and in rehabilitating systems degraded by human impact or weed invasions.
In this study, one site of a single age was used to determine similarity in species
composition between the vegetation and the soil seed bank. It is inappropriate at this
stage to extrapolate these results to other sand heaths. In particular, the post-fire age of
a site may influence the composition of the soil seed bank in two main ways. First, time
since fire will influence the presence of species above-ground, and consequently, the
input of seed into the soil seed bank* as well as influencing the build-up of seed
dispersed into the system. Second, time since fire may affect the seed bank indirectly by
influencing trends in reproductive characteristics of the vegetation. For example, in
some systems, early successional plants lend to produce dormant seeds, whereas the
seeds of late successional plants tend to lose viability quickly (Bazzaz 1979). The
effects of post-fire age upon the composition, richness and density of the soil seed bank
will be examined in Chapter 7.
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Table 6.1 Species present in the vegetation and/or the soil seed bank. C : control; S,
smoke; H, heat. An asterisk indicates presence in the vegetation.
Family and species

Life-form

Soil seed bank.

Vegetation

FERNS AND ALLIED PLANTS
DENNSTAEDTIACE A E
Ptaridium esculentwn

Fem

MONOCOTYLEDONS
CYPERACEAE
Caustis pentandra

Sedge/Rush

SH

*

Lepidospenna concavum

Sedge/Rush

H

*

Orchidaceae sp.

Geophyte

C

Pyrorchis nigricans

Geophyte

H

ORCHTDACEAE

POACEAE
A ustrodanthonia geniculcita

Grass

Poaceae sp.

Grass

Poa sieheriana var. sieberiana

Grass

*
*

JRESTJONACEAE
Hypolaena fastigiata

Sedge/Rush

CSH

*

XANTHORRHOEACEAE
Lomandra longifolio

Sedge/Rush

Xanthorrhoea australis

Grass tree

Xanthorrhoea minor ssp. lutea

Grass tree

*

*

DICOTYLEDONS
APIACEAE
Platysace ericoides

Subshrub

SH

Forb

H

*

ASTERACfiAE
Evchiton sp.
CASUARINACEAE
Allocasruarina miser a

Shrub

Allocasuarina paludosa

Shrub

*

D1LLENACEAE
C

Hibbertia acfailari's

Shrub

Hibbertia fasciculate var. prostrata

Shrub

Hibbertia virgata

Shrub

H

Forb

CSH

*

DROSERACEAE
Drosera pel tot a

*
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Table 6.1 (continued) Species present in (he vegetation and/or the soil seed bank. C,
control; S, smoke; H. heat. An asterisk indicates presence in the vegetation.
Family and species

Life-form

Soil seed bank

Vegetation

EPACRIDACEAE
Astroloma pinifolfum

Shrub

*

Brachyloma daphnoides

Shrub

*

Epacris impressa

Shrub

CSH

*

Leucopogon ericoides

Shrub

CSH

*

Leucopogon virgatus var. virgaltts

Shrub

S

*

Monoloca scuparia

Shrub

EUPHORBIACEAE
Ampersa xiphoclada var. xiphoclacla

*

Subslirub

FABACCAE
Bossiaea cinerea

Shrub

SH

•

Bossiaea beterophylla

Shrub

CSII

*

Dilhvynia spp. (glaberrima /xericea)

Shrub

SH

Gompholobhun huegelii

Shrub

*
*

Subshrub

H

*

Cassytha glabeHa

Twiner

H

Cassytha pubescens

Twiner

GOODEN1ACEAE
Dampiera stricta
LAURACEAE

*

MIMOSACEAE
Acacia oxycedms

Shrub

M.YRTACEAE
Calytrix tetragona

Slirub

C

Eucalyptus aff. willisii (Gippsland Lakes)

Tree (mallee)

*
*

Eucalyptus viminalis ssp. pryoriana

Tree (mallee)

*

Leplospermum conlinentale

Shrub

*

Leptospermum rnyminoides

Shrub

CSH

*

PROTEACEAK
Banksia marginata

Shrub

*

Hanksia serrata

'IVee

*

RUTACEAE
Correa reflexa var. speciosa

Shrub

STYLIDIACEAE
Stylidium sp. 2

Forb

TREMANDRACEAE
Teirathecapi/osct ssp. latifolia

Shrub

•
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Table 6.2 Mean Bray-Curtis similarity between treatments, from presence/absence and
density data.
Form of quadrat data

Mean similarity between treatments (%)
Control and Smoke

Control and Heat

Smoke and Heat

Species presence/absence

66

54

71

Species density

33

20

58
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Table 6-3 Mean density of seedlings recorded in the germinabie soil seed bank for each
treatment.
The results of randomised block ANOVA of mean seedling density among treatments
are presented.

Species are only included if more than five seedlings in total were

recorded. Mean density values represent the number of seedlings per surface area of the
12 cores (0.060 m2) sampled in each quadrat

Shared lower-case alphabet letters

indicate no significant difference by Tukey's post-hoc comparisons.
transformation;

L

s

Square-root

Logio transformation; ' ' Logic (x + 1) transformation.

ns

, not

significant; * p < 0 . 0 5 , ** p <0.0L ***p < 0.001.
Species

Frreat

Control

Smoke

Heat

Bossiaea heterophylla

0.57 ns

2.5 ±1.2

2.8 ±0.3

3.8 ±1.1

36

Dillwynia spp. L1

14.4**

0a

0.3 ± 0.3 a

8.5 ±3.3

35

Epacris impressa

263***

11 ± 3

94 ±26

209 ±52

1257

26.3**

0.3 ± 0.3

3.8 ±1.3

9.0 ±1.9

52

35.7***

11 ± 3

29±6a

28±5a

273

5.49*

2.3 ± 1.1a 4.3±1.7 ab

12.0 ± 2.9 b

74

1.00IB

1.0 ±0.4

1.3 ±0.3

16

Hypolaena fastigiata

L

Leptoapermutn myrsinoides
Leucopogon ericoides
Unidentified seedlings

s

1.8 ±0.5

Total
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Figure 6.1 Species-area relationships for each treatment (O, control; A, smoke; • , heat)
determined by the power function y — ab\ Individual points represent the mean value
derived from 100 random accumulation curves.
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F= 15.05, P= 0.005
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Figure 6.2 Mean species richness of the gerniinable soil seed bank for quadrats (± SE) in
each treatment. The results of one-way ANOVA of square-root transformed dataaregiven.
Shared aiphabct letters indicate no significant difference among treatments according to
Tukcy^spost-hoc comparisons.
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Figure 6.3 Ordination by NMDS of quadrats in each treatment (density data)
(O, control; A, smoke; • , heat). Minimum two-dimensional stress = 0.03.
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Fig 6.4. Mean seedling density of quadrats (±s.e.) for each treatment. The results of oneway ANOVA of log,D-transformed data arc given. Post-hoc Tukey's tests indicate
significant differences among all treatments.
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Figure 6.5 Cumulative species richness of the germinable soil seed bank for each
ireatement (O, control; A, smoke: H, heat), (a) Species richness for eaclt treatment; (b)
proportion of species richness Ibreach treatment.
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Figure 6.6 Cumulative seedling density of the soil seed bank for each treatment (O,
control; A. smoke; • , heat), (a) Number of seedlings for each treatment; (b) proportion of
seedling density for each treatment.
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CHAPTER 7
SOIL SEED BANK: CHANGES WITH TIME SINCE FIRE
INTRODUCTION
Pattern and change in the composition of soil seed banks over successional time has
been well documented, with Milberg (1995) citing 25 papers over the 100 year period
from 1893 to 1993 that specifically address this topic using the chronosequence
approach. Since Milberg's study, the theme has been continued by Bakker (1996),
Dalling (1998), Ne'eman (1999) and Bekker (2000). Although, a wealth of information
lias been gathered regarding changes in soil seed bank composition, richness and density
over successional time, only a small number of studies have been conducted in heath or
shrub»aominated vegetation (Zammit & Zedler 1988; Zammit & Zedler 1994; Mitchell
et al 1998). with none of these being in Australian systems.
A general finding of soil seed bank studies is that species richness and density usually
decrease or remain relatively unchanged as time since disturbance (or abandonment)
increases (Granstrom 1988; Roberts & Vankat 1991; Milberg 1995; Bakker et al 1996;
Dalling & Denslow 1998; Ne'eman & Izhaki 1999), however, this pattern may not be
universal (Bekker et al 1999). Because the great majority of studies examining soil
sft.-id bank successions are from the Northern Hemisphere, the general trends reported
may not be widely applicable to the fire-prone, nutrient-poor, mediterranean-type
heathlands of Australia, South Africa and California, which usually adhere to the initial
floristic composition model of succession (Han.cs 1971; Groves & Specht 1981; Kruger
1983).
In this study, soil seed banks were investigated at seven sites of varying time since fire.
The aims of the study were to determine:
(1)

the role of the soil seed bank in vegetation succession; and

(2)

whether differences occurred among young, intermediate and old-aged sites in
compositional similarity between the soil seed bank and the extant vegetation
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A number of predictions were made relating to the effects of time since fire on the soil
seed bank:
(1)

Overall species richness uf the soil seed bank was predicted to increase and then
decrease with time since fire. This prediction is based on the assumption that
richness will be relatively low in the first few years after fire, as most soil-stored
seed should be either killed- or stimulated to germinate, by the fire event, and
seed production will be low as most species will still be reproductively
immature. As species begin to reach reproductive maturity, seed input to the
soil increases, and consequently, richness is predicted to increase. As species
with transient (short-lived) seed banks cither die out, or become competitively
excluded, seed bank richness is then predicted to gradually decline with time
since fire.

(2)

Total density of soil-stored seed was predicted to increase and then decrease
with time since fire, as suggested by WJielan (2002). An initial increase was
predicted, as the number of reproductively mature species and the number of
years they have been reproductively mature increases. The increasing number of
years a species has been reproductively mature is particularly important as this
hypothetically facilitates increased soil seed densities, especially in species with
long-lived (persistent) soil seed banks, which appear to be relatively common in
heathlands (Keeley 1995). As total vegetative cover begins to decrease c. 25
years after fire (refer to Chapter 4), total soil seed bank density is also predicted
to decline (although the delay may lag somewhat), given the potentially reduced
seed source.

(3)

Species composition of the soil seed bank is predicted to differ between young
(0-6 years), intermediate (9-19 years) and old (23-27 years) sites. However,
there may be less variation in the below-ground (soil seed bank) component of
the vegetation, as viable seeds may remain in the soil well past the lifespan of
the parent plants.
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METHODS
Experimental procedure
Seven of the 14 sites used in the vegetation study (Chapters 4 and 5) were used to
sample the soil seed bank across a range of ages since the last fire. Milberg (1995)
raised a number of concerns regarding the validity and appropriateness of using
chronosequences to study soil seed banks. The validity of the chronosequence in this
study has already been assessed as far as possible in Chapter 3. with the uniformity of
climate, topography, soil profiles, and soil saturation capacity and nutrients at depth,
suggesting that the basic assumptions of the chronosequence have been met. For the
purposes of this study, site fire histories are unknown and assumed to be random. To
obtain a representative range of site ages, two sites were randomly chosen from witliin
each of the three age classes (young. 0-6 years since fire; intennediate. 9-19 years since
fire; old, 23-27 years since fire) determined in Chapter 4, with an extra site randomly
selected from the 'old' age class. The sites/ages chosen were as follows: young, BS-1.5
(three years since fire) and SS-5 (six years since fire); intermediate, TT-9 (10 years since
fire) and SS-16 (17 years since fire); old, GP-23 (24 years since fire), T4-25 (26 years
since fire) and SS-26 (26 years since fire). Site ages were older than the coded age for
each site because soil seed bank sampling was conducted np to 18 months after the
vegetation had been sampled at all sites. Site ages given throughout the remainder of
this chapter arc the actual ages of the site at the time of soil seed bank sampling, rather
than the age at the time of vegetation sampling.
At each of the seven sites, 88 random soil cores were taken to a depth of 5 cm using an
8 cm diameter section of plastic tubing (total surface area of cores sampled per site:
0.442 in2; total volume per site: 0.022 m3). Surface litter was included, as it is a
potentially important source of seed. The number of cores per site was set at 88
(compared with. 144 in the pilot study) for a number of reasons. First, the pilot study
(Chapter 6) indicated that the smoked water treatment added no information in terms of
species richness, apart, from one species that only had one seedling present.

This

indicates that 96 cores (comprised of the control and heat treatments), instead of 144,
would have yielded a species richness of only one less. Therefore, the smoke treatment
was not used in this study. Secondly, the 88 cores sampled at each site in this study
were fully randomised, whereas the cores sampled in the pilot study were blocked
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within four 100 m2 quadrats. By fully randomising sampling in this manner, a more
complete coverage of each study site is obtained, thus increasing the likelihood of
sampling species with highly clustered distributions (Bigwood & Inouye 1988), and
subsequently obtaining the most accurate estimate possible of soil seed bank richness.
Therefore, 88 fully randomised cores per site were likely to yield as much information,
and possibly more, compared with the 144 cores used in the pilot study (Chapter 6).
Sampling was undertaken on March 20-22, 2000 (early autumn) after most species had
finished fruiting and had set seed. This also allowed for comparison of results with the
pilot study, and other south-eastern Australian soil seed bank studies where soil was
collected during March (Carroll & Ashton 1965; Enright et al. 1997; Marsden-Smedley
etal 1997).
For this study, heat and control treatments were used. The smoked water treatment used
in Chapter 6 was not used, given that only one of the 21 species identified in the pilot
study occurred solely in the smoked water treatment, while six occurred solely in the
heat-treated soil and three were restricted to controls. Therefore, to promote maximum
germination of individual species, efforts were concentrated on the heat and control
treatments. Heat treatment was undertaken only a few days after soil collection and
prior to potting, with 44 randomly selected cores from each site spread on oven trays to
a thickness of approximately 1 cm and heated in ovens set at 80°C for 15 minutes.
Cores were randomised across three ovens. The remaining 44 cores from each site were
left untreated to act as controls and also determine which species possessed nondormant (transient) seed.
Following soil collection and the heat treatment, coarse litter (twigs and large leaves)
was removed from each sample. Four cores from each site-treatment combination were
then combined and spread to a depth of 1 cm. over 2.5 cm of sterilised river sand in
germination trays. This gave 11 trays per site for each treatment. All cores were
'potted' on March 25, 2000 and randomly positioned on benches within a large, finemesh enclosure., open to sunlight, precipitation and wind, while excluding external
wind-borne seed and minimising seedling herbivores.

To determine whether any

extraneous seed was initially present, or being dispersed into the punnets once the
experiment had commenced, twenty punnets containing sterilised river sand with no
study site soil were established and monitored regularly. Monitoring indicated mat
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extraneous seed did germinate during the course of the experiment however, these
species were easy to identify and were subsequently removed.
The experiment ran for 409 days. Mean monthly maximum and minimum temperatures
in the germination enclosure were 23.9°C and 12.TC respectively at the commencement
of the experiment in March/April 2000. Temperatures dropped to a low of 8.8-15.9°C
in May 2000. and subsequently peaked in February 2001 (16.8-30.5nC). The absolute
maximum and minimum temperatures recorded during the study were 41.9°C and 3.1°C
respectively.

Watering was controlled using an electronically timed mist-sprayer

watering system. Seedlings were recorded on a weekly basis for the first three months
of the germination trial and thereafter on a fortnightly basis.

Seedlings that were

difficult to identify were removed from the germination trays, and subsequently 'grown
on' in more fertile soil until they became identifiable. Nomenclature follows Ross
(2000).
Data analysis
Non-metric Multidimensional Scaling (NMDS) was used to ordinate site data for
density, standardised density and presence/absence data, using the Bray-Curtis similarity
index. The methods used follow those outlined in Chapter 4, however, all cores from a
given site were combined for the analysis, to enable differences in composition among
the three age classes to be assessed. Differences in species composition among age
classes were tested by one-way Analysis of Similarity (ANOSJM), and mean similarity
between treatments was calculated using the Similarity Percentage (SIMPER.) procedure
in PRIMER (Clarke & Gorlcy 2001).
Total species richness and seedling density data were analysed using linear and
qvadratic regression, with. square-Toot and iogio transformations used to improve
normality and homogeneity of variances where appropriate. Two-sample r-tests were
used to determine the effect of treatment (control vs heat) on seedling density and
species richness of the soil seed bank at each site. Paired Mests were used to determine
the effect of treatment (control vs heat) on seedling density for each species, using sites
as replicates. No data transformations were necessary. A critical value of a = 0.05 was
used for all hypothesis testing.
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Compositional similarity between the soil seed bank and the vegetation was calculated
using both Bray-Curtis and Jaccard similarity indices (Kent & Coker 1992), tc enable
comparison with other studies. Pearson con-elation was then used to determine whether
there was a significant relationship between these similarity indices and time since fire.
All analyses were conducted using the site age at the time of sampling the soil seed
bank.
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RESULTS
Species richness, density and composition
The germinable soil seed bank comprised 34 identifiable taxa, from 31 genera and 20
families, all of which were native (Table 7.1). A small percentage of seedlings were
unable to be identified (<1%), or were only identified to genus, owing to premature
death (2%). Dillv/ynia glaberrima and D. sericea were grouped together, owing to the
death of most seedlings before identification to species level was possible.

Most

(>99%) of the recorded seedlings germinated within the first 200 days of the
germination trial, which lasted for 409 days in total. A very small number (<0.1%) of
freshly emerged seedlings were recorded on the final sampling date.
Total species richness of the germinable soil seed bank at each site ranged from 13-22
species, however, it did not differ significantly with increasing time since fire, using
cither linear (iogio transformed data: F = 1.33, p = 0.301) or quadratic regression (logio
transformed data: F = \.67,p ~ 0.297) (Figure 7.1). Similarly, mean species richness of
the germinabie soil seed bank for each tray did not differ significantly with time since
fire, using either linear (logio transformed data: F = 2.11, p = 0.206) or quadratic
regression (logio transformed data: F = 1.05, p = 0.431) (Figure 7.2). Mean species
richness appeared to be slightly higher in heat-treated soils compared with controls at
each site, however, this difference was only significant at SS-26 (t ~ -2.28, p = 0.046)
(Figure 7.2).
Overall, Epacris impressa accounted for 79% of all seedlings, with Leucopogon
ericoides (4%), Leptospermum myrsinoides (4%) and Catylrix telragona (3%)
accounting for a further 11% of seedlings in the germinable soil seed bank (Table 7.1).
The remaining 30 taxa in the germinable soil seed bank comprised 10% of ail seedlings.
Total seedling density did not differ significantly with time since fire, using both linear
(logio transformed data: F = 0.75, p - 0.426) and quadratic regression equations (logic
transformed data: F = 0.51, p = 0.637) (Figure 7.3). The data were re-analysed after
removing the dominant species (E. impressa) from the analysis. Subsequent re-analysis
indicated that the high densities of E. impressa seedlings did not affect the regression
conclusions. Using linear regression, Leptospermum myrsinoides was the only species
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that increased significantly in seedling density with increasing time since fire (squareroot transformed data: F= 11.9,/? = 0.018).
Seedling densities of heat-treated soil yielded 2005 ± 932 seedlings m'2 for young sites
(n = 2), 5213 ±1154 seedlings m"2 for intermediate-aged sites (n = 2) and 3713 ± 419
seedlings m"2 for old sites (n ~ 3). Control soil yielded 1109 ± 330 seedlings m"2 for
young sites (w = 2), 1538 ± 77 seedlings m"2 for intermediate-aged sites (n = 2) and 1379
± 1 5 1 seedlings nf2 for old sites (n = 3). Mean seedling density was significantly
greaLer in heat-treated soils compared with controls for all sites except SS-5 (Figure
7.4).
Ordination by NMDS using density data suggests Lhat six of the seven sites were very
similar, with SS-5 markedly different from all other sites (Figure 7.5). Following
standardisation, young and intermediate sites remained in relatively the same positions
on the ordination plot, while old sites were grouped separately from the rest (Figure
7.5). When presence/absence data were used, young, intermediate and old sites were all
grouped separately from each other (Figure 7.5).

Species composition among age

classes differed significantly using species presence/absence data (i? = 0.55, p = 0.029),
however, density data (R - 0A5,p = 0.267) and standardised density data (R = 0.15,p =
0.200) yielded no significant differences among age classes.

Conclusions were

unchanged when the seven species found at only one site were excluded from the
analysis. Furthermore, the removal ofEpacris impresya from the analyses had no effect
on conclusions.

Pairwise comparisons were unable to be assessed at the 0.05

significance level, as there were only 10 possible permutations. However, Clarke
(1994) and Clarke (2001) suggest that pairwise R values are more useful than p values,
since they give an absolute measure of the degree of separation between two age classes,
on a scale of zero (indistinguishable) to one (all similarities within age classes are less
than any similarity between age classes). Using this scale, R > 0.75 suggests that age
classes are well separated, R = 0.5-0.75 suggests that groups are overlapping but clearly
different, while R < 0.25 implies that groups are barely separable (Clarke & Gorley
2001). Based on these guidelines, young and old sites are well separated (R = 0.83),
intermediate and old sites are overlapping but clearly different (R =- 0.50), while young
and intermediate sites are not separable (R < 0.01) using presence/absence data.
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Similarity between soil seed bank and vegetation
Tlie Jaccard similarity between the composition of the soil seed bank and the extant
vegetation ranged from a low of 16% at the youngest site to a high of 22% at the oldest
site studied (Figure 7.6). Bray-Curtis similarities exhibited a similar trend and ranged
from 37-58% (Figure 7.6). There was no significant relationship between either of the
similarity indices and time since fire, although visually there appears to be a trend
toward greater similarity between the soil seed bank and the extant vegetation as time
since fire increases (Figure 7.6).
All taxa found in. the soil seed bank over the seven sites studied were present as extant
vegetation in at least one of the 14 study sites. However, 11 of the 34 taxa were found
in the soil seed bank at a particular site but not in the extant vegetation at that site (Table
7.2). Of these 11 species, eight (73%) were herbaceous, two were shrubs and one was a
subshrub (Table 7.2). These species effectively increased the estimate of total species
richness (above and below-ground) at these sites by between 2% and 13%, depending on
the site (young sites, 6% increase; intermediate sites, 9% increase; old sites, 8%
increase). However, they had no effect on the significance of the relationship between
species richness and time since fire. In other words, for the seven sites examined in this
study, total species richness of the vegetation did not differ significantly with time since
fire (logio transformed data: F~ 1.61, p = 0,261). Similarly, when the additional species
found in the soil seed bank were added to the total species richness of the vegetation,
there was no significant difference in richness in relation to time since fire (logic
transformed data: F = 2.10, p = 0.207).
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DISCUSSION
Species richneSvS and seedling density of the germinable soil seed hank were not
significantly correlated with time since disturbance (fire), which, concurs with other
studies undertaken in a range of systems and disturbance types (Zamnut & Zedler 1994;
Milberg 1995; Balling & Denslow 1998).

However, this finding is contrary to

predictions made in the Introduction. Although the youngest site (BS-1.5) followed
predictions by having the lowest recorded number of species in the germinable soil seed
bank;, a significant trend of increasing richness initially after fire, followed by a decrease
some years later was not recorded, hi the context of other studies that have examined
soil seed bank chronosequences, the seven sites sampled here constitute a comparatively
large sample size (GranstrOm 1988; Zammit & Zedler 1988; Roberts & Vankat 1991;
Zammit & Zedler 1994; Milberg 1995: Dalling & Denslow 1998; Bekker et al. 1999;
Ne'eman & Izhaki 1999; Bekker et al. 2000; Izhaki et al 2000). However, it is still a
relatively low number of points for a regression analysis. Therefore, any trend in
species richness may not have been detected, owing to the low sample size and the
presence of 'noisy' data points that have the potential to markedly affect results.
Another possible reason for the lack of a trend with time since fire is that the time scale
studied (26 years) was not large enough to detect any potential decline in richness and
seedling density (Milberg 1995).

Given that there are no comparable studies in

Australian heath, it is uncertain when species richness and density of the germinable soil
seed bank would begin to decline (if at all). In comparison to forest clironosequences.
the time span used in this study is short, however, in south-eastern Australian heathlands
it is very difficult to obtain sites older than 25 years (Specht et al 1958; Siddiqi et al.
1976; Russell & Parsons 1978; Wark et al. 1987; Enright et al 1994), simply because
cunent fire frequencies inhibit the vegetation from reaching ages much older than this
(Cheal 2000).
Heat-treated soil consistently yielded higher germination levels than controls at six of
the seven study sites. The seedling density of heat-treated soil from the pilot study at
GP-23 was comparable with that obtained from GP-23 in this study and values from
other heat-treated soil in Australian heathlands (Enright et al. 1997; Marsden-Smedley
et al. 1997) mentioned in Chapter 6. However, in this study seedling densities in control
soils were substantially higher at GP-23 (1148 m'2) compared to the pilot study
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(485 m~~). In the pilot study, seedling densities in heat-treated soil were almost 10 times
greater than those in the controls (see Chapter 6), however, in this study they were only
c. three times greater, even though densities in heat-treated soil were relatively
comparable. Therefore, the reduced effect of the heat-treatment in this study appears to
have arisen not from a deficiency in the heat treatment, but from a relative increase in
the germination of seed from control soils. This phenomenon may have been caused by
a number of factors, including increased seed density and viability in the season's seed
crop (particularly in E. impressa), better climatic conditions during the germination trial
for breaking dormancy and inducing germination, and a more regular and consistent
watering regime. The reduced efiect of the heat treatment relative to controls was also
apparent for mean richness estimates of the germinable soil seed bank, with only one
site, SS-26, reporting a significant increase in richness for heat-treated soils relative to
controls. However, it should be noted that all other sites did show a non-significant
trend toward greater mean richness in heat-treated soils.
Overall, the heat treatment did improve estimates of .species richness and seedling
density of the germinable soil seed bank, but not as much as at GP-23 in the pilot study.
As mentioned in Chapter 6. and shown in numerous studies (Warcup 1980; Auld &
O'Connell 1991; Musil 1991; Baldwin el al. 1994; Roche el al 1997b), estimates of
seed densities and richness are dependent on the intensity and duration of the treatments
used to break dormancy and induce germination.

Furthermore, Bradstock (1995)

indicate that soil temperatures during the passage of fire may have a substantial effect on
species germination.

Therefore, the results of this study are only applicable to the

particular heat treatment used, not V- heather se. Estimates of soil seed bank species
richness, density and composition arc also dependent on a range of other factors,
including seed longevity (Auld et al. 2000), dormancy (Baskin & Baskin 1989; Bell
1999), seed production and viability (Auld 1986; Bell et al. 1987), seed prcdation
(Andersen & Ashton 1985; Louda 1989: Clarke et al. 1996), seed bank heterogeneity
(Thompson 1986; Ne'eman & Izhaki 1999), seasonal variation in seed banks (Thompson
& Grime 1979; Grant Sr. Koch 1997; Ward et al. 1997) and sampling intensity (Dessaint
et al. 1996).
In this study, the minimum detectable density of soil-stored seed with a 95% confidence
level and assuming a Poisson distribution, was 14 seeds m"2 (per treatment), according
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to the formula of Thompson (1997), given in Chapter 6. Species with seed abundances
below this level, and/or with very clumped distributions, were likely to be overlooked
using the sampling regime employed in this study.
In Californian chaparral, Zammit (1988) found that total seed density increased
significantly with time since lire, however, the increase was entirely due to seed
accumulation of the dominant shrub» Adenosloma fasciculatum, in the soil.
Furthermore, some species increased in density with increasing time since fire, while
others decreased (Zammit & Zedler 1988). In this study, Epacris impressa was by far
the most abundant species in the gcrminable soil seed bank (as in the pilot study),
comprising 79 ± 10% of all seedlings. Findings such as these are common in the
hcafhland seed bank literature, where a single species (e.g. Callima vulgaris in Europe
and. Adenostoma fasciculatum in California) dominates the germinable soil seed bank
(Granstrom 1988; Zammit & Zedler 1988; Mitchell el al. 1998). However, these
species arc also usually dominant in terms of above-ground vegetative cover i>. their
respective environments, unlike E. impressa in this study, which had a mean vegetative
cover of only 2 ± 0%. In contrast, the dominant shrub at every site, Leptospermum
myrsinoides, comprised 4 ± 1% of all seedlings emerging from the soil seed bank, while
its mean vegetative cover across all sites was 22 ± 3%. This was the only species to
increase in seedling density with increasing time since fire.

This suggests that L.

myrsinoides will recruit more seedlings following fire after long fire-free periods,
increasing plant density and therefore, facilitating even greater dominance of the heath.
Furthermore, the ability of L. myrsinoides to regenerate from basal sprouts enables this
species to maintain and increase its dominance under relatively Jong fire intervals.
Most species present in the extant vegetation in the study area were not recorded (63%)
or were in very low abundances (i.e. <1% of all seedlings recorded) in the soil seed bank
(29%), a finding also commonly reported elsewhere in the literature (Zammit & Zedler
1988; DalJing & Denslow 1998; Morgan 1998). This may reflect both actual seed
abundances at the time of sampling, and the inability of the heat treatment to break seed
dormancy and induce germination in certain species.
Species composition of the germinable soil seed bank differed significantly among age
classes (presence/absence data), with the greatest compositional difference existing
between young and old sites. This finding is not unusual, given that the soil seed banks
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of many species may become exhausted or severely depleted Following fire,
consequently exerting a negative influence on estimates of germinable species richness
of the soil seed bank at young sites.
It was predicted that seeds of post-fire ephemeral and short-lived species would be
relatively abundant in the soil seed bank, as germination from seed would be their only
means of re-establishing after fire unless seed was dispersed into the site. Instead, the
seven most common species in the germinable soil seed bank were long-lived (> 25
years) shrubs.

Seeds of post-fire ephemeral and short-lived species were extremely

uncommon in the soil seed bank, with only three of the 11 post-fire ephemeral species,
Euchiton sphaericus, Isolepis marginata and Laxmannia orienlalia. germinating from
soil-stored seed in this study. This is consistent with the uncommon nature of post-fire
ephemeral and short-lived species in the above-ground component of the vegetation.
The similarity between the composition of the germinable soil seed bank and the extant
vegetation was not significantly related to time since fire, using both the Jaccard and
Bray-Curtis similarity indices, however, there was a general trend toward greater
similarity with increasing time since fire. Studies in tropical forest (Dalling & Denslow
1998), Mediterranean pine forest (Ne'eman & Tzhaki 19.99), Dutch dune slacks (Bekker
et al. 1999) and hayfleld successions (Bekker at cd. 2000) also suggest that similarities
between the soil seed bank and the extant vegetation are not significantly related to site
age. whether it be time since the last fire or agricultural abandonment. I. could find no
evidence in the literature for a significant relationship between time since disturbance
and the similarity between the soil seed bank and the extant vegetation. This does not
necessarily imply that there is no relationship. However, owing to the (a) low number
of sites used in most studies (usually less than six), (b) the heterogeneity of soil seed
banks (Thompson 1986; Ne'eman & Izhaki 1999), and (c) the inherent variability
between sites in a chronosequence (Pickett 1989), it would be surprising to find a
significant trend in the literature.
Similarities between the germinable soil seed bank and the extant vegetation were
difficult to compare with other heathland studies, owing to the different methods of
calculating similarity in each of the studies. However, comparisons were able to be
made between the two sampling years at GP-23. with both Jaccard and Bray-Curtis
similarity indices indicating similar values between the two years (Bray-Curtis,
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50-»46%; Jaccard, 20—>19%). However, when the composition of the germinable soil
seed bank at GP-23 is compared over the two years, differences in composition of the
germinable soil seed bank are evident, with seven taxa recorded from this study that
were not recorded during the pilot study. This is a substantial figure given that there
were only 20 species recorded from the germinable soil seed bank during the pilot study
(see Chapter 6). and suggests that sampling over multiple seasons may substantially
increase the accuracy of soil seed bank density and richness estimates. However, the
extra species recorded may simply be a result of sampling extra cores.
Species found in the soil seed bank that are not present in the extant vegetation are
important in that they give an insight into what may germinate in the post-fire
environment, hi addition, the identification of these species may enable more complete
estimates of site species richness to be made, as shown by the 13% increase in site
richness at GP-23. More intensive sampling of the soil seed bank is likely to yield even
higher estimates of total site species richness (above and below-ground richness
combined). In this study, 11 such species were recorded, with, eight of these being
herbaceous species. This is a high proportion of herbaceous species relative to shrub
species when compared with the extant vegetation across all sites, which is dominated
by shrubs (see Chapter 4). Tl is also interesting to note that seven of the 11 species
(63%) found in the soil seed bank but not in the extant vegetation at a given site were
obligate seeders (species that regenerate solely by seed), compared to 34% across the
entire study area (see Chapter 8). A further three species were facultative resprouters
(species that may regenerate eilher by seed or rcsprouting), while only one of the 11 was
an obligate resprouter.
in conclusion, this study found no change in the richness and density of the germinable
soil seed bank with increasing time since fire. Furthermore, the significance of the
relationship between total species richness and time since fire was unaffected by the
inclusion of additional species that were present only in the soil seed bank. However,
species

composition

was

significantly

different

among

age

classes,

using

presence/absence data. Heat treatment of soils promoted seed germination, increasing
the density of seedlings emerging from the soil seed bank but generally having no
significant effect on germinable richness of the soil seed bank. In addition, no trend was
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observed in similarity between the extant vegetation and the soil seed bank with time
since fire.

Table 7.1 Total density of seedlings recorded in the germinable soil seed bank for each treatment at every site. FG: forb/geophyte; Gr: graminoid;
S: shrub; Ss; siibshrub; Tw: twiner. C: control treatment; H: heat treatment MR: mode of regeneration; OS: obligate seeder; OR: obligate
iesprouter; FR: facultative resprouter. See Chapter 8 for a description of the methodology used in determining the mode of regeneration.
Lifeform

MR

BS-1 .5

SS-5

TT-9

SS-16

GP-23

T4-25

SS-26

3

6

10

17

24

26

26

Time since fire (years)
Treatment

Total

C

ir

C

11

C

H

C

H

C

H

C

H

C

H

Acada oxycedrus

S

OS

0

0

0

1

0

0

1

0

0

2

0

0

0

1

5

Allucasnarina sp.

S

FR

0

0

0

0

0

0

0

1

0

0

0

0

0

0

1

Amperea xiphodada var. xiphodada

Ss

FR

0

0

0

0

0

0

1

0

0

1

0

0

2

t

5

Astroloma pinifolium

s
s
s

OS

0

0

I

2

0

0

0

0

2

0

3

0

23

31

62

FR

0

0

0

0

0

0

0

1

0

0

0

0

1

3

5

FR

2

6

8

28

^

0

3

10

5

13

5

52

0

1

141

FG

OR

0

0

0

0

0

0

1

0

0

0

0

0

0

0

1

Calytrix tetragona

S

OS

0

1
i

26

40

20

5

0

2

0

9

1

0

46

44

194

Cassytka glabella

Tw

OS

0

0

0

0

0

0

0

0

0

1

0

1

0

0

2

Caustis pentandra

Gr

OS

1

0

1

0

0

0

0

1

0

0

0

0

2

0

5

Dampiara stricta

Ss

FR

0

0

0

1

0

2

1

0

0

0

1

0

1

9

Ditlvynia spp.

S

FR

0

10

0

1

29

25

0

4

1

17

0

15

112

Bossiaea cinerea
Bossiaea heterophylla
Caleana major

7

o

Table 7.1 (continued) Total density of seedlings recorded in the germinable soil seed bank for each treatment at even' site. FG: forb/geophyte; Gr:
graminoid; S: shrub; Ss: subshrub; Tw: twiner. C: control treatment; H: heat treatment. MR: mode of regeneration; OS: obligate seeder; OR:
obligate resprouter; FR: facultative resprouter. See Chapter 8 for a description of the methodology used in determining the mode of regeneration.
Lifeform

MR

BS-1 .5

SS-5

TT-9

SS-16

GP-2

T4-25

SS-26

3

6

10

i7

24

26

26

Time since fire (years)
Treatment

Total

C

H

C

H

C

H

C

H

C

H

C

H

C

H

FG

FR

2

1

19

7

0

0

0

0

1

0

0

0

0

0

30

S

FR

295

615

36

42

253

1296

283

804

146

567

212

792

182

599

6122

Euchiton sphaericus

FG

OS

1

0

1

2

0

0

0

0

0

0

0

0

0

0

4

Genoplesiwn sp. afF. rufum

FG

OR

0

0

0

2

0

0

0

0

0

0

0

0

0

0

2

Gompholobium huegelii

S

FR

0

0

0

0

0

0

I

8

0

1

0

1

0

1

12

Gonocarpus tetrag\>nus

FG

OS

1

0

0

0

11

17

0

2

0

0

12

9

23

36

111

Hibbertia acicularis

S

FR

0

0

0

0

0

0

0

0

1

0

0

0

0

0

1

Ifibbertia virgala

S

FR

0

0

0

2

0

0

0

2

0

0

0

0

0

0

4

Hypolaenafastigiata

Gr

OR

1

1

0

3

1

16

0

2

9

7

4

5

0

1

50

ISviepis ntarginata

Gr

OS

0

0

0

3

0

I

0

0

0

0

2

0

1

0

7

Laxmannia bri&ntalix

FG

OS

0

0

5

9

0

4

0

0

I

7

0

0

0

0

26

Leptosperm urn myrsinoides

S

FR

6

2

8

13

21

10

15

7

66

37

28

41

24

24

302

Leucopogon ericoides

s

OS

5

6

23

37

34

24

5

24

15

27

13

19

38

57

327

Drosera peltata
Epacris impressa

Table 7.1 (continued) Total c- ^iy of seedlings recorded in the germinable soil seed bank for each treatment at every site. FG: forb/gcophyte; Gr:
graminoid; S: shrub; Ss: evfosbiu"'; Tvv. twiner. C: control treatment; H: heat treatment. MR: mode of regeneration; OS: obligate seeder; OR;
obligate resprouter; FR. faeuifcitive resprouter. See Chapter 8 for a description of the methodology used in determining the mode of regeneration.
Life-

MR

BS-i .5

SS-5

TT-9

SS-16

GP-23

T4-25

SS-26

6

10

17

24

26

26

Total

form
Time since fire (years)
Treatment

C

H

C

H

C

H

C

II

C

H

C

H

c

H

S

OR

0

0

0

4

0

1

1

0

0

0

0

0

0

0

6

Lomandra gfauca

Gr

FR

0

0

0

0

0

0

1

0

0

0

0

0

0

0

1

Monotoca scoparia

S

FR

0

0

0

0

0

0

0

0

0

0

0

0

2

1

3

Pimelea linifolia ssp. linifolia

OS

0

0

0

0

0

0

0

0

0

0

0

0

0

1

1

Platysace ericoides

s
s

OS

0

0

0

0

0

0

1

5

0

0

0

1

0

0

7

Poa siahe.riana var. sieberiana

Gr

FR

0

0

0

0

10

0

1

3

2

0

0

0

0

19

Pyrorchix nigricans

FG

FR

0

1

0

0

0

2

1

0

2

1

0

0

0

0

7

S

OS

4

2

43

30

]

0

0

0

0

0

31

5

1

3

120

Ss

FR

0

0

0

0

0

0

0

0

1

0

G

5

I

0

7

0

4

1

2

I

2

1

1

2

4

1

I

1

4

25

Leucopogon virgalns var. virgatus

Thryptomene micrantha
Xanihosia pilos a
Unidentified seedlings

to
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Species found in the germinable soil seed bank but not in the extant

vegetation at a given site. LF: life-form; FG: forb/geophyte; Gr: graminoid; S: shrub;
Ss: subshrub: Tw: twiner. LH: life-history; a: annual; p: perennial. MR: mode of
regeneration; OS: obligate seeder; OR: obligate resprouter: FR: facultative resprouter.
Sec Chapter 8 for a description of the methodology used in determining the mode of
regeneration.
Species

LF

LH

MR

Site

BS-1.5

Caleana major

FG

P

Calytrix telragona

S

P

OR
OS

Caxsytha glabel/a

'J'w

P

OS

Drosera pellata

FG

P

FR

+

Euchiton sphaericns

FG

a

OS

+

Gonocarpus tetragymis

FG

OS

Isolepis marginata

Gr

P
a

Lcccmatmia orientalis

FG

P

OS

Pyrorchis nigrtcans

FG

P

FR

Thtyptomene micrantha

S

P

OS

Xonthosia pHosa

Ss

P

FR

SS-5

Tl-9

SS-16

GP-23

T4-25

4-

OS

+

+
+

SS-26
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Figure 7.1 Relationship between total germinable species richness of the soil seed bank.
at each study sile and time since fire.
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Figure 7.2 Mean germinable species richness (± 1 SE) per germination tray (four soil
cores: 0.060 m'2) in relation to time sines fire. • , control; A? heat. An asterisk indicates
significant differences between control and heat treatments: *p < 0.05.
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Figure 7.3 Relationship between total germiiiable seedling density of the soil seed bank
aL each study site and time since fire.
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Figure 7.4 Mean genninable seedling density (=fc 1 SE) per germination tray (four soil
cores: 0.060 m'z) in relation to time since fire. • , control; A> heat. An asterisk indicates
significant differences between control and heat treatments: * p < 0,05; **p < 0.01; ***
p< 0.001.
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(a) Density data; stress = 0.01

(b) Standardised density data; stress <0.1

(c) Presence/absence data; stress = 0.09

Figure 7.5 Ordination by NMDS oi'soil seed bank data al each site. Siles are grouped
into young (0-6 years), intermediate (9-19 years) and old (23-27 years) age classes.
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(a) Jaccard similarity
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Figure 7.6 Similarity between composition of the extant vegetation and the soil seed bank
at each study site in relation to lime since fire, (a) Jaccard similarity: (b) Bray-Curtis
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CHAPTER 8
RELATIONSHIP BETWEEN SPECIES TRAITS AND SITE
AGE
INTRODUCTION
Plant communities have traditionally been classified using a binary system (species
presence/absence), or a system based on species cover-abundance or density (e.g.
Chapters 4 and 5). These methods of classification have historically proved very' useful
for analysing the similarities and differences in composition among plant communities.
However, when the aim is to make ecological comparisons between compositionaliy
distinct floras (e.g. between South African fynbos and Australian heath), a more general
non-taxonomic approach is required.
hi response to the need to predict the broad effects of changing climate and disturbance
regimes on ecosystem dynamics, strong interest has arisen regarding the classification of
vegetation on the basis of functional types (groups), as an alternative to vegetation
classification based on species composition (Mclntyrc et al. 1995; Gitay & Noble 1997;
Lavorel et al 1997; Mclntyre et al 1999a; Weilier et al. 1999). For the purposes of this
study, plant functional groups arc defined as non-phyiogenetic groupings of species that
respond similarly to a set of environmental factors, based on a set of common biological
traits (Gitay & Noble 1997; Lavorel et al. 1997). Functional groups have already been
used to predict and compare the response of vegetation to different disturbance types
and intensities such as grazing (Tremont 1994; Mclntyre et al. 1995; Lunt 1997; Hadar
at al 1999) and soil disturbance (Mclntyre et al. 1995; Hadar et al 1999; Kleyer 1999;
Lavorel et al. 1999).
Functional and morphological traits of individual species are important, as they
influence how species disperse, establish and persist after disturbances such as fire
(Tremont 1994; Weiher et al. 1999). If an understanding can be gained of the particular
traits of each species within a given area or community, then more detailed predictions
relating to regeneration dynamics and community processes may be possible. Many
studies in mediterranean-type shrubland ecosystems have examined the changing
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patterns in species composition and thus, morphological traits, along environmental
gradients (Montalvo et at 1991). However, fev studies have examined species traits
across an entire plant community in relation to post-disturbance successional sequences,
(e.g. Gomez Sal el at. 1986).
This study attempts to understand elements of the biology of post-fire vegetation
succession, and asks two main questions:
(1)

How does the frequency of particular plant traits change with time since fire?

(2)

Do species present at differe

successional stages differ in their regeneration

biology?
To answer these questions, 13 Life-history, morphological and regenerative plant traits
were chosen on the basis of their potential ecological importance and influence on
community composition and dynamics (Table 8.1). The list of traits is by no means
exhaustive, however, it gives a broad overview of characteristics that should intuitively
be important in heathland systems.
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METHODS
Plant traits
The 13 plant traits were each divided into two to five categories (Table 8.1), with one
category per trait ascribed to each of the 94 species found during the vegetation study
(Chapter 4 and 5). Where possible, traits were recorded in the field or measured in the
laboratory.

Otherwise, the 'Flora of Victoria' (Walsh & Entwisle 1994: Walsh &

Entwisle 1996; Walsh & Entwisle 1999) or other relevant literature was consulted.
1.

Life-history

Plant life-history was divided into two categories: annual and perennial species. Data
were sourced from Walsh (1994), Walsh (1996) and Walsh (1999).
2.

Juvenile period

The juvenile period indicates the absolute minimum time span, between two fires for a
species to reach reproductive maturity and set seed. Gill (1975) divided juvenile period
into primary and secondary classes, with primary juvenile period indicating the time
required for post-fire seedlings to flower, and secondary juvenile period denoting the
time for resprouting individuals to recover from complete leaf death and recommence
flowering.

For the purposes of this study, juvenile period was divided into three

categories: 0-2 years, 3-4 years and 5-6 years from the time of fire. However primary
and secondary juvenile periods were not differentiated, owing to difficulties in
determining whether individuals had regenerated by seed or sprouts, particularly in sites
burnt more than three years prior to sampling.
Data were collected in the field during the course of the vegetation study. Juvenile
period was assigned based on the youngest flowering or fruiting specimen observed.
Juvenile period for species that were not recorded flowering or fruiting, or species that
were only recorded in intermediate- and old-aged sites, was assigned based on data from
the literature. Where this was not possible, an estimate of juvenile period was made
based on knowledge of plant life-history and life-form. .
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Plant longevity

Plant longevity is a trait that is especially important to obligate seeders with relatively
short lifespans or short-lived seed banks. Longevity was divided into four categories: 01 years, 2-6 years, 7-22 years and >23 years, and it was assumed that all plants
regenerated in the first year following fire. Data were sourced from sites sampled in the
vegetation study and the literature.

Plant longevity for obligate resprouters and

geophytes was taken as the maximum site age a given species was found at, even though
individual rootstocks may survive many successive fires. Some plant longevities were
estimated if a species was restricted to relatively young sites and would clearly live
longer than the maximum age recorded during this study.
4.

Life-form

Plant life-form may influence the competitive ability of species and thus, their ability to
persist at a given site. Life-form was divided into five morphological categories: tree,
shrub, twiner, forb/geophyte and graminoid. The additional categories of subshrub and
parasitic mistletoe that were used in Chapter 4 were merged into the shrub category, so
that the number of categories for the life-form trait were not so great as to unduly bias
the trait when analysed with all other traits. All life-form data were obtained from.
Walsh (1994), Walsh (1996) and Walsh (1999).
5.

Maximum plant height

Plant height is viewed as a strong indicator of competitive ability (Gaudet & Keddy
1988: Westoby 1998; Weihcr el al 1999). It may also reflect carbon immobilisation in
support tissue, which is possibly an important indicator of soil water and nutrient supply
(Tilman 1988). Maximum plant height was divided into four categories: 0-0.3 m? 0.41.0 m, 1.1.-2.5 m and 2.6-8.0 m, according to field observations and the heights given in
Walsh (1994), Walsh (1996) and Walsh (1999).
6.

Mode of regeneration

Mode of regeneration following disturbance may strongly influence the potential for
individual species to achieve local dominance following fire (Purdie & Slatyer 1976). It
may also have a significant bearing on the continued persistence of a species,
particularly when subject to either high or low frequency fire regimes (Keith 1996).
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Mode of regeneration for each species was assessed by either examining or excavating
plants in the field aiid/or consultation with the National Fire Response Register, a
database established by Gill (1992). Field data were collected from nine of the 14 study
sites during the vegetation study, with, a maximum of 20 individuals of each species
sampled from each site. Sampling was conducted randomly within the 1 0 m , 100 m
and 900 m 2 quadrats used for the vegetation study (Chapters 4 and 5). A maximum of
two individuals per species was sampled from a single quadrat, to avoid the effects of
population 'clumping', where a given species may exhibit different modes of
regeneration depending on the local environment and genetic variant of the species
(Williams el al 1994; Kruger & MidgJey 2001). For uncommon species, more than two
individuals may have been sampled from a quadrat, while for very uncommon species,
samples were taken from wherever an individual was located. For many species, 20
samples were not taken at each site, owing to plant rarity.
Two fire response classifications were used for this study. The first divided species into
six categories and was largely based on the classification of Gill (1993) (Table 8.2).
The categories were: fire avoiders (e.g. geophytes). fire ephemerals (species with fireinduced seed germination that complete their life cycle in the first few years after fire)
(Bell et al. 1984), annuals, obligate seeders (species that regenerate solely by seed),
obligate resprouters (species that predominantly resprout following disturbance) and
facultative resprouters (species that exhibit vegetative and seed regeneration). This
classification was used for examining the effect of site age on species fire response. The
second classification used a simplified approach, dividing species into three categories:
obligate seeders (>91% seed germination), obligate resprouters (0-10% seed
germination) and facultative resprouters (11-90% seed germination). This classification
was used for (a) examining the effect of site age on species fire response, and (b) the
ordination of species traits, which will be explained in the Data analysis section.
7.

Conditions for establishment

Conditions for establishment were defined by Noble (1980) as a component of the 'Vital
Attributes' scheme. They are divided into tlrree categories: (1) tolerant species are those
species that are able to establish and grow immediately after disturbance and in the
inter-fire period when resource competition is greater; (2) intolerant species can only
establish and grow in the immediate post-fire environment where competition is largely
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removed; while (3) some species require certain pre-conditions associated with an older
community to be met prior to establishment (Noble & Slatyer 1980).
Data were gathered from intermediate- and old-aged sites during the vegetation study.
Wherever a species was observed regenerating outside of the first five years following
fire, it was classified as tolerant. All other species that did not require obvious preconditions to be met before establishment were classified intolerant.
8.

Flowering season

Season of flowering is an approximate indicator of fruiting and therefore, subsequent
seed production. This has major relevance to species in fire-prone heathlands, where the
season of fire may substantially influence opportunities for seed-based regeneration,
particularly in species with short-lived (transient) seed banks (Le Maitre 1987: Enright
& Lainont 1989; Mclntyre el al 1999b). Flowering season was divided into four
categories for this study: summer, autumn, winter and spring. All data were obtained
from Walsh (1994)r Walsh (1996) and Walsh (1999). If the flowering period spanned at
least two months of a season, then it was included as flowering in that season (flowering
recorded in only one month of a season was not included). If species flowered over
more than one season, then they were recorded for all seasons in which they flowered.
9.

Fruit type

The fruit type of species is important as it has implications for both seed dispersal and
protection. Fruit type was classified into three categories in this study: (1) dry dehiscent
fruits (follicles, legumes and capsules) are those that release seeds by opening in a
regular manner, either by pores or splits; (2) dry indehiscent fruits (schizocarps, nuts,
achenes and samaras) release seed by decaying or breaking "up in an irregular manner;
while (3) fleshy fruits contain seed(s) inside a fleshy mesocarp (Duigan 1992). Data
were sourced from Ralph (1994), Walsh (1994), Walsh (1996) and Walsh (1999).
10. Propagule size (maximum length)
Seed mass is thought to generally correlate with mode of dispersal., plant height and
growth form (Westoby et al. 1996). In addition, seed mass or shape has been generally
thought to correspond with persistence in the soil (Thompson et al 1993; Bekker et al.
1998; Funes et al 1999). However, recent studies suggest (hat this may not be the case
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in some Australian (Westoby et al. 1996; Leishmaii & Westoby 1998) and New Zealand
(Moles el al. 2000) systems. For this study, propagulc size was measured in terms of
maximum length (Osunkoya 1996), with three seed length categories used: 0-1 mm, 2-7
mm and >8 mm. Mean values were obtained after randomly collecting 10-20 seeds
from different plants for as many species as possible, and measuring seeds with, a set of
callipers. If seed was unable to be collected, seed size was either obtained from Walsh
(1994), Walsh (1996) and Walsh (1999), or estimated based on personal knowledge of
species biology.
11. Serotiny
Serotiny relates to the retention of seeds within closed, woody fruits or cones in the
plant canopy for more than one year (Lamont et al 1991; Enright et al. 1998). The
ecological significance of serotiny lies in the fact thai the large majority of seed is stored
in the canopy until fire usually triggers mass release, satiating seed predators, and giving
seedlings the best possible opportunity to establish and grow in the relatively high
nutrient reduced competition, post-fire environment (Gill 1981a; O'Dowd & Gill 1983;
Enright et al. 1998). However, the woody fruits and cones may be equally important as
a means of offering protection from seed predators (Bell et al 1984). Serotiny was
simply categorised into presence and absence in this study, based on field observations
of all species present in the heath.
12. Seed dormancy
Seed dormancy is a common trait in mediterranean-type ecosystems (Keeley 1991; Bell
et al 1993; Keeley 1995), and is defined by Baskin (1989) as seed "that will not
germinate, under any set of normal environmental conditions". Seed dormancy has the
potential to influence the continued persistence of species at a given site, following the
death of all extant individuals (Keeley 1995; Auld et al 2000). Dormancy was divided
into two categories: (1) species with persistent seed banks (some seeds live longer than
one year in the soil), and (2) species with transient seed banks (no seed persists for more
than one year) (Baskin & Baskin 1989). Data were sourced from the literature, and
Chapters 6 and 7, with species germinating in significantly greater numbers in smoke- or
heat-treated soil, or species that emerged after more than 12 months in the soil (Chapter
7) classified as possessing dormant seed. Owing to the lack of data on the longevity of
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soil seed banks (Parker & Kelly 1989; Keith 1996; Auld el ul 2000), dormancy was
assessed for only 50% of species. Therefore, the effect of site age on the frequency of
species possessing dormant seed was only assessed for half of the species present in the
heath.
13. Modv of dispersal
Mode of seed dispersal is ecologically important as it suggests the potential distance a
seed may disperse once emitted from the parent plant (Hoffmann & Armesto 1995). In
addition, mode of dispersal may also influence the success of seedling establishment
(Berg 198 l;Kecley 1995).
Mode of dispersal was inferred from propagule morphology; a method commonly used
in other studies, (e.g. van der Pijl 1982; Hoffmann & Armesto 1995). Five categories of
seed dispersal were recognised: (1) unassisted (seed lacking specialised dispersal
mechanisms); (2) anemochory (seed o>. extremely light weight, or with wings, plumes or
pappus adapted for wind dispersal); (L) balliatichory (seed propelled by explosive fruit
dehiscence); (4) myrmecochory (seed possessing ant-attracting appendage termed an
elaiosome); and (5) zoochory (seed with obvious barbs or spines for duachment to
animal fur or feathers, or fleshy fruits suited for animal ingestion) (Berg 1975; van der
Pijl 1982; Hoffmann & Armesto 1995). Mode of dispersal was determined from the
extensive literature and personal observations of seed and fruit morphology.

Most

species have a clear morphological feature, suggesting a particular dispersal mechanism.
However, certain species possessed more than one obvious feature and were thus
recorded in both dispersal categories.
Data analysis
Data for each trait were organised into Model 1 two-way contingency tables, with each
cell representing the number of species present in a given 'age class-plant trait variable'
combination. Owing to the uneven number of sites sampled in each age class, one
young site and one intermediate-aged site were excluded, so as not to unduly bias
species counts in these age classes. The oldest of the young sites (SS-6) was removed,
while one of the sites burnt 16 years prior to sampling was also randomly chosen to be
removed (SS-16), giving four sites in each of the three age classes (young: 0-6 years;
intermediate: 9-19 years; old: 23-27 years). G-tests of independence using Model 1
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two-way contingency tables, were conducted to deLermine the significance of the effect
of age class for each of the 13 plant traits (Sokal & Rohlf 1995),

The G-test of

independence works by testing the goodness of fit of the observed cell frequencies to
their expected frequencies, and tests the null hypothesis that site age class and plant trait
are independent of one another (Sokal & Rohif 199-5). All traits were categorical (after
conversion of continuous traits), to enable ease of comparison and analysis (Diaz el al.
1999).
To determine whether species present at different successional stages differ in their
biology, a matrix of all 94 species by the 13 traits was established. Each of the 13 trails
was divided into two to five binary options, giving a matrix of 94 species by 43 trait
categories. The matrix was subsequently reduced to 41 categories by eliminating the
seed dormancy trait, which had insufficient data to be included in the analysis.
Furthermore, the number of species was reduced to 75, by only keeping those species
that were restricted to young sites, old sites, or a combination of young, intermediate
and old-aged sites.

Species restricted to intermediate-aged sites or any other

combination of sites were not used in the analysis.
Non-metric Multidimensional Scaling (NMDS) using the Bray-Curtis similarity index
was employed to plot species similarities based on the full set of character traits, using
PRIMER 5.2 (Clarke & Gorley 2001).

In addition, hierarchical agglomerative

clustering using the group average linkage was employed to identify species clusters
(Clarke & Warwick 1994). This complementary method was used because of the high
stress of the MMDS plot. Groups (clusters) were then superimposed on the ordination
plot to check the accuracy of the ordination procedure., as recommended by Clarke
(1994).
The difference in species attributes among the three age categories (species only
occurring in young sites; species only occurring in old sites; species found across
young/intermediate/old sites) was tested by Analysis of Similarity (ANOSIM), using
PRIMER 5.2.

Pairwise comparisons between age groupings are reported, with no

adjustments made for multiple comparisons, following the reasoning of Stewart-Oaten
(1995). In addition, the contribution of each species to the similarity within groups and
dissimilarity between groups was calculated using the Similarity Percentages (SIMPER)
routine (Clarke & Warwick 1994).
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RESULTS
Overall, plant traits differed little among site age classes, with only three traits, lifehistory, plant longevity and mode of regeneration (six categories), associating
significantly with site age (Table 8.3). The "biological traits for each species are given in
Table 8.4.
The heathland is dominated by perennial species (93% of all species) in all age classes
(Table 8.5a).

Life-history was significantly associated with age class, with the

standardised residuals suggesting that the lack of independence was predominantly due
to the greater number of annuals than expected in young sites. Most species (73%)
possessed juvenile periods of two years or less, with a further 23% of species reaching
reproductive maturity by four years after fire (Table 8.5b). All species in the heathland
are able to reach maturity by six years following fire. However, it should be noted that
primary and secondary juvenile periods have not been differentiated here. For instance,
based on field evidence, the juvenile period for Banksia serrata in this study was three
years, however, the primary juvenile period may actually be up to nine years (Benson
1985).

Plant longevity was also significantly associated with age class, with

standardised residuals suggesting that at young sites, more species were present than
expected in the three shortest longevity categories (0-1 years, 2-6 years and 7-22 years)
(Table o.^oj. Overall, 76% of all species were present in the longest-lived category
(23+ years), while a combined total of oniy 14% of species were present in the two
shortest-lived categories (0-1 years and 2-6 years) (Table 8.5c).
Shrubs dominated the life-form trait (51% of all species), while forbs/geophytes (24%)
and graminoids (17%) were also relatively abundant life-forms (Table 8.5d). Trees (4%
of all species) and twiners (3%) were poorly represented life-forms.

In terms of

maximum plant height, more species were present in the 0.4-1.0 in category (37% of all
species) than any other category (Table 8.5e). The number of species in each of the
other three categories was very evenly distributed, ranging from 19-23%.
Mode of regeneration was not significantly associated with age class, using the three
category classification of Naveh (1975). Species were very evenly spread between
obligate seeders (34% of all species) and obligate resprouters (29%), while those
exhibiting both modes of regeneration (facultative resprouters) accounted for 37% of
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species in the heathland (Table 8.5f). Using the six category classification based on Gill
(1993). mode of regeneration was significantly associated with age class. Standardised
residuals suggest that the lack of independence is primarily due to (in decreasing order
of importance) more post-fire ephemerals in young sites, more fire avoiders in old sites
and a greater number of obligate resprouters than expected in intermediate-aged sites
(Table 8.5g).

Under the six-category classification, facultative resprouting was the

dominant fire response (30% of all species), while obligate seeders (24%) and obligate
resprouters (18%) were the next most important responses in terms of species numbers
(Table 8.5g).

Fire avoiders (13% of all species), post-fire ephemerals (11%) and

annuals (4%) comprised the remainder of species in the heathland.
Conditions for establishment were not significantly associated with, age class. However,
old sites possessed twice as many tolerant species compared to intolerant, while young
sites possessed exactly the same amount of tolerant, and intolerant species (Table 8.5b).
Overall, the heathland was dominated by species intolerant of establishing in the
presence of adult competition (65% of all species), while 34% of species were tolerant
(Table 8.5h). Only one species, the parasitic mistletoe Amyema pendula ssp. pendula,
required certain pre-conditions to be met before establishment - namely, the availability
of branches within Eucalyptus spp. crowns where bird-dispersed seed could have
opportunity to lodge (Gill 1993).
Spring was the dominant flowering season, with 87% of species flowering at this time
of year, followed by summer (40% of all species) and autumn and winter (both 24%)
(Table 8.5i). The total percentages add to more than 100% because some species were
recorded flowering in more than one season.
Fruit type was dominated by the dry dehiscence attribute (62% of all species), while the
number of species with dry indeiiiscent (26%) or fleshy fruits (12%) was considerably
less (Table 8.5j). The maximum length of dispersal propagules was generally between
1-7 mm (68% of all species), while 19% of species possessed small propagules less than
1 mm in length, and 13% possessed, relatively large propagules greater than 7 mm in
lengtli (Table J*.5k). Virtually all species possessed propagules with a length no more
than four times greater than the seed width. Serotiny was relatively uncommon, with
12% of species storing seed in woody fruits within the plant canopy (Table 8.51).

Chapter S - Relationship between species traits and site ago

171

Many species appear to possess persistent seed banks (41 out of the 47 species with
available information in the literature), while species with only transient seed seem to be
uncommon (6 species) (Table 8.5m). However, this may be due to an unforseen bias in
the literature toward reporting evidence of dormancy/persistence in seeds, rather than
transience.
Mode of dispersal was dominated by three main strategies: anemochory (37?/o of all
species), unassisted (32%) and myrmccochory (29%) (Table 8.5n). Zoochory (15%) and
ballistichory (3%) were notably more uncommon. The totai percentages add to more
than 100% because some species possessed more than one recognised mode of
dispersal.
The ordination of species according to the 41 plant attributes resulted in a plot that
possessed a stress level of 0.23, which is considered to be too high for a twodimensionaJ picture to be considered reliable (Clarke & Warwick 1994) (Fig 8.1).
Therefore, groups derived through an hierarchical agglomerative cluster analysis using
the group average linkage were superimposed onto the ordination plot, to check the
reliability of the plot (Clarke & Warwick 1994). At the 55% similarity level, seven
species groups were formed by the cluster analysis, with five of these functional groups
corresponding extremely well with groupings on the ordination plot (Fig 8.1). However,
two small groups of two and three species derived from the cluster analysis did not
correspond with the ordination.

Despite this, the ordination was considered to be

reasonably reliable, as 70 of the 75 species were grouped similarly in both analyses.
The first functional group comprised six species that were all annuals (Fig 8.1). The
group was characterised by obligate seeding, short-lived forbs/geophytes and graminoids
that were intolerant to establishing in the presence of adult competition. The mode of
dispersal of these species was either unassisted or by wind. The second group was
composed of nine species, with eight being perennial, geophytic orchids, while one was
a fern (Fig 8.1). This functional group was characterised by obligate resprouting species
with short juvenile periods (<2 years), long plant longevities (>23 years), dehiscent
fruits and tiny, wind-dispersed propagules. The third functional group comprised 16
species and was dominated by perennial forbs/geophytes and graminoids, although there
were two shrubs present (Fig 8.1).

For this group, juvenile periods were short,

propagule sizes were intermediate (1-7 mm length) and the mode of dispersal was
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unassisted in all species except one. The largest functional group comprised 31 species
and was dominated by long-lived (>23 years) shrubs (one twiner was present),
possessing dehiscent or fleshy fruits, intermediate to large propagules and
predominantly ant- and vertebrate-dispersed seed (Fig 8.1). Finally, the fifth functional
group comprised eight serotinous shrub or tree species (Fig 8.1). These species were
generally long-lived facultative or obligate resprouters that were tall in stature and
dispersed by wind or gravity (unassisted). The remaining five species were classified
into two groups of negligible biological significance, which did not correspond well
with groupings on the ordination plot.
Of the five functional groups indicated by cluster analysis, three appeared to relate
reasonably well to species groupings based on age class. Functional group 1 closely
coincided with species restricted to young sites, while functional groups 4 and 5 were
predominantly composed of species present across all three age classes (Fig 8.1). In
contrast, functional groups 2 and 3 were characterised by species that occur across a
wide range of site ages.
ANOSIM indicates that there is a significant difference in plant attributes among species
occurring in young, old and young/intermediate/old sites (R - 0.34,/? < 0.001). Pairwise
comparisons suggest significant differences between all three comparisons (young-old:
R = 0.14, p = 0.040; young-young/intermediate/old: R = 0.42, p < 0.001; oldyoung/intermediate/old: R = 0.24, p = 0.007).

However, Clarke (1994) note that

significant results may be obtained even if R is low when the number of replicates is
high,

hi this case, R values can be a more useful indicator of the significance of

pairwise comparisons than derived p values (Clarke & Warwick 1994; Clarke & Gorley
2001). Using the definition of Clarke (2001), which states that groups with a pairwise
comparison of R < 0.25 arc barely separable, there is virtually no difference in plant
attributes between species occurring in young versus old sites, and old versus
young/inlermediate/old sites. The difference between species occurring in young versus
young/intermediate/old sites is relatively more substantial but there is still a
considerable degree of overlap.
Using the SIMPER routine in PRIMER, and a 5% cut-off level signifying species
making a substantial contribution to total variation within an age category (i.e. species
occurring only in young, old, or young/intermediate/old sites), five attributes were found
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to be effectively redundant. The five attributes were life-history (perennial), juvenile
period (0-2 years), flowering season (spring), fruit type (dehiscent) and scrotiny
(absence).

Species restricted to young sites were primarily characterised, by their

intolerance to establishing in the presence of adult competition (contribution of 14% to
within-'age class' similarity). In addition, the unassisted mode of dispersal contributed
5% to within-'age class* similarity.

Species occurring solely in old sites were

characterised by their high (>23 years) plant longevity (12%), tolerance to establishing
in the presence of adult competitors (7%), wind-dispersal (7%) and obligate resprouting
(5%). Finally, species that occurred across all age classes were characterised by their
long plant longevity (13%), intermediate (1-7 mm length) propagule size (10%),
tolerance to establishing in the presence of adult competition (7%) and shrub life-form
(7%).
Plant attributes contributing most to the dissimilarity between species restricted to
young sites versus species occurring in all age classes were plant longevity (> 2 \ years)
(substantially greater in species present in all age classes), and conditions for
establishment (more intolerant species in the young group), which are both predictable
outcomes.
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DISCUSSION
The purpose of this study was to determine (1) how the frequency of particular plant
traits changed with time since fire, and (2) whether species present at different times
since fire are distinctive in terms of Iheir regeneration biology.
In response to the first aim. the frequency of species categories in the- first 27 years after
fire differed little with time since fire, with only three of the 14 character traits, lifehistory, plant longevity and mode of regeneration (six-categories) differing significantly
in frequency among young, intermediate and old-aged sites. The overall lack of trends
with time since fire may be due to a number of reasons. First, there may have indeed
been no change in the frequency of different plant attributes with increasing time since
fire. Second, any change in species composition with increasing time since fire may not
have been great enough to influence the frequency of plant categories recorded. Finally,
the chronosequence may have been too short to effectively determine whether there was
a trend with increasing site age.
Two of the three traits that were significantly associated with site age were related to
plant life-span (life-history and plant longevity), with a greater number of annual or
short-lived species found than expected in young sites, compared with intermediate and
old-aged sites. This trend is not uncommon and has been observed to varying degrees in
Australian heath (Specht et al. 1958; Bell et al. 1984; Wark et al. 1987; Gill 1993),
Californian chaparral (Keelcy 1991) and the Mediterranean region (Ojeda et al 1996).
It suggests that plant life-span is an important trait influencing post-fire vegetation
succession and dynamics, although the successional development is also influenced by
seed dormancy and longevity in the soil, and the ability of species to regenerate and
reach reproductive maturity in the presence of adult competition.
Mode of regeneration (six categories) was the only other trait found to be associated
with site age, even though the mode of regeneration (three categories), which is simply a
broader categorisation, was not related to time since fire. The significance of the more
detailed eU'ssification of mode of regeneration is probably due to the incorporation of
aspects of plant life-span, such as annuals and post-fire ephemerals (Table 8.2). thus
reiterating the importance of life-history and plant longevity as descriptive traits. The
greater frequency of 'fire avoidcrs* th^n expected in old sites appears to have arisen
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from the presence of an unusually high number of geophytic orchids (eight) at T2-27.
However, it is uncertain whether this is a s.Ue-specific phenomenon, or the
representation of a trend toward greater establishment of fire-avoiders in old heath as the
understorey begins to open-up and total vegetative cover decreases (refer to Chapter 4).
The heathland sampled in this study was relatively similar to other Australian
heathlands in terms of the overall percentage of species possessing the ability to sprout,
with 66% of all species either obltgately or facultatively resprouting. This figure is at
the low end of the spectrum in relation to other Australian heathlands, where 65-80% of
species possess the ability to obligately or facultatively resprout (Specht el al. 1958;
Siddiqi et al. 1976: Russell & Parsons 1978; Bell et al. 1984; McMahon 1984b; van der
Moezel et al 1987; Wark et al. 1987; Molnar et al 1989; Benwell 1998; Clarke &
Knox 2002). It should be noted that some species showed a range of responses, with
common species such as Banksia scrrata, Epacris impressa and Hibbertia virgata all
displaying increased frequency of seeding at some sites and increased frequency of
resprouting at others. This is a response commonly reported in heath-type vegetation
(Bell et al. 1984; Whelan et al. 2002). This continuum of responses to disturbance may
be due to differences in fire regimes (particularly the severity of fire), genetic variation
between populations and the developmental stage of different species at the time of
disturbance (Gill 1981a: Midgley 1996; Bellingham & Sparrow 2000; Bond & Midgley
2001; Kruger & Midgley 2001; Whelan et al. 2002).
Bellingham (2000) recently devised a model to predict allocation to resprouting (versus
seeding) in relation to disturbance severity and frequency. In brief, the model predicts
that at high disturbance severity, seed regeneration will be more important at low and
high disturbance frequencies, while resprouting will be dominant at intermediate
disturbance frequencies. The model also predicts that resprouters will dominate at low
disturbance severities, irrespective of disturbance frequency (Bellingham & Sparrow
2000). It is evident from this model that subtle differences in disturbance frequency and
severity have the potential to affect both the mode of regeneration of individual species,
and the presence or absence of different species.

However, the direct effect of

disturbance severity and frequency on mode of regeneration was not quantified in this
study.
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NMDS did not clearly group post-fire ephemerals or early successional species
separately from long-lived or late successional species. However, when groupings from
the 55% similarity level of the cluster analysis were superimposed onto the ordination
plot, five functional groups based mainly on life-history and life-form were identified,
with three of these groups corresponding well with a given age class.

The first

functional group was composed of annuals that were predominantly found in young
sites; the fourth functional group was dominated "by long-lived shrubs, which were
found across the range of young, intermediate and old-aged sites; while the fifth group
comprised serotinous trees and shrubs that occurred across all age classes. The other
two groups did not correspond well with a particular age class. One (functional group
2) was dominated by orchids, while the other (functional group 3} was dominated by
perennial forbs/geophytes and graminoids, including a number of post-fire ephemeral
species. Therefore, it appears that species are grouped more decisively based on lifehistory and life-form attributes, rather than site age. Mcintyre (1995) also found that
life-form was the most useful trait for characterising responses to various disturbance
types.
Conditions for establishment appears to be an important trait for all age classes, with
species that only occur in young sites intolerant to establishing in the presence of adult
competition, while species occurring only in old sites, or all age classes, were generally
tolerant to establishing in older heath.

In a study of calcareous grassland species,

Leishman (1999) showed that the establishment ability of a species was contextdependent.

That is, post-emergence growth and survival was dependent on

neighbouring species. This is also likely to be the case in heathlands, with toxic foliar
and litter leachates (del Moral et al. 1978), and canopy shading (Specht & Specht 1989;
Cowling & Gxaba 1990) possibly affecting the inter-fire establishment ability of
neighbouring species possessing soil-stored propagules. Even if a species establishes in
the presence of adult competition it may not persist to reach sexual maturity. In this
study, the generally uniform population age structures of most species suggests a single
regeneration pulse in the year following fiie. Therefore, many seedlings or sprouts
classified in this study as tolerant may actually fail to reach maturity in the heathland,
and would be classified as intolerant in the strict sense of the definition given by Noble
(1980). hi contrast, future canopy senescence may facilitate opportunities for species
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not recorded as tolerant in tin's study to germinate and sprout due to increased light
availability.
Tlie tendency for species restricted to young sites to possess no obvious adaptations for
dispersal may be due to the longevity of their seeds. For instance, eight of the ten
potential post-fire ephemerals present have no adaptation for long-distance dispersal
into a recently burnt site. Therefore, they must possess dormant seed that is stored in
the soil for many years if they are to persist until the next fire (Keeley 1991). However,
the other two post-fire ephemerals have obvious appendages designed for wind (pappus)
and animal (barb) dispersal into a site following fire, For these species, the amount of
time seed may be stored in the soil is probably not as important. Species occurring
solely ill old sites were characterised by wind-dispersed seed. However, this is probably
an artefact of the relatively large number of wind-dispersed orchids possessing minute
seeds in this age class.
It is interesting to note that most of the long-lived shrubs that occurred in all age classes
(functional group 4) were either myrrnecochorous or zoochorous. Many species in
Australian heathlands possess seeds or fruits with ant-attracting appendages or nutritious
food bodies called elaiosomes (Berg 1975: Rice & Westoby 1981: Handel & Beattie
1990). Ants readily collect these seeds, utilise the elaiosorne, and deposit the propagule
underground in ant nests or in 'safe' sites, where they are protected from excessive heat
at the soil surface during fires (Berg 1981; Auld & Denham 1999). In addition, seed
burial by myrmecochorous ants is likely to aid in decreasing the occurrence of seed
predation (Auld & Denham 1999).

Therefore, myrmecochory may be of great

importance in facilitating the germination and subsequent persistence of many of the
shrub species in the heathland.
The mode of regeneration contributed little to the overall variation within species
occurring only in young sites, and species found in all age classes. In contrast, species
that were restricted to old sites were characterised by obligate resprouting, which is
probably due to a combination of (a) the disproportionate abundance of resprouting
orchids in this age class, and (b) the reduced number of obligate seeders, owing to the
absence of post-fire ephemerals and short-lived species. The low tendency for any of
the mode of regeneration categories to contribute substantially (e.g. >5%) to overall
variation within species restricted to young sites and species occurring in all age classes
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is predominantly due to the even distribution of obligate seeders, obligate resprouters
and facultative resprouters among age classes.
In a study on grazed pastures in Spain, Gomez Sal (1986) found that time since
disturbance (ploughing) had a substantial effect on the occurrence of species
morphological attributes present at a site.

However, I know of no other studies

examining differences in piant biological and ecological traits in relation to post-fire
succession. The univariale analyses conducted in this study indicated that three plant
traits, life-history, plant longevity and mode of regeneration (six categories), differed
significantly in frequency among age classes. Multivariate analyses also identified five
major functional groups, three of which were related to site age: (a) annuals occurring
predominantly in young sites, (b) long-lived shrubs occurring in all age classes and (c)
long-lived serotinous trees and shrubs occurring in all age classes. Two otheT functional
groups comprising forbs/geophytes and graminoids were not related to site age. Overall,
there is strong evidence that species restricted to young sites possess a different suite of
attri.bulcs from species restricted to relatively old sites, however, a degree of overlap
does exist among species. A greater range of site ages would possibly yield even more
conclusive results.
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Table 8.1 Biological traits and the associated categories assessed for each, species.
Species irait

Code

Categories

Life-history

A

Annual
Perennial

P
Juvenile period

1
£.

3
Plant longevity

1
2

3
4
Life-form

Tr
S
Tw
FG
Gr

Maximum plant height

1
2
3
4

Mode of regeneration

OS

OR
FR

0-2 years
3-4 years
5-6 years
0-1 years
2-6 years
7-22 years
23+ years
Tree
Shrub
Twiner
Forb/geophyte
Graminoid
0-0.3 m
0.4-1.0 m
1.1-2.5 m
2.6-8.0 m
Obligate seeder
Obligate resprouter
Facultative resprouter

Conditions for establishment

T
I
R

Tolerant
Intolerant
Requires some pre-condition to be
met before establishment

Flowering season

Su

Summer
Autumn
Winter
Spring
Dehiscent
Indehiscent
Fleshy

A

W
Fruit type

Sp
D

I
F

<1 mm
1-7 mm

1
2
3

>7mm

Y
N

No

Seed dormancy

P
T

Persistent
Transient

Mode of dispersal

U
A
B

Unassisted (Gravity)
Anemochory (Wind)
Ballistichory (Explosive)
Myrmecochory (Ant)
Zoochorv (Animal)

Propagule size (maximum length)

Serotiny

M
Z

Yes
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Table 8.2. Key to the classification of plant species in relation to fire responses (mode
of regeneration) (reproduced from Gill (1993))
1 (a) Plants in vegetative state not exposed to fires
2 (a) Seeds or spores or other dormant propagules in soil are not exposed to fires
(fire avoiders)
2 (b) Seeds or spores or other dormant propagules in soil are exposed to fires
3 (a) life cycle associated with fire occurrence (fire epheinerals)
3 (b) life cycle usually 'independent' of fire occurrence (e.g. some annuals)
1 (b) Plants in vegetative state exposed to fires
4 (a)

Annuals

4 (b)

Perennials
5 (a)

Reproductive plants subject to 100% leaf scorch die (nonsprouters or seeders)

5 (b)

6 (a)

seed storage on plant (serotinous seeders) Q)

6 (b)

seed storage in soil (II)

6 (c)

no seed storage in burnt area (III)

Reproductive plants

mbject to 100% leaf scorch survive

(sprouters)
7 (a)

subterranean regenerative buds present (or induced)
8 (a)

recovery from root suckers, or horizontal rhizomes
(IV)

8 (b)
7 (b)

recovery from basal stem sprouts (V)

aerial regenerative buds present
9 (a)

cpicormic buds grow out (VI)

9 (b)

large pre-fire apical buds continue growth (VII)

Categories I-VII are based on the methods of regeneration of a population of plants after
a single fire has killed all the leaves of the reproductively mature plants. The key can
apply to herbaceous perennials, but categories I and VI apply only to woody plants.
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Table 8.3

IS]

Effect of time since fire on the frequency of plant traits. An asterisk

indicates a significant association between age class and categories within plant traits: *
p < 0.05; **p < 0.01; ***/? < 0.001.
Plant trait

G

df

Life-lii story

7.34*

2

Juvenile, period

0.87

4

Plant longevity

25.5 ***

6

Life-form

5.95

8

Maximum plant height

4.37

6

Mode of regeneration (6 categories)

28.8**

10

Mode of regeneration {3 categories)

2.09

4

Conditions for establishment

4.94

4

Flowering season

O.20

6

Fruit type

1.37

4

Propagule size (maximum length)

4.62

4

Serotiny

0.11

2

Seed dormancy

0.45

2

Mode of dispersal

2.87

8

Table 8.4. Biological traits and categories for all species recorded during the study. All data are from this study, except where noted as a superscript. Life-history, A: annual; P:
perennial. Juvenile period (years) followed by code in brackets, 1: 0-2; 2: 3-4; 3:5-6. Plant longevity (years) followed by code ill brackets, 1: 0-I;2:2-6; 3; 7-22; 4; >23. Lifeform, Jr. tree; S: shrub; Tw: twiner; FG: forb/geophyte: Gr: graminoid. Maximum plant height (m) followed by code in brackets, I: 0-0.3; 2: 0.4-1.0; 3: 1.1-2.5; 4: 2.6-8.0. #
indicates where maximum height given in Walsh (1994), Walsh (1996) and Walsh (1999) has been adjusted upwards based on data from this study. Mode of regeneration, OS;
obligate seeder; OR: obligate resprouter, FR: facultative resprouter. a based on data collected during this study >20 replicate plants);b based on data collected during this study
(<20 replicate plants); ° based on records of studies contained within the National Fire Response Register established by Gill (1992);d based on data collected during this study
(<20 replicate plants) and records of studies contained within the National Fire Response Register; e based on general knowledge of species biology, Conditions for
establishment, T; tolerant; I; intolerant; R: requires pre-conditions to be met before establishment. Flowering season, Su: summer; A: autumn; W: winter; Sp: spring; All: all
seasons. Fruit type, D: dehiscent; I: indehiscent; F: fleshy. Propaguk size (maximum length in mm) followed by code in brackets, 1: <T nun; 2\ 1-7 mm; 3: >7 mm. Serbtiity,
Y: yes; N: no. Seed dormancy, P; persistent (seed may remain viable in soil > 12 months); T: transient (seed lives < 12 months in soil). f seedling density significantly greater in
smoke or heat-treated soil (Ch. 6 and 7), or seedling emergence after more than 12 months in the soil (Ch. 7). Mode of dispersal, U: unassisted; A: anemochory; B: ballistichory;
M: myrmecochory; Z: zoochory. + indicates a gap in the data that I have filled in, and/or species for which age estimates have been increased based on life-history and life-form
data. * indicates introduced species.
Species
Acacia hngifolia vtr, langifolla
Acacia oxyudrus
Acacia suavcolcns
' Aira coryopbytlea
Athcusttarinn liuoraiis
Allocasuarlna mlsera
AHosmuarina paludtua
Allocasvarlna paracfoxa
Alloaisuarlna sp.
Amperea xiphoctada var, xiphoclada
Amyevui pendula ss$. pemhila
Anisopogon avenaceus
Aotut trlcvldes
As&oloma pinifoliun)
A uxlnidanthonia gcniculola
Baccha rauosltsima ssp. prcstraia
Banfoin morginala
Bonksia serrata
Boronia oneawnifolla ssp. emcmonlfolia
Bossioeo cinerta
BoMloca b aerophylla
Baaiazaobcordaia
Brachyloma dnphnoldes
Cacito pmvijlora
Caladenio dam
Calodenia carries vai. carmc
Caladtnla sp.
Caleana major

Life-

Juvenile

Plant longevity

Life-

Maximum plant

Mode nf

Conditions far

Flowering

historr' 7

period (yre)

(yrs)

form"

heifibt ( m l "

rtgeneration

establishment

season

P
P

2 (1)»

50 (4) 3 '
27(4)

S
S
S

OS 1
OS 1
OS'

1

W

i 0)
50 (4)'

Cr

1.5-10 (4)
1.0-10 (4)
1.0-3.0 (4)
<0.4 (2)
5.0-15 (4)
0i-2,5 ( 3 ) '
0.3-3.0 (4)
0.5-2.0 (3)
<2.5 ( 3 ) '
0.2-0.9 (2)
1.5-5.0 ( 4 ) '
<1.3 (3)
<2.0 (3)
0.2-1.0 (2)
<!).6 f2)
0.1-0,2 (1)
<12 (4)
<16 (4)
--2.5 (3)
<1.5 (3)
<U> (2)
<1.3 (3)
<2.0 (3)
<0.8(2)
0.1-0.2 (1)
0.1-0.3 (1)
<0J ( 1 ) '
0.2-0.4 (2)

T
I
T
T«
I
T»
]
1
T
R
I
I
T
1
I
T

P
A
P
P

P
P
P
P
P
P
P
P
P

M2)j
1 (1)
3 (2)'
3 (2)
5 (3)
•5(3)
2(1)
1 (1)

2(0 +

P

2(1)
3(2)*
3(2)
2 (1) +
3(2) +
3 (2)
3 (2)
3 (2) +

P

2(1)

P

2(1)
2 (I) 10
2(1)
1 (1)r
1 (1) +
1 (l) +

P
P

P

P
P
P

P
P
P
P

1 (D +

60 (4)»*»
19 (3)
25 (4)
27(4)
27(4)
6(2)
60 (4) ">
27 (4)
23 (4)
21 (3)«
50 (4)15
100 (4) a
26(4)
27 (4)
27 (4)
15 (3) +

S
S

s
s
s
s
sGr
S
S
Gr
S

S
Tr
S
S

s
s
sFG

27(4)
10 (3)«
27(4)

FG

27 (4)
25 (4)
27 (4)

FG
FG
FG

OS4

fRc
FR e
FRC
FKC
FR'
FR*
OSC
VRd
OR1
OS'
OR5
OS*
FR'
FR*
OS'
FR'
FR'

Fruit

Propagule size
(max. length, mm)

W.Sp
A. W, Sp
Sp
All

type
D"'57
JJ 31,17
JJJ1.37
I
I"

All

I37

v

All
Ali
All
Sp
All
Sp
Sp

SP

I37

ri 3T
37

D"

F37
I31

i31

T

Sp
W. Sp, Su
A,W
Su,A
Sp
Sp
A

OR'

I

Sp

OR*
ORd
ORe
ORC
OR'
OR"

I
I

Sp
Sp

F37
D17

T

Sp

37

T
T
T

Sp
SP
Sp.Su

T
I

T

D37

D3U7
D3|>3'
D 37
pj JIJ7

D"1"

D

D31
D17

D37

7-8 (3)
5-6 (2)
7-9 P)
2-4 (2) J 7
4-10 (3) 37
4-6 (2)»
3-5(2)
4-8 (2) »
4-6 (2)
2(2)
(2)
(3)
3 (2)"
5-6(2)
3-4 ( 2 ) "

Serotiny
N
N
N
N

Seed

Mode of

dormancy
p J.UUI
p:i
p :.I.I

dispersal

Y
Y
Y
Y
V
N
N
N
K

Pr

P7
p S.I,!!

N

Mn,Z*

MK

M IJJ
U
A"
A"
A1
A"
A 14
Nf13
z\ii\
A, Z1

M"
Z
k,7.

N
N
Y
Y
N

T
P"

N

pM

N

p S.«.!3

2-3(2)

N

p 5,1^1

2(2) „

N
N

M "•", Z "
U

N

A

N
N

A
A
A

5-?(3) 17
10-12 (3) 3 '
3 (2)37
2-4(2)
34(2)

1-2 (2)»

(IV
(1)"

N

T

A1 'Ui'

A *^
A l2'u
M",B"
M"
M IJ!1

M"

00

Table 8.4. (continued) Biological traits and categories for all species recorded during the study.
Species
Calochiius robertsonii
Calochiliu sp,
Calytrlx letragona
Carpobrotus rossii
Cassytba gtabclla
Cassytha melantha
Cassytho pubzsce/K
Causils pentandra
Ccmaperma calytnega
* Conyza sp.
Coma cetera vai. ipiciosa
Crassvlo ,iieheriana
Dampiera srricia
Dilfwyniu glaberritna
Dillwynia sericea
Drossra peltata
Epacris imprissa
Eucalyptus aft. wlllisli (Gippsland Lakes)
Eucalyptus viminolis ssp. pryariana
Eucalyptus vimihaHs ssp. povriana X
Eucalyptus cephalocarpa
Euchtion sphaericus
Genoptesium sp. aff. tvfm
Glossodia major
Gampbvloblvm huegelii
Ganocarpvi ldri>g}ws
Grevillea cbrysophaea
tlibberlto aciaularLi
h'ibberliafasciculata var. prostrala
Hlbbaila riparla
Hlbbertla ylrgata
* Hypochoeris rodicata
Hypolacnafastlglota
Isokpis marglnoto
Laxmamtia orlentalh
LepidKptrma concawm
Leplnspermwn commentate
Upt oipermum myrslnoiilu
Lf.ucopogon crlcotdes
Ltucopagon vtrgatus var. virgatus
Lomandra filiformis ssp.Jitifomis
Lomandra glauca
Lomandra langi/olia
Monoioca scoparia
Pcnaonia (wipcrina

Lift-

Juvenile

history •"

period fyrs)
1 (1) +
1 (1) +

I'
P
P
P
P
P
P

P
P
A
P

A
P
P

P
P
P
P

P
P
A
P
P
P
P
V
p
p
p

p
p
p

A
P
P
P
P
P
P
P
p

Plant longevity

Life-

Maximum plant

3(2)
2 (1) +
3(2)
4 (2) +
4(2) +
3 (2)*
2(1)

(yrs)
26 (4)
27(4)
27(4)
3 (2)
27 (4)
26(4)
27(4)
27(4)
9 (3)

form3*
FG
FG
S
FO
T%v

1 0)

1 0)

2(1)
1 (1)

2S(4)

1 0)

26 (4)
27(4)

S
FG
S
S

25(4)

S
FG

height ( m ) "
0.2-0.5 (2)
<0.4 ( 2 ) '
0.5-3.0 (4)
<0.2 ( 1 ) '
<3.0 ( 4 ) r
<4.0 ( 4 ) '
<3.5 ( 4 ) '
<1.4 (3) '
<0.6 (2)
<2.0 (3)
<1.0 (2)
<0.l ( l j '
<D.9 (2)
QS-2.0 (3)
0.5-1.0 (2)
0.1-0.5 (2)
<2.0 (3)
<15 (4)
<15 (4)
<15 (4)"

2(1)
3 (2)
1 (1)
1 (1)

3(2)

6(3)

6 (3)
1 (1)
1 (I) +
1 (1) +
2(1)
I (I)
3(2) +
2(1)
2(1)
3(2) +
2(1)
1 W2(1)
1 (1)

2(1)
2(1) +
2(1)
2(1)
2(1)
2(1)
2(1) +
2 0) +

P
P
p

2(1)
3 <2) +

I 0)

27(4)
100 ( 4 ) 100 (4)1100 (4) +

1 0)

27(4)
27(4)
26(4)
2(2)
20 (3) +
27(4)
27(4)
60(4)'
27(4)
2(2)
60 (4)"
1 (1)
5(2)
16(3)
60 (4)"
60 (4)M
27 (4)

T, (4).
25(4)
27 (4)
27(4)
27(4)
?5(4)

Tw
Tw
CT

S
FG

S

Tr
Tr
Tr
FG
FG
FG
S
FG
S
S
•S

S

sFG
Gr
Gr
FG
GT
S
s •

s
sGT
Gr

Gr

s

s

<1.0 (2)
0.1-0.3 (1)
0.1-0.3 (1)
<1.0 (2)
0.1-0.3 (1)
0.3-2.5 (J)
<0.6 ( 2 ) '
<0.6 ( 2 ) r
<1.2 (3)
<1.5 (3}
0.1 -0.8 (2)
0.2-0.6 (2)'
O.I (1)
O.2 (1)
0.2-0.6 (2)
<2.5 (3)'
<4.0 (4)'
0,3-2.0 (3)
<0.6 (2)'
0.1-0.4 (2)
0.2-0.3 (1)
0.3-1.0 (2)
<W O)
<2.0 (3)

MoOe of

Conditions for

Flowering

regeneration
OR*
OR.'
OS"

establishment
T
T

season37
Sp
Sp
Sp, Su
All
"W, Sp
W.Sp

OS'
OS"
OS"
OS'
OS"
FRa

T
I
T
1
I
T
I

OS"
FR"
OS"

T
T
1

FR"
FR*
OS*
FRd
FR"
OR1
OR"

T
T
T
I
\

OR e

I

J

OS
OR'

T
T

FR"
OS"
OS b
FR'

I
T
T
I
T
I
I

OS1
OR"
FR*
FR*
OR1

T
1
T
T
T

FRC

OS*

OS"
FR'
OR'

FR"
OS"
OR'
OR"
FR*

OR'
FR*
FRC

1r
1r

Su
Sp.Su
Sp.Su
Sp. Su, A
A, W.Sp
Sp
Sp,Su
Sp. Sii

Fruit

Propagule size

type
D '5'"
D IW7
D 11

(max. length, mm)
<1 0)

pJUJ
pJU7
pJUT
J3IJ1

D37
I37
D37
D 37
I 37
D

11 57

'

Sp

D31*37

Sp.Su
A, W.Sp
Sp
Su
Su, A

D

37

D 37
D"
DJI
D
37

Sp
Su,A
Sp
Sp, Su, A
Sp. Su
W.Sp
Sp
Sp
Sp
Sp

DJIJ7
D!llJ7
D1U7

SP

1"

Sp
Sp
Sp
Sp, Su
Sp, Su
Sp
Sp
W.Sp
Sp
Sp
Sp.Su
Su, A, W
Su

I"
IJ7

I
D 37
D"
D31-57

I

17

D'1-37
D31'37

D"
] 31,1?

D3U'

F

(2)
1-2 ( 2 ) "
3-5 (2) 3 7
3-7 (2)
4-5 (2)
4 (2)
2(2)
1-2 (2) 3 7
2-4 (2) 31
<1 CD
4-5 (2) 3 7
3(2)

(2)
<\ ( 1 ) "

r<2)

1-2 (2)
(2) J l
37

<1 ( I )
<1 (I) 37

<l 0 ) "
1 (2)!7
7-12 (3) 3 1
2-3 (2)

<?)»
2 (2)
8-17 (3) 17

(2)
1 (1)
2-3 (2) 17
3-4 ( 2 ) r
2 (2)
2(2)

3UI

JJJU7

FJI

F3'

dormancy
N

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
Y
Y

(2)
(J)
2-5 (2)
1-2 (2)
7-8 (3)

z'M

P"
p!5

P"
Pf
pr.is

Pf
pCIMUI

T
T
T

N
N
N

Pf

>j

pn
ptt»

N

P !>

N
N
N
N
N
N
N
N
N
N
Y

W
N
N
N

N
K
V

Mode or
dispersal
A

A
A.Z
U

Y

N
(2) +

D'u'

Seed

Serotiny

•

p2!
?»
p3i
P 23
p.V
Pf
piojt

P»
T
pf.U
Pr

z
z:"
u
A
A
B37
U
U
M13
Mlw>
U
A16
U,A"
U, <\ '*
U.A"
A
A
A
M
U
U.A"
M

M
M"
M
A1!
U
U
U

M|]
A "•l", M '
A "• l3 , M '
Z
U ", Z

U

u

u
M "• , Z - '
!J

1

2
09

Table 8.4. (continued) Biological traits and categories for all species recorded during the study,
Species

1 CD

Plant longevity
(yrs)
26 (4)
27 (4)
23(4)
27(4)
23(4)
27(4)
27 (4) +
27(4)
27(4)
15 (3) +
19 (3)
15 (3) +
23 (4)

A
A

1 (1)

5 (2) +
25(4)
1(1)

10)

P
P

KD
1 (1)

Lifehislory

FimeSea linijblia ssp. UnifoUa
Plalysacc ericoides
Poaceoe sp.
Poaccacif.2
Poo slebcriana var. sicheriana
Ptendium esculcntum
Ptemsiyiis panlflora
Ptenslj/lis sp.
Pyrorchis nigricans
Rhytidosporum procumbent
Riclnocarpos pinifalius
Schocma Imberbls
Stytldium sp. 2
Tetrnlheca pilom ssp. laii/olia
Thellonema sp.
Thiyplontcne mkrantlia
' Vvtpia bromoifos
iVahienbergm gracilenla
Xanihorrhoea australls
Xanihorrhoea minor ssp. luuo
Xanthosia pllosa
Zlr.rio vernnicca

P
P
P
P
P
P

P
P
P

P
p
P
P
P
P
P

P

P

Juvenile
r

period (vrs)
2(1)
2(1)
2(1) +
2 (]) +
2 (1) +
I (1) +

1 0) +
1 (1) +
1 0)
3(2) +
2 0)'
2 (1)
2(1)
1 (1) +
2(1)

2(1) +
3 (2)

23 (4)

100 (4)"
23 (4)
27(4)
V (4)

Lifeform"
S

Maximum plant
he[Rhl(m)n
<13{3)

S

<0.8 ( 2 ) f
<0J (I)1
<K3 ( 1 ) '

Gr

Gr
Gr

S
TO
FG
FG
S
S
Gr
KG
S
FG
S
Gr
FG
S
Gr
S

s

«U! (2)
0.3-2,5 (3)

Conditions for

OS1
OSV
7

T

FR

« U (1)'
0.1-0.2 (1)
<0.4 (2)
1,0-3,0 (4)
0,1-0,4 (2)
0,2-1.0 (2)
<0.6 (2)

FRd
OS*
FR"
FR.J

FR1
OR"

FR*

<0.9 (2)

0.5-3.0(4)'
<0.5 (2)
<D.3 ( 1 ) '
<3.0 (4)
<1.0 ( 2 ) '

OS

1

OS 11

osd
OR'
OR'

.

establishment

I

FR°
OS'

Eowcriug
season 3 |
W, Sp, Su

Sp
?

?

11

OR"
OK.'
ORe

0.1-0,2 (1)

<0.7 (2)
<0.6(21

Mode of
regeneration
OS"

Sp. Su
Sp +

T
T
I
I
I

ri

A
A
Sp
Sp
W.Sp
Sp, Su
Sp, S«

Sp

i
T

Sp, Su

I
T
1

Sp, Su

Sp

Sp

T

r

W,Sp
Sp, Su, A
Sp, Su, A

T

Sp

Fruit

Propagule size

type

(max length, mm)

F"
\v
I
I
I"
1+
D"
D"
D37

(2) +

(2)
(2) +
{2) +
2-3 ( 2 ) "

(1)
<1 ( 1 ) "
<l (I)57

p.17

<\ (I) 5
2 (2)"
6-10 (3)"

I"

(2)

I> 3 I J '
O"
D"
D3'
I
D"-

I37

51

1 (2)
3 (2) 37
24 (2)"
(2)
5-9 (3)"
(1)
7-9 (3)

Seed

Serotiny

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

(2)

N

2-3 (2)"
3 (2)

N
N

dormancy
pUi
pi.

Mode of
dispersal

U
U

1

u

o

u

p*

u
A

3

A

^j-

A

P"

A
U

IJ

M '"

P33
piJ
f

P
p",n

P"

U
V
MIJJJ

U
A
U
U
Ml
i;
M "•"

P"

er*
<K
?•
01

en
X)

2.
a'
p+

§.
PI
W

Data sources;l (Andersen & Ashton 1985); * (Auld 1986);3 (Auld & Myerscough 1986);4 (Auld 1987); * (Auld & O'Connell 1991); 6 (Auld 1996);7 (Auld at al. 2000);B (Bell
1999);9 (Benson & McDougall 1995); 10 (Benson & McDougall 1996);1( (Benson & McDougall 1998);I2 (Benson & McDougall 2000); 13 (Berg 1975); u (Berg 1981); "
(Blombery & Maloney 1994); !6 (Clifford & Drake 1981); " (Curtis 1998); l* (Duigan 1992); 1S (Enright & Kintrup 2001); *B (French & Westoby 1996); Z1 (Gilt 1993); 22
(Hammi]] e/ al. 1998); s (Keith 1996); M (Kintrup & Enright 1999); * (Kruger 1983);26 (Ladcl 1988);27 (Ivlarsden-Smcdley ef o/. 1997);28 (McCarthy & Tolhurst 1997); 29
(McMahon 1984b);30 (Morrison et al. 1983);3! (Ralph 1994);3J (Rice & Westoby 1981);33 (Roberts 1986a); 34 (Roberts 1986b);3i (Roche et al 1997a);J6 (Russell & Parsons
197S);37 (Walsh & EnUvisle 1994; Walsh & Entwisle 1996; Walsh & Entwisle 1999);38 (Weiss 1984);M (Westoby et at. 1990).
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Table 8.5 Number of species found in every category of each plant trait in relation to
site age (young: 0-6 years; intermediate: 9-19 years; old: 23-27 years).
a. Life-history, n = 94
Site age

Life-history
Annual
6
0
2

Young
Intermediate
Old

Perennial
67
56
63

b. Juvenile period, n = 94
Site age
0-2
55
41
49

Young
Intermediate
Old

Juvenile period (years)
3-4
16
14
16

5-6
4
3
2

c. Plant longevity, n = 94
Site age

Plant longevity (years)
2-6
7-22
9
6
2
4
1
0

0-1
6
0
2

Young
Intermediate
Old

23+
54
52
64

d. Life-form, n = 94

Tree

Shrub

Life-form
Twiner

4

43
38
37

1
3
3

Site age,
Young
Intermediate
Old

Forb/geoghyte

Graminoid

17

6

10
8

13

11

c. Maximum plant height, n = 94
Site age
Young
Intermediate
Old

0-0.3
12
4
12

Maximum plant heiglit (m)
1.1-2.5
0.4-1.0
19
28
14
23
15
25

2.6-8.0
14
15
15
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Table 8.5 (confinued) Number of species found in every category of each plant trait in
relation to site age (young: 0-6 years; intermediate: 9-19 years; old: 23-27 years).
£ Mode of regeneration (3 categories), n = 94
Site age
Young
Intermediate
Old

OS

Mode of regeneration
OR

27
16
20

17
15
21

29
25
25

g. Mode of regeneration (6 categories), n = 93
Site aae

Young

Intermedia!
e
Old

Mode of regeneration
FR
Fire
avoidcr

OS

OR

Fire
ephemeral

18
16

21
25

15
12

6
3

10
0

18

23

13

10

0

Annual

0

h. Conditions for establishment, n = 94
Site age

Conditions for establishment
Intolerant
Require pre-conditions

Tolerant
Young
Intermediate
Old

I
1
1

37
22
22

37
35
44

i. Flowering season, n — 92
Flowering season
Autumn
Winter

Site, age
Summer
Young
Intermediate
Old

31
23
25

19
16
15

20
15
16

Spring
64
50

55

j . Fruit type, n = 94

Dehiscent

Fruit type
Indehi scent

Fleshy

48
35
40

18
12
15

8
10
11

Site age
Young
Intermediate
Old
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k. Propagule size (maximum length). « = 94
Site age

Propagule size (maximum lengtit, mm.)
0-1
2-7
8+
12
54
9
4
48
6
12
50
5

Young
Intermediate
Old
1. Serotiny, n = 94
Site age

Serotiny
Yes
10
8
9

Young
Intermediate
Old

No
65
50
58

m. Seed dormancy, n — 47
Seed dormancy

Site age
Persistent
40
27
26

Young
Intermediate
Old

Transient
6
5
5

n. Mode of dispersal, n —• 94
Site age
Young
Intermediate
Old

Unassisted

Anemochorv

25
14
18

27
IS
25

Mode of dispersal
Ballistichory Myrmccochory
2
24
2
22
19
3

Zoochory
9
10
12

Chapter 8 - Relationship between species traits and site age

Table 8.6 Key to species codings used in Figure 8.1.
Species code
ACLO
ACOX
AICA
ALLI
ALMf
ALPA
AMXJ
AMPE
ANAV
ASPI
AUGE
BARA
BAMA
BASE
BOAN
BOCI
B0I1E
BOOB
BRDA
CAPA
CAAL
CACA
GALA
CAMA
CALO
CATE
CARO
CAGL
CAPE
COSP
CORE
CRSI
DAST
DTGL
DISE
DJIPE
EPIM
EUWI
EUVI
EUVX
EUSP
GOHU
GOTE
GRCH
HIAC
I-IIFA

Species
Acacia longifolia var. longifolia
Acacia oxycedrus
Air a caryophyllea
A llocasuarina littoralis
Allocasuarina misera
Allocasuarina paludosa
Amperea xiphoclada var. xiphoclada
Amyema pundula ssp. pendida
Anisopogon avenaceus
AsLroloma pini folium
A ustrodanthonia geniculata
Baeckea ramosissima ssp. prostrata
Banksia marginata
Banksia serrata
Boronia ammonifolia ssp. anemonifolia
Bossiaea cinerea
Eossiaea heterophylla
Bossiaea obcordala
Brachylotna daphnoides
Caesia parviflora
Caladenia alata
Caladenia carnea var. cornea
Caladenia sp.
Caleana major
Calochilus sp.
Calytrix tetragona
Carpobrotus rossii
Caasytha glabella
Caustis pentandra
Conyza sp.
Correa reflexa var. speciosa
Crassnla sieberiana
Dampiera stricta
Dilhvynia glaberrima
Dillwynia serieea
Drosera pellala
Epacris impressa
Eucalyptus aff. M'illLsii (Gippsland Lakes)

Eucalyptus viminalis ssp. pryoriana
Eucalyptus viminalis ssp. pryoriana X Eucalyptus cephalocarpa
Euchiton sphaericus
Gompholobhon huegelii
Gonocarpus letragynus
Grevillea chrysophaea
llibbertia acicularis
ffibbertia fasciculata var. prostrata
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Table 8.6 (continued) Key lo species codings used in Figure 8.1,
Species code
HIRI
H1Y1
HYFA
ISMA
LAOR
LECO
LEMY
LEER
LEVI
LOLO
MOSC
PEJU
PILI
PLER
POSI
PTES
PTPA
PTSP
PYNI
RHPR
SCIM
STSP
TEPI
THSP
THMI
VUBR
XAAU
XAMI
ZIVE

Species
Hibbertia riparia
Hibbertia virgata
Hypo laena fas tigiata
Isolepte marginata
Laxmannia orientalist
Leptospermum continentals
Leptospermum myrsinoides
Leucapogon ericoides
Leucopogon virgatus vat\ virgatus
Lomandra longifolia
Monotoca scoparia
Persoonia juniperina
Time-lea linifolia ssp. UnifoUa
Platysace ericoides
Poa sieberiana var. sieberiana
Pteridium esculenivm
Pte rostylis par viflora
Pterostylis sp.
Pyrorchis nigriccms
Rhytidosporum procumbens
Schoenus imberbis
Stylidium sp. 2
Tetratheca pilosa ssp. latifolia
Thelkmema sp.
Thyptomene micrantha
Vulpia bromoidas
Xanthorrhoea australis
Xanlhorrhoea minor ssp. lutea
Zieria veronicea
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Figure 8.1 MMDS ordination, of species according to plant attributes (stress = 0.23).
Numbered groupings derived using the 55% similarity level from an hierarchical
agglomerative clustering analyses (group average linkage). Species only occurring in
young sites are coded red; species only occurring iu old sites are coded green; species
occurring in young, intermediate and old-aged sites are coded black. Refer to Table 8.6
for key to species coding.
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CHAPTER 9
GENERAL DISCUSSION
This study has documented the post-fire succession in a sandy, lowland heathland in
south-east Australia, in terms of both the vegetation and the soil seed bank. In addition,
the biological traits of each species have been assessed to determine the characteristics
of early successional versus late successional species.

These traits influence the

dispersal, establishment and persistence capabilities of individual species through
successional time.
The results of this study are significant on a number of fronts. First, this is the most
comprehensive chronosequence study of Australian heathlands, in terms of the number
of post-fire ages sampled (13), and the attention paid to validating the design uying
environmental data, soil profiles, and soil chemical and physical analyses. Second, in
addition to standard vegetation parameters such as species richness, diversity and
composition that are often assessed in heathlands. community heterogeneity, vertical
structure and evenness were quantified to gain a broader overview of how the heath was
changing with successional age. These three characteristics have rarely been quantified
in Australian heathlands, although some studies have examined vegetation structure but
in a different manner (e.g. Specht et al 1958; McMahon 1984b; McFarland 1988; Wark
1996). Third, six spatial grains, ranging from 1 m2 to 4 ha ; were sampled across all
post-fire ages to determine the effect of sampling grain on trends in vegetation
parameters with time since fire. There are only two other studies that I know of that
have sampled multiple spatial scales in Australian heath-type vegetation: Brown (1983)
in Western Australian kwongan, and Keith (1993) in upland swamp (sedge-heath)
vegetation near Sydney. Neither of these studies covered the same breadth of spatial
grains as this study. Fourth, this is the first study in Australian heathlands to examine
the species composition, richness and seedling density of the soil seed bank in relation
to time since fire. Finally, a range of important biological traits were assessed for each
species in the heathland. to determine whether early successional species possessed a
different set of traits from late successional or long-lived species, an analysis that has
not been carried out in Australian heathlands before.
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KEY FINDINGS
The main findings of the study are as follows:
Vegetation
•

Species richness (total and mean) usually decreased significantly with increasing
time since fire, however, both relationships were scale-dependent

•

Species evenness (J) usually decreased significantly with increasing time since fire,
however, the relationship was scale-dependent

•

Species diversity (H) decreased significantly with increasing time since ftTe across
all spatial grains

•

Species composition usually differed significantly with time since fire, however, the
relationship was scale-dependent

•

Community heterogeneity did not usually differ significantly with increasing time
since fire

•

Overall vegetation cover increased rapidly until six to nine years after fire, after
which it platcaued. then declined sharply at c. 25 years post-fire

•

Total cover in each height class differed according to post-fire age, with vegetation
hi the 0-0.1 m5 0.2-0.3 m and 0.4-1.0 m height classes increasing and then
decreasing with time since fire, and vegetation in the 1.1-2.5 m and 2.6-8,0 m height
classes displaying a significant increase with time since lire

•

Life-form richness was dominated by shrubs, however, graminoids were the only
Hfe-form to differ (decrease) significantly with time since fire

Soil seed bank
•

Germinable species richness did not differ significantly with increasing time since
fire

•

Germinable seedling density did not differ significantly with increasing time since
fire
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differed

significantly among age classes

(presence/absence data), with the greatest difference existing between young and old
sites
•

The composition of the vegefe.tion and the germinablc soil seed bank did not differ
significantly with increasing time since fire, however, there vvas a trend toward
greater similarity with time since fire

Plant traits
•

Five functional groups were identified: (1) annuals occurring in young sites, (2)
geophytic orchids, (3) perennial forbs/geophytes and graminoids, (4) shrubs
occurring in all age classes, and (5) serotinous trees and shrubs occurring across all
age classes.
•*&*•

•

Species occurring only in young sites were characterised by their intolerance to
establishing in the presence of adult competition, and the unassisted mode of
dispersal. Species occurring solely in old sites were characterised by their longevity,
tolerance to establishing in the presence of adults competitors, wind-dispersal and
obligate resprouting. Species that occurred in young, intermediate sud old-aged
sites were characterised by their longevity, intermediate propagule size, tolerance to
establishing in the presence of adult competition and shrub life-form.

LIMITATIONS OF THE STUDY
This study has two main limitations that may influence the conclusions. First, the study
sites could not be controlled for variability in fire regimes, since these were unknown.
Consequently, for the purpose of this study, fire frequency, season and intensity were
each assumed to be random among sites. However, mis may not have always been the
case. Second, results pertaining to trends with time since fire may have been influenced
by the significant negative autocorrelation in terms of species composition that existed
among sites. However, although sites that were closer together were compositionally
more similar, this pattern may still be controlled by time since fire, given that recently
burnt sites occurred close together. Furthermore, evidence is presented in Chapter 4
suggesting that time since fire has a greater influence on species composition than the
distance between sites.
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VEGETATION SUCCESSION IN THE SAND HEATHJLAND
Regeneration strategy
Fire acts as the trigger that 'resets' the successional clock in the sandy heathlands of the
Gippsland Lakes area in eastern Victoria. Heat from the fire, chemicals in smoke
leached through the soil, and other fire-related hy-products, act to break dormancy and
induce germination in a range of obligate seeders and facultative resprouters (and a few
obligate resprouters) that store seed in the soil. Evidence from the soil seed bank study
(Chapters 6 and 7) and field observations suggest that all species regenerate within the
first year following fire, a phenomenon commonly reported elsewhere (Bell at ah 1984:
Bcnwell 1998) and consistent with the Initial Floristic Composition model of succession.
(Egler 1954). In addition, heat also acts to trigger mass seed release from canopy-stored
fruits in serotinous species (Lamont et at 1991; Enright et at. 1998), although seeds
may be gradually released in the inter-fire period as dehiscence occurs upon dehydration
of the woody fruit (Gill & Groves 1981). In contrast to seed germination, fire induces
many species to resprout, either facultatively or obligately, from underground
lignotubers, rootslocks, rhizomes, bulbs and tubers, and epicormic buds located on tree
trunks (Specht 1979b; Gill 1981a). In this study, the number of species categorised in
each of the three modes of regeneration was very similar, suggesting that no one strategy
dominated in the heath. Although the mode of regeneration is generally viewed as a
highly important factor influencing the establishment and continued survival of species,
it appears to be unrelated to the occurrence of species in particular age classes (young,
old. young/intermediate/old) in this study.
Seed dispersal
The mode by which species disperse propagules is another important factor influencing
the dynamics of the heathland. Approximately half of the species in the heath appear to
have a maximum dispersal distance of c. 15 m (Berg 1981; Westoby et al 1982), as
their mode of dispersal is cither unassisted, ballistic or by ants. Such a distance appears
to be quite small, however, it is still large enough for species to gradually increase their
range, given that they are able to establish and persist successfully.

The unassisted

mode of dispersal may be beneficial for both seeders and sprouters. Seeders will deposit
seed (usually persistent) immediately below the parent plant, which will presumably
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germinate following fire. The resultant high seedling density should ensure that the
patch is re-occupied by the same species as the heath increases in age. Conversely,
obligate resprouters may not require an elaborate dispersal mechanism, as they rarely
regenerate from seed. Almost 30% of species in the heath were adapted for antdispersal, with the primary benefit of this being seed burial, which reduces postdispersal seed prcdatron and helps shield the seed from death-inducing temperatures at
the surface during fire (Berg 1981; Keeley 1995).
Half of the species in ihe heath were adapted for long-distance dispersal by either wind
or animal (via ingestion or external adhesion). However, it is difficult to ascertain
whether in fact species were dispersing into the heath following fire and if so, what
proportion of propaguies were dispersed hi this way (as opposed to simply dropping to
the ground beneath the parenL plant) and what distances were involved. Clearly, these
species have a gvcater chance of increasing their geographical range in a relatively quick
manner compared with species that arc dispersed over short distances. However, Keith
(2002) and Whelan (2002) indicate that long-distance dispersal and subsequent
colonisation from outside of burnt areas is uncommon in fire-prone Australian
vegetation, particularly heathJands. Following lire, the reduction or virtual elimination
of all live plant cover allows for greater wind speeds in burnt areas, ensuring more
effective wind dispersal of canopy-stored seed released in the months after fire (Whelan
1986; Hamroiti et al. 1998). However, the bird-dispersed parasitic mistletoe, Amyema
pendulc ssp. pendula was the only species known to be totally reliant on seed dispersal
into a site following fire, as any seed present at the time of fire would probably be
consumed. In addition, there may be no suitable substrates (eucalypt branches) for the
seed to lodge on following the passage of fire.
Post-fire environment
In addition to its promotive effect on seed germination and regeneration via resprouting,
fire creates an environment that is favourable for the establishment of many species.
This post-fire environment is characterised by greater light availability (Specht 8c Specht
1989; Keith & Bradstock 1994). increased nutrient availability in'the first year after fire
(Specht 1979b; Humphreys & Craig 1981; Adams et al. 1994), reduced resource
competition (Specht & Specht 1989; Keith & Bradstock 1994), reduced herbivory (away
from the fire boundary) (Whelan 1986; Tyler 1995) and the potential elimination
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(through combustion) of root pathogens (Specht 1979b) and phytotoxins that are
inhibitory to seedling establishment and plant growth (Gill & Groves 1981; Hobbs
1984; Keeley et al 1985; Reigosa et al. 1999).

The mass release of seed from

serotinous species following fire also acts to satiate seed predators and seedling
herbivores, giving the best possible opportunity for seeds to germinate and establish
(O'Dowd & Gill 1983). Despite the obvious benefits of the post-fire environment,
increased soil heating due to a decrease in plant cover (Odion & Davis 2000), reduced
water retention as a result of litter layer combustion (Moreno & Oechel 1992) and ihe
potential for serious droughts (Whelan 1986); may impact negatively upon seed
germination and seedling survival.
Post-fire ephcmerals
In the first few years following fire, a number of ephemeral species are present in the
heath, however, it is unknown whether these species are actually true post-fire
ephemerals that are dependent on fire for germination, or simply effective colonisers of
disturbed ground. The majority of the potentially post-fire ephemeral species recorded
in this study are herbaceous, short in stature, spring flowering, obligate seeders that
possess persistent soil seed banks, an unassisted mode of dispersal and are intolerant to
establishing in the presence of adult competition. The nature of seed dispersal in these
species, together with information in the literature relating to seed dormancy, suggests
that eight of the 10 post-fire ephemerals recorded in this study possess a highly dormant
seed fraction that is very long-lived. This finding supports the hypothesis of Whelan
(1986) that short-lived species in frequently burnt areas will possess long-lived seeds,
rather than adaptations for long-distance dispersal. In contrast, two of the species,
Anisopogon avenaceus and Euchiton sphaericus, appear to be adapted for long-distance
dispersal and may re-colonise burnt sites, rather than persisting in the soil for extended
time periods.
Although post-fire ephemerals comprised 11% of the species recorded across the entire
study area, they were extremely uncommon, possessing less than 0.1% of the total
vegetative cover in recently burnt sites.

This concurs with some other Australian

heathlands, which appear to have a low incidence of post-fire ephcmerals (Russell &.
Parsons 1978; Specht 1994; Cheal 1996). However, heathlands in the Grampians and at
Anglesea in western Victoria differ in that they possess a large number of post-fire
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ephemerals. Enright (1994) found that sand heathland sites under two years of age were
clearly different in composition to sites burnt 3-24 years ago, mainly owing to the
presence of 19 fire ephemeral species. Furthermore, Wark (1996) found that 25% of
species recorded in the first year following lire in coastal heathland were not present in
quadrats sampled three years after lire, implying a substantial change in community
composition with successional age.
Changes in species richness, diversity, evenness, composition,
heterogeneity and structure

community

Species richness and diversity peaked in the first year following fire and gradually
decreased as time since fire increased, however, the decrease in richness was dependent
upon the grain sampled. For example, at the 100 m2, 900 m2 and 1 ha grains, total
richness decreased significantly with time since fire, however, at the 4 ha (site) scale no
trend was observed.

The scale-dependence of this relationship suggests that the

distribution of some species was becoming increasingly patchy with time since fire as
individuals began to die off, to the point where they were becoming absent from smaller
grains but still present at the scale of the entire site. Whether this increasing patchiness
is reflected in the composition and density of the soil seed bank is uncertain, owing to
the paucity of data on the longevity of species soil seed banks (Auld et al. 2000).
However, any increase in the patchiness of above-ground species distributions should be
followed by a lag in soil seed bank, patchiness, as most species (87% of those with
available data) possess persistent seed. This finding has important implications for
heathland management, as observed trends are clearly scale-dependent

Therefore,

managers need to be wary of extrapolating up or down from studies conducted at a
single spatial scale, as this may lead to misleading information, on changes in heath
richness with successional time.
As time since fire increased, total vegetative cover increased rapidly to c. 70% after 6-9
years in what may be described as the building phase (Barclay-Estrup & Gimingham
1969). By this stage, all post-fire ephemerals had died out, and all species had reached
reproductive maturity and were producing seed. After this initial growth phase, the
heath entered the 'mature' phase, where total cover stabilised at c. 75-85% until 25 years
after fire. During this stage, total cover in each of the lower height classes (<1 in)
reached a maximum and then began to decrease. The decrease was most likely due to
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increased competition for light, which resulted in a greater amount of photosynthetic
tissue being allocated to the upper height classes (at the expense of the lower) as the
heath aged. The decrease was not due to senescence of ground layer species, as their
contribution to total cover was relatively minor. Conversely;, cover in the upper height
classes (>1 m) displayed a continual increase, owing to the growth of large shrubs and
trees such as Allocasuarina spp., Banksia spp., Eucalyptus spp., Leptospermum
myrsinoides and Monotoca scoparia.
Leptospermum myrsinoides is clearly the dominant species throughout the heath in
terms of total vegetative cover, which ranges from 34-54% in intermediate and old-aged
sites. It quickly dominates the heath, reaching a cover of"27% only 18 months after fire,
largely due to prolific resprouting from underground basal buds.

In addition, L.

myrsinoides establishes in large numbers from the soil seed bank, and is the only species
to record an increase in germinable seedling density with increasing time since fire.
This is probably due to increased seed production from Larger individuals in older heath,
plus the long-term storage of persistent seed in the soil, as L myrsinoides seed was
found to respond extremely well to smoke and heat treatments. These characteristics of
L. myrsinoides, in addition to its comparatively fast growth rate, relatively long lifespan,
tall stature, and dispersal by both wind (long distances) and ants (germination benefits
associated with seed burial) suggest that as the heath increases in age, dominance may
become even more pronounced.
Influence of overstorey species
The decrease in species richness at certain spatial scales with time since fire may have
been caused by a number of factors, possibly acting together. First, the loss of post-fire
ephemerals -probably contributed to the initial decline in species richness. Second, the
increase in overstorey cover with time since fire and the subsequent reduction in light
availability to understorey species, as suggested by Specht (1989) and Cowling (1990),
may have led to the death of shade-intolerant understorey species. Evidence to support
this assertion is found in the significant decrease in subshrub richness with time since
fire.
Finally, resource competition for scarce water and nutrients, and the potential
allelopathic effects of certain species may exclude others from the heath (Vila &
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Sardans 1999). For example, in areas of coastal heath dominated by Eucalyptus baxteri,
del Moral (1978) showed that the zone of plant suppression beneath the canopy was due
to the allelopathic ability of the eucalypt. A similar pattern appears to be evident in the
heath examined in this study, where a zone of suppression exists immediately
surrounding the base of eucalypts. However, the cause of this suppression is unknown.
Certain species such as Amperea xiphoclada, Bossiaea cinerea,, Correa reflexa var.
reflexa, Dconpiera stricta. Lomandra longifolia and Poa sieberiana var. sieberiana
appear to be unaffected and may actually thrive in this environment, a finding also
reported by del Moral (1978). As time since fire increases, this phenomenon appears to
intensify, resulting in the creation of local patches of mallee-form eucalypts with a
species-poor understorey. However, the number of these patches within the heath is not
predicted to increase, owing to the obligate resprouting nature of the eucalypts and the
extreme lack of recruitment observed during the study across a number of recently burnt
sites.
A similar effect also occurs beneath the dense canopy of Banksia serrata individuals,
the tallest species in the heath. During the inter-fire period, juvenile plants and root
suckers commonly establish around the base of mature individuals, assisting in the
formation of dense (>80% foliage cover) B. serrata groves, with an extremely
depauperate understorey. Where allelopathy may have been a factor influencing species
composition beneath the eucalypts, shading appears to be the major factor excluding
species from beneath B. serrata individuals, hi addition, the dense (100% cover) and
thick (up to 10 cm deep) litter layer probably acts as a highly effective barrier preventing
seed of other species from dispersing onto the soil beneath the canopy (Facelli & Picket!
1991).

Consequently, seedling density is low immediately beneath B. serrata

individuals, even in the immediate post-fire environment. Thus, as the interval between
fires increases, there is anecdotal evidence to suggest that B. serrata actively excludes
species from beneath its canopy and increases its range by establishing new seedlings
outside of the existing canopy.
Recruitment between fires
Recruitment outside of the initial'window of opportunity''in the first year after fire is
relatively uncommon in the heathland.

Although c. one third of all species were

observed to be tolerant to establishing in the presence of adults competition, there was
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little evidence to suggest that individuals arising after the initial post-fire period reached
reproductive maturity, apart from B. serraia (seedlings and basal sprouts), B. marginaia
(occasional root suckers) and a number of herbaceous species (particularly geophytic
orchids). Wlielan (1998) also reported recruitment during the inter-fire period for B.
serraia, however, the degree of recruitment during this time varied substantially among
populations and habitats. The lack of recruitment in mature vegetation found in this
study is not uncommon in. Australian heath, with Specht (1958). Russell (1978), Wark
(1996) and Keith (2002) all reporting similar results. However, Cheal (2000) reported
an increase in establishment and species richness in semi-arid heath with increasing time
since fire. In the Californian chaparral, seedling recruitment does occur in older stands
(Patric & Hanes 1964), however, this is minimal and there is little evidence that saplings
reach the canopy (Keeley 1992a; Keeley 1992b). Instead, resprouting appears to be the
dominant mode of regeneration in senescent chaparral (Keeley 1992b).

As the

chronoseqiience in this study spanned 27 years, it is not possible to determine whether
recruitment will increase in older vegetation as the heath begins to die back and lightavailability subsequently increases, or whether the heavy build up of litter, with its
associated allelopathic substances (Facelli & Pickett 1991), would inhibit seed
germination and seedling growth.
Vegetation succession
Many studies in Australian heath suggest that succession follows the 'Initial floristic
composition' model of vegetation development (Russell & Parsons 1978; Groves &
Specht 1981; Bell etal. 1984; McFarland 1988; Wark 1996). where species present later
in the succession are a subset of those present initially after disturbance (Egler 1954). In
this model, changes in species dominance are essentially due to the varying growth rates
and plant longevities of the species present at the time of disturbance, rather than the
invasion of new species (Egler 1954). However, there is substantial evidence indicating
that some Australian heathlands are invaded by different species after the initial postfire period.

For example, Leptospermum laevigatum, Kunzea ambigua and Acacia

longifolia var. sophorae have been shown to invade coastal heathlands and form dense
thickets across a range of sites in Victoria, probably owing to fire regimes that have
been altered following European settlement (Parsons 1966; Burrell 1981; Molnar et al.
1989; Offor 1990; Bennett 1994; McMahon et al 1996). McMahon (1996) also suggest
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that invasions b3r species such as these may substantially alter species composition of
these heathlands, as species are excluded and soil seed banks become increasingly
unviable with successional time. Semi-arid lieathlands in south-east Australia are also
subject to invasion by Callitris spp. following death of the Banksia ornata dominated
overstorey through old age or frost damage {McMahon 1984b; Cheal 1996: Cheal
2000). This led Cheal (1996) to conclude that the B. ornata hcathlands do not reach a
climax (unchanging) state.

Plant dieback, especially due to the -root pathogen,

Phytophthora cinnamoni, may also substantially alter the composition and relative
dominance of different species in heath communities (Kennedy & Weste 1986; Weste &.
Kennedy 1997).
Unlike some of the healhlands just mentioned, this study provided no evidence to
suggest that species were invading the heath at any of the study sites. This apparent lack
of invasive species may be due to the inability of such species to tolerate the extremely
low nutrient availability of the sandy soils within the study area. Alternatively, fire
regimes within the study area may not have been altered as much as those in. other areas.
Finally, the heathlands at Wilson's Promontory are much more fragmented and
dissected than the heath examined in this study. Therefore, there may be greater 'edge
effects' in the Wilson's Promontory heath-lands, rendering them more susceptible to
invasion by species in neighbouring plant communities. Owing to the lack of invasion
in the heath examined in this study, succession appeared to correspond well with Egler's
'Initial floristic composition' model, although the mechanism(s) by which species
inhibit invasion is poorly known.

Even though the heath fits the Initial floristic

composition model of succession, Lhere is still considerable scope for the composition
and structure of the heath to change in accordance with different fire regimes, with fire
frequency likely to have the greatest effect on heath composition and structure (Cary &
Morrison 1995; Morrison et al 1995; Bradstock et al 1997).
As time since fire increased, the height of the shrub stratum increased to the point where
the heath became a scrub after c. 25 years, in the strict sense of the definition given by
Specht (1970). Furthermore, as the inter-fire period increases, the likelihood of B.
serrata recruitment increases, and the potential for this species to become more
dominant is enhanced. Under such conditions, there is a possibility that the heath could
gradually convert in structure to heathy woodland, given sufficient time, although this
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study reported no significant trend of increasing tree cover with time since fire. Under
the prolonged absence of fire in the heath, some obligate seeders would undoubtedly
become locally extinct, as they require fire for new seedlings to establish before the
persistent fraction of the soil seed bank is depleted. Conversely, high frequency fire
regimes may impact on the composition and structure of the heath substantially, by
eliminating some fire-sensitive (obligate seeder) shrub species (McMahon 1984a;
Bradstock & Myerscough 1988; Cary & Morrison 1995; Morrison et at. 1995;
Bradstock et al. 1997), increasing the abundance of resprouting species (Nieuwenhuis
1987), and possibly converting the heath to a more sedge-dominated system (Groves &
Specht 1981; Bradstock et al. 1997).
MANAGEMENT IMPLICATIONS
T

n the mediterranean-type ecosystems of the world, fire is commonly used as a major

ecological tool in vegetation management, with managers often facing the conflict of
biodiversity conservation (Gill 1977) versus the protection of human life and resources
(State of Victoria 1995). Even when the aims of fire management are for ecological
purposes (compared with Lhe protection of life and property), the specific management
goals may be very different, and may include biodiversity conservation (van Wilgen et
al 1994), habitat manipulation for animal conservation (Meredith & Tsles 1980: Day et
al 1999), land rehabilitation (Smith et al. 2.000) and management of weed infestations
(McMahon et al. 1996; Downey 1999). According to land managers, the heathland
examined during this study has two main foci of burning: (a) fuel reduction for
protection of human life and resources, and (b) maintenance of optimal habitat for the
New Holland Mouse (Pseudomys novaehollandiae) (G. Hollis and L. Jeremiah pers.
comra.).

However, there is no fire management plan for biodiversity and plant

community conservation, despite these being specific goals of park management (Parks
Victoria 1998).
Implicit in any fire management plan is the concept of fire regime (Gill 1975). It
appears that most studies in heathlatids recommend fire frequencies in the order of every
8-15 years, in order to maintain species diversity (Russell & Parsons 1978; GiEl &
Groves 1981; van der Moezel et al. 1987; McFarland 1988). Fire intervals shorter than
this may lead to the extinction of some of the dominant obligate seeding shrubs with
long maturation periods (Kc.ilh 1996), while extended fire-free periods may lead to the
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gradual local extinction of other species, as they have no opportunity to regenerate.
However, Cary (1995), Morrison (1995) and Gill (1998) illustrate, that variable fire
frequencies should have a greater effect on maintaining species diversity than burning at
regular intervals, which may ultimately result in reduced diversity as the same species
would always be favoured by a particular lire frequency (van Wilgen et al. 1994).
Others also advocate burning the landscape in a mosaic pattern, reflecting the natural
variation in fire season, intensity, frequency and extent of fire (Specht 1981a; Avis
1993; van Wilgen et al 1994).
Central to many fire management plans is the desire to maintain or even enhance species
diversity. This then poses an interesting problem for management, regarding the spatial
and temporal scale at which species extinctions are allowable (Bradstock el al. 1995).
Bradstock (1995) suggest that a conservative approach would, be to avoid even smallscale extinctions. However, this is likely to be unworkable, owing to differing species
densities and the natural variability in factors such as fire intensity (Hobbs & Atkins
1988). which may adversely affect populations at a very small scale. Instead, a more
sensible aim may be to avoid extinction within a broader landscape or area (Bradstock et
al. 1995). This issue has been clearly illustrated in this study, where total species
richness was found to decline with time since fire at smaller scales but not at the scale of
the entire site, implying that local extinctions were scale-dependent. Therefore, park
managers must define the spatial scale(s) at which they wish lo manage rare or
threatened, species and the heathland as a whole. Otherwise, there is no benchmark from
which to manage the heathland.
There are a few minor threats to the continued persistence of species occurring in Ihe
heath, including infection of the soil with Phytophthora cinnamomi (Kennedy & Weste
1986), inappropriate fire control measures (Caling & Adams 1999) and weed invasion
(Cheal 1996).

However, the greatest danger is the potentially negative effect on

biodiversity of particular fire regimes, whether naturally-occurring, or implemented by
park management (Gill 1999). Ideally, all information concerning the 'vital attributes'
(Noble & Slatycr 1980) of each, species would be available, rendering the determination
of optimal fire frequencies a relatively simple process. However, there is a large gap in
the data, particularly relating to seed longevity in the soil. Therefore, any estimate of
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desirable fire frequencies would be purely speculative and fall somewhere within the
existing estimates previously mentioned for heaths in south-east Australia.
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\FPENDIX 1: Estimating time since fire
NTROBUCTION
fany methods have been used to determine fire history.- or the time since the last fire at
given site. These methods include the use of fire history maps (Ough & Ross 1992;
nright et al. 1994), detailed lire history records (Gary & Morrison 1995; Fox et al.
996), satellite imagery, aerial photographs (Keith 1995; Bradstock ei al 1997),
storical records (Bowman 1998) and local knowledge of residents and park rangers
)ugh & Ross 1992; Bennett 1994). Often, detailed and accurate records or maps are
lavailable, and historical sources of information are lacking, in which case, tree rings
>anks 1988; Jarman et al. 1988), dendrochronology (Burrows et al. 1995),
mthorrhoea banding patterns (Lament et al. 1999; Ward el al 2001) and charcoal
,ta from cores (Gell et al. 1993) are often used to determine site fire history. However,
use methods can be time consuming and some may be destructive to the environment.
dividually, these methods may yield valuable information but records are often
complete and/or inaccurate, therefore, the use of multiple methods may give more
<;urate results.
addition to the methods listed above, a number of stndiw

••'? used a simple

-'ihnique whereby growth nodes are counted in Proteaceous species, particularly of the
Sius Banksia, to determine individual plant age (Cowling & Lamont 1985; Lamont
$5; Cowling et al. 1987; Witkowski et al 1991; Witkowski et al 1992), and/or site
•* (time since fire) (Spccht et al 1958; Bond 1980; Brown & Podger 1982; Bond et al
ic4; Hoffman el al. 1987; Jarman et al 1988; Marsden-Smedley et al 1999).
s method has been employed because some Banksia species produce a distinctive
lual branching pattern, with small, circular swellings formed at the junction (node) of
•;h annual growth increment (refer to Lamont 1985). These swellings, or nodes, can
counted on seedlings or sprouts from the outermost branch to the base of the trunk, to
ii an estimate of above-ground plant age. As most species (including Banksia) in the
.--prone environments of Australia regenerate proiillcally in the first year or two
•towing fire (Specht et al 1958; Cowling et al 1987; Wark et al 1987; Gill 1993), the
miate of plant age derived from the Banksia node count method should theoretically

Appendix. 1 - Estimating time since fire

230

correspond with site age (time since last fire). Banksia marginata is one such species
that occurs commonly from sea level to sub-alpine areas in south-east Australia
(Holliday & Walton 1990). This species is very variable, growing as a shrub, or a tree
up to 10 m, and regenerating from seed, or by resprouting after fire (George 1987). It
leaves recognisable node scars after each growing season, which are thouglit to be one
per year, usually between. November and March (Specht et al 1958; Specht et al. 1981).
In some circumstances, it can be relatively long-lived, living up to 150 years (J.
Marsden-Smedley pers. comm,), and therefore, it can potentially be used to determine
the time since last fire, even at sites unburnt for long periods.
Although a number of studies have used the Banksia node count method to estimate site
age (e.g. Specht et al. 1958; Brown & Podger 1982; Jarman el al 1988; MarsdenSmedley et al. 1999), there appear to be no published data regarding the reliability of
this method. This study aims to determine the accuracy of the Banksia node count
method by using the method to date sites of known time since fire. After verifying the
validity of the method, time since fire for study sites of previously unknown age were
estimated using Banksia node counts and other complementary methods, namely aerial
photographs and newspaper records.
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METHODS
Banksia marginata nodes were counted on shrub-form individuals at nine 4 ha sites of
different time since fire, in April 2001 (March 1999 for GP-23). To ascertain the
accuracy of the Banksia dating method, node counts were made at five sites burnt
between 1980 and 1997 and cross-checked with the actual site age known from
Department of Natural Resources and Environment (DNRE) fire-history records and
mapping. In addition, four sites last burnt before the commencement of DNRE firehistory mapping in 1981 were sampled to estimate time since fire at these sites.
At e&ch of the nine sites. nof'os were counted on 50-61 haphazardly located B.
marginata individuals, although .:: •:•',. 1.4 individuals were assessed at GP-23. Plants that
were obviously young root suckers at older sites were not assessed. To gain a more
accurate estimate of above-ground plant age, a figure of one was added to the node
count of each individual (Marsden-Smedley el al. 1999), as this gives the actual number
of growth increments (internodes), which corresponds with plant age; rather than the
number of junctions (or nodes) between growth increments.
hi addition to the Banksia dating method, aerial photographs of the study area were
examined as far hack as 1970, to determine whether any evidence of fire was present.
Although photographs were taken in 1970, 1976-1979.. 1984, 1986 and 1991, the entire
study area was not covered in each of these }rears. meaning that records were
incomplete. Newspaper records from 1964-1971 were also checked for the Gippsland
Times, a newspaper based in Sale, which is the nearest major town to the study area. No
fires were reported within the study area for this period. Newspaper records from 19721980 were unable to be checked. Finally, growth rings on a sample of/?, margmafa and
Leptospermum myrsinoides individuals were counted in an attempt to further crosscheck the Banksia node count method (Brown & Podger 1982; Marsden-Smedley el al
1999). However, rings were found to be difficult to distinguish and determine to the
same level of accuracy as the node count method, therefore, they were not used in
determining site age.
Data analysis
Banksia marginata displays a distinctive pulse of regeneration following fire. However,
some individuals regenerate from root suckers in the inter-fire period, while others may
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escape above-ground death by fire if fires are patchy. Owing to the episodic nature of
the regeneration event following fire, the modal internode count (Marsden-Smedley et
al 1999) was used to estimate the time since fire at each site. Modal counts were used
instead of means (e.g. Witkowski et al. 1992), because mean values are potentially
influenced by individuals that either escaped fire, or have regenerated in the inter-fire
period, and may therefore give spurious site age estimates. Pearson correlation was
used to examine the relationship between known time since fire and mode of the
intemode count, for the five sites of known time since fire. The critical level for
hypothesis testing was a — 0.05.
homogeneity of variances.

Data were square-root transformed to improve
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RESULTS
Modal B. marginata intemode counts for the live youngest sites (Figure 1) were found
to be significantly correlated with known time since lire (i? = 0.98, p = 0.005). At four
out of the five sites, the Banksfa node count method is accurate to within a year either
side of the modal count for a range of ages, from 4-21 years post-fire (Table 1).
However, T4-14 was anomalous in that the modal count was three years less than the
actual age at the date of sampling (Table 1).

Given the very similar number of

individuals from 12-15 years (Figure 1), the 'true' mode may be anywhere within this
range. Assuming that the significant relationship between modal intemode counts and
site age continues as plants grow older, GP-23 is estimated to be 22 years old; T4-25, 27
years oJd; SS-26, 24 years old; and. T2-27, 28 years old at the date of Banksia sampling
(Figure 1, Table 2).
Some of the four oldest sites lack a distinctive modal peak, compared with sites such as
BS-1.5 and SS-16, which indicate a significant post-fire regeneration event (Figure 1).
Therefore, a potential age range has been included for the modal counts of GP-23, T425, SS-26 and T2-27 (Table 2), based on the frequency histograms in Figure 1. Using
this method, GP-23 appears to be 22 years old, with an age range of 21-26 years. T4-25
appears to be 27 years old, with an age range of 25-30 years, T2-27 appears to be 28
years old, with an age range of 22-29 years, while SS-26 appears to be 24 years old, with
an age range of 23-36 years (Figiire 1).
When aerial photographs are considered in conjunction with intemode connts3 estimates
of site age are further clarified. Aerial photographs indicated that T4-25, T2-27 and SS26 had not been burnt by March-April 1976. As there was no evidence of fire scarring
at these sites, the most recent fire is assumed to have occurred at least two years prior to
aerial photographs being taken, indicating that these sites were last burnt in 1974. or
earlier (checks on three independent fires indicated that lire scars remain recognisable
on aerial photographs for at least 2-3 years). This finding increased the age estimate for
SS-26 and narrowed the potential age range (error) for all three sites (Table 2). Because
intemode counts were made up to two years following vegetation sampling; the final
determination of site age was changed accordingly, indicating that T4-25 was 25 (25-28)
years old at the time of vegetation sampling, SS-26, 26 (26-35) years old, and T2-27, 27
(26-28) years old (Table 2). In contrast to the previous three sites, a fire scar was
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evident at GP-23. which suggests it was probably burnt sometime within the two years
prior to 1976. This indicated that site age for GP-23 at the time of vegetation sampling
was 23 (23-26) years (Table 2).
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DISCUSSION
The mode of the Banksia node count method proved to be accurate to within one year
either side of the actual site age, for four of the five sites up to 21 years old. The only
exception to this was T4-14, however, this was probably an artefact of the low intensity,
and therefore patchy nature of the most recent fire at the site (B. Houghton pers.
comni.), resulting in two broad age classes (Figure 1). Although there was some
variability in the accuracy of the Banksia node count method, overall, it corresponded
closely with the actual site age determined from DNRE fire history mapping. Therefore,
there is a strong basis for using the Banksia node count method to determine site age for
patches that pre-date the commencement of fire history mapping in 1981.
As site age increased, it became increasingly difficult to identify distinct phases of
episodic recruitment following fire (Figure 1). Although GP-23, T4-25, SS-26 and T227 have distinct modal internode counts, there are other peaks in the frequency
histograms that complicate interpretation of the data. For instance, SS-26 possessed a
peak at 36 years of age, only one count below the modal peak at 24 years. This suggests
the possibility of two fires within the past 36 years, with the fire 24 years ago quite
patchy, owing to 46% of the sampled individuals being older than 24 years (Figure 1).
Conversely, there may have been only one fire, 36 years ago, with continuous
regeneration of Banksia marginata occurring in the interim.

However, newspaper

reports suggest an absence of fire within the study area from 1964-1971, implying that
no sites were aged between 30 and 37 years at the time of Banksia sampling.
Despite the reported success of the Banksia node count method, there are factors
influencing its accuracy. As B. marginata grows older, nodes often become indistinct
toward the base of the plant, particularly prior to branching of the main trunk (Lamonl
1985).

This makes assessment of nodes on the lower trunk increasingly difficult.

Another potential error arises if more than one growth spurt occurs in a single year.
Specht (1958) indicated that B. marginata only actively grew above certain temperatures
that were only met during the summer months, however, in particularly long summers,
secondary gTOWth spurts may occur.
Previous studies that have used the Banksia node count method to estimate site age have
employed a small number of samples.

For example, Marsden-Smedley (1999)
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recommended a minimum of six individuals be sampled per site, Jarmart (1988) used
only one or two individuals, while Specht (1958) and Brown (1982) do not state the
number of samples used in determining site age. In environments where fire has been
patchy (resulting in multiple age classes) and B. marginata is suckering in the inter-fire
period (e.g. this present study), a much larger sample size is required to accurately
estimate time since fire. This study suggests that 50 samples are generally sufficient to
confidently estimate site age.
In addition to sample number, the method by which site age is actually determined is not
always given in some studies, i.e. is the mean, median or mode of all node counts used?
Owing to this lack of information, it is therefore difficult to ascertain the reliability of
site age estimates for some studies.
This study provides empirical evidence regarding the accuracy and validity of the
Banksia node count method. The method is not intended to give a definitive site age,
but rather, an informed estimate based on rigorous sampling and use of complementary
techniques. Fifty samples per site were generally appropriate, however, for sites older
than 21 years, sample size may need to be greater, owing to the potentially greater error
in counting internodes, variability in stand age caused by fire patchiness and
regeneration by root suckering in the inter-fire period.
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Table 1- Site age estimates based on the modal age class derived from the Bankim
marginafa node count method, for sites of known age
Site

n

Site age (DNRE fire

Modal internode

Difference between mode and

history mapping)

count

age at dale ot'Banlaia sampling

BS-1.5
TT-9

50

4

4

0

56

n

12

+1

T4-14

55

16

13

-3

SS-16

52

18

17

-1

UT-19

51

21

21

0

Table 2. Site age estimates for siies pre-dating DNRE fire history mapping. Age estimates are based on aerial photographs and the modal age class
derived from the Bankisa marginata node count method.

Site

Mode (potential age

Previous fire (according

range) - see Figure 1

to aerial photographs)

based on aerial photographs

22 (21-26)

< April 1976

23 (23-26}

23 (23-26)

T4-25

14
61

27 (25-30)

< March 1976

27(25-30)

SS-26

50

24 (23-36)

< April 1976

T2-27

54

25 (22-29)

< March 1976

GP-23

n

Adjusted site age estimate

Adjusted site age
estimate (-1-2)

Difference between vegetation
and Banksia sampling date (yrs)

Final estimate of site age at
dale of vegetation sampling
23 (23-26)

27(27-30)

0
2

25 (25-36)

27 (27-36)

1

26 (26-35)

28 (15-29)

28 (27-29)

1

27 (26-28)

25 (25-28)

to
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Figure Al. Banksia marginata internode counts for sites sampled in April 2001 (March
2001 forGP-23).
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APPENDIX 2: Plant species list (inclusive of all scales
sampled)
* non-native species
Ferns
DENNSTAEDTIACEAE
Pteridiwn esculenium
Monocotyledons
CYPERACEAE
Caustis pentandra
holepis marglnata
Lepidosperma concavum
Schoenus imberbis
L1LTACEAE

Caesia parviflora
Laxmannla orientalis
Thelionema sp.
ORCHIDACEAE
Caladenia alata
Caladenia carnea var. carnea
Caladania sp.
Calecma major
Calochilus robertsonii
Calochilus sp.
Genoplesium sp. aff. rufum
Glossodia major
Pterostylis parviflora
Pterostylis sp.
Pyrorchis nigi'icam
POACEAE
* Aira caryophyllaa
Anisopogon avenaceus
Austrodanthonia geniculata
Poaceae sp. 1
Poaceae sp. 2
Poa sieberiana var. sieberiana
* Vulpia bromoides
RESTIONACEAE
Bypolaena fastigiata
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XANTIIORRHOEACEAE
Lomandrafilifarmis ssp. fdiformis
Lomandra glauca
Lomandra longifolia
Xanthorrhoea ausiralis
Xanthorrhoea minor ssp. lutea
Dicotyledons
AIZOACEAE
Carpobrotus rossii
APIACEAE
Platysace ericoidesXanthasia pilosa
ASTERACEAE
* Conyza sp.
Euckiton sphaericus
* Hypochoeris radicata
CAMPANULACEAE
Wahlenbergia gracilenta
CASUARINACEAE
Allocasuarina liUoralis
Allocasuarina misera
Allocasuarina palvdosa
Allocasuarina paradoxa
Allocasuarina sp.
CRASSULACEAE
Crassula sieberiana
DILLENIACEAE
Hibberiia acicularis
Hibbertia fasciculata var. prostrata
Hibbertia riparia
Hibbertia virgata
DROSERACEAE
Drosera pel tata
EPACRIDACEAE
Astroloma pinifolium
Brachyloma dapknoides
Epacris impressa
Leucopogon ericoides
Leucopogon virgatus var. virgatus
Monotoca scoparia
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EUPHORBIACEAE
Amperea xiphoclada var. xiphoclada
Ricinocarpos pinifoliiis
FABACEAE
Aotws ericoides
Bossiaea cinerea
Bossiaea heterophylla
Bossiaea ob cordata
Dilhvynia glaberrima
Dillwynia sericea
Gompholohium huegelii
GOODENIACEAE
Dampiera stricta
HALORAGACEAE
Gonocarpus tetragynus
LAURACEAE
Cassytha glabella
Cassytha melantha
Cassytha pubescens
LORANTHACEAE
Amyema pendula ssp. pendvla
MIMOSACEAR
Acacia longifolia var. longifolia
Acacia oxycedrns
Acacia suaveolem
MYRTACEAE
Baeckea ramosissima ssp. pro.strata
Cafytrix tetragona
Eucalyptus off. willisii (Gippsland Lakes)
Eucalyptus viminalis ssp. pryoriana
Eucalyptus viminalis ssp. pryoriana XEucalyptus cephalocarpa
Leptospermum continentale
Leptospermum myrsinoides
Thryptomene micrantha
PITTOSPORACEAE
Rhytidosporum procwnbens
POLYGALACEAE
Comesperma calymega
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PROTEACEAE
Banksia marginala
Banksia serrata
Grevillea chrysophaea
Persoonia juniperina
RUTACEAE
Boronia anemonifolia ssp. anemonifalia
Correct reflexa var. speciosa
Zierici veronicea
STYLIDIACEAE
StyUdium sp. 2
THYMELAEACEAE
Pirnelea linifolia ssp. linifolia
TREMANDRACEAE
Tetratheca pilosa ssp. latifolia
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