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PREFACE
This thesis has been written with the intent that chapters 3-6 would be submitted to peerreviewed journals for publication. These four chapters are therefore separate, but logically
connected manuscripts. Consequently, there is some repetition between chapters when
describing study sites and ecosystem dynamics. Formatting also differs slightly between
chapters, reflecting the journal guidelines that each chapter has been submitted to. Given
that these are co-authored manuscripts, these chapters use the term ‘we’ rather than ‘I’.
However, the majority of work was completed by the author of this thesis (BJZ), including
designing and conducting experiments, data collection, undertaking statistical analyses
and leading the writing of manuscripts.
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SUMMARY
Urbanisation is a major threat to global biodiversity, resulting in the clearing and
fragmentation of native ecosystems, and shifting the nature of top-down and bottom-up
determinants of community composition. Vegetation remnants in urban areas are exposed
to elevated nitrogen and temperature, altered hydrology, and changes in natural
disturbance regimes. Consequently, a key prediction is that in urban areas, remnant
vegetation will undergo biotic homogenisation as remnants become increasingly similar to
each other at the regional scale based on species composition.
In this study, the biotic homogenisation hypothesis was explored, in addition to
alternative theoretical outcomes, amongst native grasslands in Victoria, Australia.
Vegetation change over a two-decade period was examined as urbanisation around the
city of Melbourne dramatically intensified. In addition, the spatial relationships between
urbanisation intensity and the floristic composition of native grasslands were explored;
the role of nitrogen deposition and declines in historical disturbance frequency were
experimentally examined, and; the effect of re-introducing historical disturbance regimes
for restoration purposes was assessed.
Biotic homogenisation was evident in urban, but not rural grasslands of Victoria. In
rural Victoria, where disturbance regimes had been consistently implemented, vegetation
composition did not significantly change. However, in grasslands around Melbourne,
dramatic changes were identified through an increase in commonly shared non-native
plant species across the urban landscape. The most urbanised of Melbourne’s grasslands
were the most invaded, characterised by non-native plants invested in persistenceorientated functional traits over traits favouring rapid resource acquisition. However,
vegetation change was most dramatic at the urban fringe, with the most recently
urbanised grasslands becoming more similar to long-urbanised grasslands.
Native plants that increased in frequency with urbanisation thrived in the absence
of disturbance when nitrogen was enriched, while the native species that declined in
frequency experienced growth suppression. The re-introduction of natural disturbance
regimes did not affect the cover of non-native plants, as their inter-annual variation in
cover was found to be positively correlated with seasonal rainfall. Given that non-native
plants did not derive benefit from the re-introduction of disturbance regimes, the reintroduction of disturbance for the benefit of the native flora can occur without risk of
increasing invasion.

xxiv

Ptilotus macrocephalus (foreground) and Chrysocephalum apiculatum (background)
amongst grass tussocks at the Featherheads Wildflower Grasslands Reserve in
Melbourne’s west.
xxv

CHAPTER 1

INTRODUCTION
1.1 STUDY SYSTEM
1.1.1 THE VICTORIAN VOLCANIC PLAIN

The research presented in this thesis was undertaken in native grasslands on the Victorian
Volcanic Plain in south-eastern Australia. The Victorian Volcanic Plain covers an area of
2.3 million ha (Barlow & Ross 2001), and is situated south of the Great Dividing Range
(Fig. 1.1). The environment is relatively mesic, receiving 450-800 mm of rainfall annually
(Williams & Morgan 2015). The plain is the result of extensive volcanic activity, initiated
4.5 million years ago, and which up until 10,000 years ago, was occurring at an average
rate of one eruption every 10,000 years (Rosengren 1992). Across the region, over 400
eruption points have been identified (Rosengren 1992). These eruptions caused extensive
lava flows, with a lava depth ranging from 2-10 cm across relatively flat areas, to 100 m
thick in areas where ancient valleys have been infilled (Rosengren 1992; Birch 2001).
Due to recent geomorphological processes (Rosengren 1992), the soils of the
Victorian Volcanic Plain are relatively fertile by Australian standards (McDougall et al.
1994). Weathering of the volcanic surface has produced heavy clay soils, either grey, red
or black in colour (McDougall et al. 1994). These soils drain poorly which leads to seasonal
waterlogging and inundation (McDougall et al. 1994). Throughout the region, younger
unweathered volcanic outcrops can be found in the landscape in the form of stony rises
(Williams & Morgan 2015).
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Fig. 1.1. The natural distribution of grassland on the Victorian Volcanic Plain (in white).
Map adapted from data originally published in Williams & Morgan (2015) using ArcMap
(Version 10.2, ESRI, Redlands, California, US). Background image source: ArcGIS basemap
gallery (2015).
----------------------------------------------------------------------

1.1.2 THE DOMINANT VEGETATION COMMUNITY

The vegetation of the Victorian Volcanic Plain is dominated by tussock grasslands, situated
in a rainfall transition zone between wet forests to the south, and dry shrublands to the
north (Williams & Morgan 2015). Across the plain, soil conditions are considered the
determinant of boundaries between grasslands and woodlands (Beadle 1981; Kirkpatrick
et al. 1995). The clay soils that dominate the plain are often inhospitable to trees,
expanding with rainfall, and restricting the ability of woody plant roots to penetrate deep
into the soil (Williams & Morgan 2015). When dry, the soils develop deep cracks and
fracture, exposing woody plant roots to desiccation (Geraghty 1971; Kirkpatrick et al.
1995). Trees and shrubs are therefore generally limited to the younger stony rises, with
grasses dominating the plains (Williams & Morgan 2015).
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1.1.3 COMMON FLORISTIC COMPONENTS

Natural grasslands on the Victorian Volcanic Plain can be species-rich at small scales, with
up to 27 species/m² having been recorded (Morgan 1998b). Poaceae (grasses) and
Asteraceae (daisies) are the most common plant families (Williams & Morgan 2015). Other
common Australian plant families such as Ericaceae, Proteaceae and Myrtaceae are rare,
although Acacia and Banksia are common on stony rises (Williams & Morgan 2015). The
most dominant species across the plain is the fast-growing C₄ grass Themeda triandra (Fig.
1.2), while the C₃ grass Poa labillardierei is more common in wetter areas. C₃ grass genera
such as Rytidosperma, Dichelachne, Austrostipa and Elymus (Fig. 1.3) are generally
widespread, but rarely dominant. Perennial forbs contribute to the majority of plant
diversity (Willis 1964), and commonly include genera such as Chrysocephalum,
Leptorhynchos, Wahlenbergia, Arthropodium, Ptilotus, and Pelargonium (Fig. 1.3).

FIG. 1.2. Themeda triandra, the dominant species of the Victorian Volcanic Plain
grasslands.
----------------------------------------------------------------------
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

FIG. 1.3. Common perennial grasses and herbaceous grassland plants of the Victorian
Volcanic Plain grasslands. (a) Rytidosperma caespitosum (b) Dichelachne crinita (c)
Anthosachne scabra (d) Chrysocephalum apiculatum (e) Leptorhynchos tenuifolius (f)
Wahlenbergia stricta (g) Arthropodium strictum (h) Ptilotus macrocephalus and (i)
Pelargonium rodneyanum.
----------------------------------------------------------------------

1.1.4 VEGETATION DYNAMICS

The grassland flora grow most actively in winter and spring (Groves 1965; Morgan
1999a). The majority of herbaceous plants are self-incompatible and are dependent on
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insect pollination (Williams et al. 2015). Thus, flowering is largely a spring event,
coinciding with the abundance of pollinating insects (Groves 1965; Morgan 1999a).
Grasses, however, being wind-pollinated, tend to flower later in spring (Morgan 1999a).
Most perennial herbaceous plants die-back to underground dormant buds with the onset
of summer, and remain dormant until summer breaking rains in autumn (Williams et al.
2015). The dominant species Themeda trianda, being a C₄ grass, has a different phenology
to much of the flora, with growth most active in summer (McDougall 1989).
In general, grassland plants are only capable of dispersal over short distances, and
few species can develop a soil-stored seedbank (Morgan & Williams 2015). Thus, seeds
that are produced have limited spatial and temporal opportunities for germination (Willis
& Groves 1991; Morgan & Lunt 1994; Morgan 1998a; Gibson-Roy et al. 2007). Recruitment
rates are therefore generally low (Morgan & Williams 2015) but are, however
interspersed with highly successful pulse recruitment events when key conditions
coincide (Morgan 1995b).
Competition for light and space is a major driver of vegetation composition. T.
triandra is a fast growing and highly competitive species, producing large amounts of
persistent litter (Stuwe 1976, Lunt & Morgan 1999; Lunt & Morgan 2002). When the T.
triandra sward remains undisturbed, a thick sward develops, and the subordinate intertussock flora are starved of light and space, preventing recruitment, and reducing
diversity (Stuwe 1976, Lunt & Morgan 1999; Lunt & Morgan 2002). Given that soil-stored
seedbanks are largely absent, these species can be eliminated from the vegetation when
disturbance is absent. However, when the period between disturbance events exceeds 10
years, T. triandra tussocks can themselves begin to suffer widespread mortality, as the
build-up of litter begins to smother live tissue (Morgan & Lunt 1999).
Disturbance in the form of frequent fire is the key process thought to maintain
plant diversity in Volcanic Plain Grasslands (Stuwe & Parsons 1977; Lunt & Morgan 2002).
Studies undertaken in Victoria have demonstrated that even when grasslands are burnt
annually, species richness does not decline (Robertson 1985). The habit of many species to
die-back to underground tubers in summer is likely to play a role in preventing direct
exposure to fire (Morgan 1999b).
----------------
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1.2 THESIS OUTLINE
The grasslands of the Victorian Volcanic Plain are situated within a human-dominated
landscape, following almost two centuries of agricultural development across western
Victoria and, more recently, urban expansion from Melbourne. The focus of the research
presented here has been to examine how the grassland vegetation is responding to the
rapid expansion of Melbourne. Six main objectives were investigated:
1.2.1 OBJECTIVE 1: EXAMINE THE RESPONSE OF NATIVE VEGETATION WHEN HUMAN
ACTIVITIES DOMINATE THE LANDSCAPE
Worldwide, human populations are rapidly increasing, resulting in the extensive clearing
of native vegetation. Some patches of remnant native vegetation remain conserved within
agricultural and urban landscapes. In chapter 2, the current ecological understanding of
how native vegetation communities function in urban and agricultural landscapes is
reviewed. Firstly, the relevant ecological theory on habitat fragmentation, followed by
bottom-up and top-down drivers of community change associated with human settlement.
Finally, the effect of these pressures on community composition in terrestrial plant
communities is examined.
1.2.2 OBJECTIVE 2: INVESTIGATE THE PAST, PRESENT AND FUTURE PATTERNS OF
URBANISATION ON THE VICTORIAN VOLCANIC PLAIN
Melbourne is one of the fastest growing cities in the developed world and to facilitate
further growth, there are current plans to clear large areas of native grassland. Chapter 3
provides some context on the urbanisation process in the north and west of Melbourne,
where some of the largest remnants of Victorian Volcanic Plain Grassland exist. The
history of urbanisation in this landscape is explored, along with future plans, and
mitigation policies to protect grasslands into the future.
1.2.3 OBJECTIVE 3: UNDERSTAND THE TEMPORAL PATTERN OF VEGETATION CHANGE
ACROSS REMNANT NATIVE GRASSLANDS AS URBANISATION INTENSIFIES
In chapter 4, floristic change in Melbourne’s grasslands over the past two-decades was
assessed using site-level re-visitation surveys. These changes were than compared to
changes in rural grasslands over the same period. Change was assessed according to three
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alternative hypotheses: 1) biotic homogenisation, i.e. compositional similarity between
remnants increases; 2) biotic differentiation, whereby similarity between remnants
declines, or; 3) clustered differentiation, where similarity between remnants remains
unchanged, but composition shifts from the historical state. Community-level changes
exploring key functional traits were also examined. Plants with traits advantaged by
altered disturbance regime and fragmentation were predicted to increase in frequency in
urban grasslands.
1.2.4 OBJECTIVE 4: UNDERSTAND THE SPATIAL RELATIONSHIP BETWEEN GRASSLAND
VEGETATION CHANGE AND URBANISATION
In chapter 5, the composition of functional traits was examined in the non-native flora of
Melbourne’s grasslands against the spatial attributes of remnant patches and the
surrounding road network at multiple spatial scales. Three hypotheses were assessed: 1)
intense landscape modification favours non-native plants invested in resource acquisition
and urban tolerance; 2) high road density in the immediate vicinity of remnants drives
high propagule pressure, resulting in high non-native functional diversity, and; 3) nonnative plants that spread and become abundant do so through an investment in
competitive traits.
1.2.5 OBJECTIVE 5: EXAMINE HOW KEY PLANT SPECIES RESPOND TO DRIVERS
ASSOCIATED WITH URBANISATION
Nitrogen deposition and the suppression of natural fire regimes are likely to be key
drivers of vegetation change in Melbourne’s grasslands. Some species appear to thrive
under these conditions, while others face localised extinction. In chapter 6, the response of
increaser and decreaser species to altered soil nitrogen availability, and the
presence/absence of annual disturbance was experimentally examined. Field plots were
established in an urban grassland and examined over two-years, with increaser plant
species predicted to persist in the absence of disturbance, and thrive under enhanced soil
nitrogen conditions. By contrast, decreaser species were predicted to suffer high mortality
in the absence of disturbance, and receive no benefit from enhance nitrogen access.
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1.2.6 OBJECTIVE 6: INVESTIGATE WHETHER RE-INTRODUCING HISTORICAL
DISTURBANCE PROCESSES CAN RESTORE URBANISED GRASSLANDS
In Melbourne’s urbanised grassland system, natural disturbance regimes, namely fire, has
been supressed, resulting in changes to vegetation composition. In chapter 7, secondary
succession following the re-introduction of fire through prescribed burning in urban
grasslands was examined. The management objective has been to reduce the cover of nonnative invasive plants. Thus, two alternative hypotheses relating to post-fire succession
were addressed: 1) that the re-introduction of fire reduces the cover of non-native plants,
and 2) that the re-introduction of fire leads to further grassland destabilisation and
invasion. Temporal change in non-native plant cover were examined across twenty
grasslands over a four-year period.
----------------
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CHAPTER 2

THE TRANSFORMATION OF
TERRESTRIAL VEGETATION
COMMUNITIES IN HUMANDOMINATED LANDSCAPES
2.1 INTRODUCTION
Human population growth and the expansion of settlements are having a profound
influence over the natural environment. Since 1950, the world’s population has increased
from 2.5 billion to 7.3 billion people, with over half residing in urban areas (UNFPA 2007;
Fig. 2.1a). By 2030, the world’s urban population is projected to reach 4.9 billion people,
with 60% of projected urban land cover yet to be developed (Secretariat of the Convention
on Biological Diversity 2012; Fig. 2.1b). Urban land cover will therefore continue to
encroach on native ecosystems and agricultural land (Williams et al. 2015). However, with
an additional 1 billion ha of agricultural land needed by 2050 to support population
demands (Tilman et al. 2001; Fig. 2.1c), agricultural land losses will need to be
compensated for, which will occur almost certainly at the expense of native vegetation.
Currently, the global expansion of cropland is occurring faster than at any time in the past
50 years (Tilman et al. 2001; Grassni et al. 2013; Laurence et al. 2014).
Despite extensive vegetation clearing associated with human settlement, efforts
are being made to retain patches of native vegetation within cities, towns and agricultural
landscapes. For example, cities such as Washington DC, Baltimore, London, Mexico City,
Nagoya, Seoul, and Sheffield have all included a high number biodiversity targets in their
urban planning documents (Nilon et al. 2017). In south-eastern Australia, the Natural
Temperate Grassland of the Victorian Volcanic Plain is legally protected under federal and
state law even though the system occurs exclusively within urban and agricultural
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landscapes (EPBC Act 1999; FFG Act 1998). Such initiatives, laws and regulations have the
potential to play a major role in protecting the earth’s biodiversity, with human
settlements now occupying most of the world’s biodiversity hotspots (Luck 1997; Fig
2.1d). Understanding how native ecosystems function within human landscapes is
therefore vital for global biodiversity conservation.
In this review, the impact of urbanisation and agriculture on uncleared native
vegetation communities will be examined. To begin, the relevant ecological theory on
habitat fragmentation will be reviewed, followed by bottom-up and top-down drivers of
community change associated with human settlement. The effect of these pressures on
community composition in terrestrial plant communities will then be examined, with a
focus on non-native plant immigration and native plant extinction.
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FIG. 2.1. The global scale of human development. (a) Change in human population (20002015). Map adapted from publically available GIS layers originally published by Hoekstra
et al. (2010). (b) Global distribution of urban populations. Map adapted from publically
available GIS layers originally published ESRI by (2016). (c) Percent of ecoregion area that
is arable and not yet converted. Map adapted from publically available GIS layers
originally published from Hoekstra et al. (2010). (d) The globe’s biodiversity hotspots in
proximity to large urban population centres of more than 750,000 people. Map adapted
from publically available GIS layers originally published WWF (2000) and Ahlenius (2009)
using ArcMap (Version 10.2, ESRI, Redlands, California, US). Background image source:
ArcGIS basemap gallery (2015).
----------------------------------------------------------------------
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2.2 HABITAT FRAGMENTATION
2.2.1 LAND CLEARING
The clearing of native vegetation for agriculture and urban development presents a major
threat to global biodiversity (Sala et al. 2000; Kerr & Deguise 2004; Luck 2004; Fig. 2.2).
The landscapes that humans clear to facilitate settlement are non-randomly selected
(Norton et al. 1995; Landsberg 1999). Productive, flat land with well drained soils are
preferentially cleared first (Winter et al. 1987; Dirzo & Garcia 1992; Chatelein et al. 1996;
Smith 1997), with settlement then spreading contagiously out from towns, and from
highways and roads (Laurance 2008). Consequently, areas of native vegetation that
remain uncleared today represent a biased subset of the historical landscape, often located
on poor soils, on steep aspects, at high elevation, or on partially inundated land (Laurance
2008).

FIG. 2.2. Percent of each terrestrial ecoregion's natural habitat that has been converted by
humans in relation to its proximity of large urban areas of more than 750,000 people. Map
adapted publically available GIS layers originally published by Hoekstra et al. (2010) and
Ahlenius (2009) using ArcMap (Version 10.2, ESRI, Redlands, California, US). Background
image source: ArcGIS basemap gallery (2015).
----------------------------------------------------------------------
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2.2.3 MATRIX EFFECTS
Fragments of native vegetation that remain uncleared in human dominated landscapes
become surrounded by simplified matrices, often devoid of native vegetation (Firbank et
al. 2008). Across the globe, these human landscapes share similar structural and physical
attributes (Grimm et al. 2008; Pickett et al. 2001; Seto et al. 2010). For example, in urban
landscapes, matrices consist of impervious surfaces such as roads and buildings, while in
agricultural landscapes, native vegetation is replaced with crops, pasture and forestry
(Hahs et al. 2009).
The attributes of the matrix have a major influence over the degree of connectivity
between remaining fragments (Ricketts 2001). In instances where the matrix has been
dramatically transformed, stark contrasts in structure and microclimate with the primary
habitat prevent propagule dispersal between fragments (Laurence & Bierregaard 1997).
Consequently, native plants become isolated, prevented from undertaking range shifts in
response to environmental change, and from breeding with historically connected
populations (Soule et al. 2004). Although there are some instances where the opening-up
of landscapes has increased gene flow (Bryne et al. 2008)
The relative ability of plant species to tolerate the conditions of the matrix is
therefore considered a key predictor of their long-term persistence (Gascon et al. 1999;
Koh et al. 2004). By contrast, weakly isolated fragments may possibly exchange
propagules, therefore reducing local extinction rates through genetic and demographic
contributions (Brown & Kodric-Brown 1977). Habitat corridors that link native vegetation
patches can further enhance dispersal (Beninde 2015). However, they can also have
potential negative effects by facilitating the spread of pathogens and non-native species
(Haddad et al. 2014).

2.2.4 ISOLATION
When isolated plant communities experience reduced gene flow between populations, the
probability of inbreeding depression and founder effects are enhanced (Groom 2001:
Aguilar et al. 2006). Isolation effects are particularly severe for self-incompatible species
(Aguilar et al. 2006; Lopes & Buzato 2007), and species reliant on animal mutualisms for
pollination and dispersal (McEuen & Curran 2004). In addition, in the event of local
extinction, opportunities for re-colonization from neighbouring populations are reduced
(Greshof-Bokdam 1997; Honnay et al. 2008).
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Plants that become isolated in the company of herbivores can experience a
reduction in performance as herbivory pressures intensify (Elzinga et al. 2005; Kolb
2008). In contrast, herbivory pressures are relaxed when herbivores become separated
from remnant vegetation patches (Fatwig et al. 2009). Although the effects of isolation are
largely negative, in some instances plant performance can be enhanced by increased
flowering for some species (Casante-Marin et al. 2009), and assistance with dispersal for
some wind-dispersed species (Graae 2000).

2.2.5 EDGE EFFECTS
The interface between the urban or agricultural matrix and habitat fragments is generally
highly disturbed, and characterised by higher structural contrast, increased light intensity,
warmer temperatures and higher wind velocity compared to the fragment interior
(Lovejoy et al. 1986; Laurence et al. 2002; Ries et al. 2004). In addition, rates of soil
erosion can be accelerated, nutrient cycling and decomposition rates may be altered, and
flooding regimes can be modified (Harper et al. 2004; Lorimer 2009).
Vegetation remnants often exhibit higher desiccation levels at habitat edges in
response to increased solar exposure, while intensified wind velocity can increase tree
mortality (Chen et al. 1992; Laurance et al. 1997; 2000; Ferreira & Laurance 1997;
D’Angelo et al. 2004). As microclimate conditions change, population dynamics and the
interactions between species shift, with the immigration of fast growing pioneer species
from the matrix promoted (Ferreira & Laurance 1997; D’Angelo et al. 2004; Hahs et al.
2009).
For plants growing at the edge of habitat fragments, benefits can be gained
through increased access to resources, if species are tolerant of frequent disturbance
(McDonald & Urban 2004; Schedlbauer et al. 2007). In addition, seed predation is also
generally higher at edges; therefore, species with low seed set levels are disadvantaged at
edges (Meiners & LoGiudice 2003). Over time, the fragment interior can become
increasingly bombarded with seed rain from non-native pioneer species at the edge,
altering floristic composition within the fragment, and potentially competing with native
species (Janzen 1983; Nascimanto et al. 2006).
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2.2.6 FRAGMENT SIZE
Large patches of native vegetation are generally considered preferable to small patches for
species conservation. Island biogeography theory predicts that one large patch contains
more species than several small patches due to a higher ratio of colonisation to extinction
(MacArthur & Wilson 1967; Burkley 1995), while also incurring fewer negative effects
associated with isolation such as inbreeding, genetic drift and allee effects (Diamond 1975;
May 1975; Diamond & May 1976; Ibanez 2008). In addition, large patches have a higher
probability of containing heterogeneous habitats at various successional stages (Pickett &
Thompson 1978), therefore accommodating species with differing niche requirements
(Harner & Harper 1976).
However, in human-dominated landscapes, the non-random clearing of vegetation
may mean that certain components of the native flora are only represented in small
fragments. When the degree of nestedness between a large patch of native vegetation and
smaller patches within a region is low (i.e. species in several small sites that are also
captured by one large site), small patches become important (Fischer & Lindenmayer
2002).
During the initial stages of land reservation, the selection of small reserves is often
more strategic than that of large reserves. Small reserves are often located in areas that
capture small patches of high quality remnant vegetation, or specific species that do not
require large areas (Gotmark & Thorell, 2003; Schwatz & van Mantegem 1997). In
contrast, large reserves are often established in areas where the initial acquisition of land
is economically feasible, and may not necessarily capture the highest conservation needs
(Schwatz & van Mantegem 1997). Consequently, once established, large reserves often
require more extensive restoration compared to smaller reserves (Schwatrz & van
Mantegem 1997; Gotmark and Thorell 2003).
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FIG. 2.3. Magnitude of fragmentation of each terrestrial ecoregion. Map adapted from
publically available GIS layers originally published by Hoekstra et al. (2010) using ArcMap
(Version 10.2, ESRI, Redlands, California, US). Background image source: ArcGIS basemap
gallery (2015).
----------------------------------------------------------------------

2.3 BOTTOM-UP DRIVERS OF VEGETATION CHANGE IN HUMAN
DOMINATED LANDSCAPES
2.3.1 SOIL NUTRIENT CHANGES
Plant productivity, interactions and composition are strongly influenced by soil nutrients
(Tilman & Lehman 2001; Carreito & Tripler 2005). With industrialisation, the rates of
nitrogen (N) and phosphorus (P) liberation have doubled in terrestrial ecosystems
(Vitousek 1994; Vitousek et al. 1997; Carpenter et al. 1998). In agricultural landscapes,
soil conditions are directly altered by humans to increase productivity through fertilizer
application (Warnken 1999; Butler 2009; Laurence et al. 2014), particularly P, the rate of
which is predicted to more than double again by 2050 (Tilman & Lehman 2001). In
contrast, urban soil conditions are indirectly modified through the concentrated and
localised burning of fossil fuels, leading to the formation of carbon dioxide (CO₂) domes in
the atmosphere over cities (Brazel et al. 2000).
Atmospheric pollution in urban areas is associated with substantially higher levels
of N within and downwind of urban settlements compared to the surrounding landscape
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(Pickett et al. 2001; Grimm et al. 2008). Elevated N stimulates plant growth (Krupa 2003),
but also alters the composition of plant communities by shifting dominance, leading to the
loss of vulnerable species, and providing favourable conditions for the immigration of nonnative species (Gilliam 2006; Pardo et al. 2011). In addition, nitrogen sensitive species can
become increasingly vulnerable to drought and frost (Krupa 2003), while mycorrhizae
associations can be suppressed (Ochoa-Huesco et al. 2011), leading to nutrient
deficiencies and stunted growth for dependent plant species (Krupa 2003).
Nitrogen as nitrate (NO₃-) is generally concentrated in urban environments, while
ammonium (NH₄+) is more commonly applied in agricultural landscapes as a fertilizer
(Pickett et al. 2011). Once N levels are elevated, limitations on plant productivity shift to
alternative resources, such as water (Ochoa-Huesco et al. 2011). During extended dry
periods, the effect of elevated N can appear negligible (Ochoa-Huesco et al. 2011).
However, N can continue to accumulate in the soil, and for N sensitive species, reach toxic
levels once water becomes available again (Gilliam 2006; Ochoa-Huesco et al. 2011).
Nitrogen is also readily leached from the soil, carrying with it soil cations such as
calcium (Ca; Likens 1998). The loss of these cations in turn modifies the limitations on
species distributions set by soil pH and Ca (Tilman & Lehman 2001). An increase in N also
interacts with other key nutrients such as P, carbon (C) and potassium (K) by inducing
limitation. For example, deficiency in P and K generally favours fast growing and
unpalatable non-native species (Pieters & Baruch 1997; Van der Wal et al. 2003; Sardans
& Penueles 2015), while also promoting the competitive exclusion of native species
adapted to low N levels (Gilliam 2006). Once dominance is established, some common
non-native immigrant species have the potential to then exert control C and N cycles
(Erenfeld 2003; Bohlen et al. 2004), further exercising their dominance over native
species (Walker & Smith 1997; Mack & D’Antonio 1998).

2.3.2 TEMPERTURE CHANGES
In urban environments, temperature is modified through a process termed the “urban
heat island effect” (Oke 1995; Kowarik 2011), which describes the increasing of
temperature as the portion of the landscape covered in dark human-made surfaces
increases, and vegetation cover declines (Sukopp 1998; Aklbari et al. 2001; Fig. 2.4). As
human-made surfaces have a low albedo and a high level of thermal conductivity (Voogt &
Oke 2003), temperature differences between the urban core and the surrounding
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landscape develop dramatically after sunset (Landsberg 1981; Voogt & Oke 2003), with
the difference in temperature positively correlated with city size and population density
(Pichett et al. 2011). Higher atmospheric temperatures in urban areas are also associated
with drier soils, enhanced ozone formation, and atmospheric pollution (Sukopp 1998;
Williams et al. 2015).
In rural landscapes, the clearing of vegetation for cropping also increases
temperature as the degree of solar radiation on the soil surface increases, particularly at
the interface between agriculture and remnant vegetation (Saunders et al. 1991; Laurance
2004). Consequently, albedo is altered with radiant heat being released into remnants at
night (Geiger 1965, Milthorpe & Moorby 1974). The degree to which temperature is
altered varies throughout the year depending on cropping stages and consequent
vegetation cover (Geiger 1965).
Increased temperatures can have a negative effect on remnant plant communities
by increasing water stress (Pickett et al. 2001; Grimm et al. 2008), and providing an
advantage to colonising non-native species adapted to warmer climates over the native
flora (Kowarik 2011). Warmer temperatures can also result in earlier leaf emergence, bud
break and flowering, and delay the timing of leaf drop (Sukopp 1998; Roetzer et al. 2002).
However, as dormancy is triggered by photoperiod changes, this remains unaltered (White
et al. 2002), increasing the length of growing period (Pickett et al. 2001), resulting in
higher levels of biomass production (George et al. 2009), which if unmediated by
disturbance, can potentially result in the competitive exclusion of vulnerable species. The
environmental conditions created by increasing temperature have a strong influence over
plant dynamics, and foreshadow future conditions under predicted global climate change
(Carreito & Tripler 2005).
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FIG. 2.4. Satellite images of Providence and Buffalo, US, demonstrating the positive
relationship between urban development and temperature known as the Urban Heat
Island effect. (a-b) Visible light (c-d) temperature (e-f) developed land and (g-h)
vegetation cover. Images sourced from NASA:
http://www.nasa.gov/topics/earth/features/heat-island-sprawl.html
---------------------------------------------------------------------21
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2.3.3 HYDROLOGICAL CHANGES
Urbanisation and the clearing of native vegetation causes major changes to water cycles
(Saunders et al. 1991; Laurance 2004). Changes in hydrological processes can be
particularly dramatic in urban areas where manufacturing and transportation networks
cause the build-up of particulates in the atmosphere, increasing cloudiness and fog, and
altering rainfall cycles (Botkin & Beveridge 1997). Consequently, areas in and downwind
of cities experience higher rainfall than the surrounding landscape (Pickett et al. 2001),
and in sufficiently large cities, the probability of rainfall increases towards the end of the
working week and on weekends when particulate levels are at their highest (Colline et al.
2000).
Despite higher rainfall, land cover changes generally result in urban soils being
drier than the surrounding landscape (Williams et al. 2015) as the replacement of native
vegetation with impervious surfaces increases run-off, and rates of transpiration decline
(Hough 1995). Rainfall that falls on impervious surfaces such as buildings and roads
generally exits cities via storm sewers (Gouffman et al. 2002; Pickett et al. 2011).
Consequently, ground water levels decline, and the interactions between ground water
and the upper soil horizons are interrupted (Goffman et al. 2002).
In rural landscapes, the replacement of deep-rooted perennial plants with
herbaceous crop and pasture species also increases surface run-off and reduces
transpiration (Saunders et al 2001). Coupled with irrigation, this can lead to increased soil
erosion and rising water tables (Bormann et al. 1978; Peck 1978, Williamson et al. 1987).
Raised water tables in turn bring stored salts to the soil surface, creating saline top-soils
that are hostile to many terrestrial plants (Peck 1978, Williamson et al. 1987). These
hydrological alterations are particularly severe for remnant vegetation mid- or downslope of hills (Saunders et al. 2001).
Soil compaction and the removal of tree cover in areas of human settlement results
in soils becoming hydrophobic with slow infiltration rates (Craul 1992; Hough 1995;
Pouyat & Effland 1999). In urban areas, this is compounded by high rates of runoff from
impervious surfaces, which during rain events drain water away from pervious areas
before it can infiltrate (Pickett et al. 2011). Among patches of native vegetation near
recreation parks and irrigation areas, abrupt interfaces between irrigated and nonirrigated areas can limit drainage and restrict moisture to the upper soil layers (Craul
1992).
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Overall, declining water infiltration and warmer air temperatures mean that
human-dominated areas experience higher rates of evaporation (Pickett et al. 2011).
Ultimately these conditions impose water stress on native plant communities (Pickett et
al. 2001; Grimm et al. 2008), and provide conditions that are often favourable for nonnative immigrant species adapted to drier habitats (Kowarik 2011; Williams et al. 2015).
----------------

2.4 TOP-DOWN DRIVERS OF VEGETATION CHANGE IN HUMAN
DOMINATED LANDSCAPES
2.4.1 FIRE REGIME CHANGE
Natural disturbance regimes profoundly influence the composition of plant communities
(White 1979; Denslow 1980; Bond et al. 2005). For large areas of the globe, fire has been
the dominant disturbance process for thousands of years, determining community
distribution and composition, mediating species interactions, and driving evolutionary
processes (Bond et al. 2005; Bond & Keeley 2005; Bowman et al. 2009). However, in areas
of human settlement, natural fire regimes have been altered (Fig. 2.5), causing changes in
community structure and composition (Rothermel 1983; Fernandes & Botelho 2003;
Moreira et al. 2009), resulting in biodiversity declines (Gill & Bradstock 1995; Ross et al.
2002; Fisher et al. 2009).
In urban environments, fire is generally perceived as a threat to human
populations (Pyke et al. 2010), resulting in the suppression of natural regimes, as
fragmented plant communities commonly undergo prolonged periods without fire (Clark
1990; Williams et al. 2005; Bradstock 2010). In the absence of fire, fire-dependent plant
communities develop a simplified structure and composition, as taller species reduce
diversity by competitively excluding shorter species (Leach & Givinish 1996; Williams et
al. 2005; Keeley 2006). The suppression of fire can ultimately increase risks to human
populations as fuel loads accumulate and increase the probability of large fire outbreaks
(Oliveras & Pinol 2006), with anthropogenic ignition sources highest at the urban-rural
interface (Bradstock & Gill 2001; Badia-Perpinya & Pallares-Barbera 2006; Catry et al.
2009).
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FIG. 2.5. The condition of natural fire regimes, by terrestrial ecoregion. Condition of
natural fire regimes categories follow Shlisky et. al. (2007) whereby ‘intact’ = fire regime
characteristics within the range of natural variability; ‘degraded’ = fire regime outside the
range of natural range of variability; and ‘very degraded’ = fire regime far outside the
natural range of variability and may not be restorable. Map adapted from publically
available GIS layers originally published by Hoekstra et al. (2010) using ArcMap (Version
10.2, ESRI, Redlands, California, US). Background image source: ArcGIS basemap gallery
(2015).
----------------------------------------------------------------------

In many rural landscapes across the globe, long-term fire suppression under
agricultural land use, followed by land abandonment as humans migrate to urban areas,
has promoted increases in woody biomass, resulting in more frequent large scale and
intense fires (Mazzoleni et al. 2004; Hill et al. 2008; Moreira 2011). The intensity of fires
following long-term suppression has the potential to drive further changes in plant
community composition (Graham et al. 2004).
Predicting the successional trajectories of native plant communities when fire is
re-introduced into urban and rural landscapes is difficult, as surrounding landscapes are
dramatically transformed from their historical state, with many non-native species having
become common in the surrounding matrix (Keeley 2006; Pyke et al. 2010). Many of the
non-native species that colonise remnant plant communities also have the capacity to alter
fire regimes (Walker & Smith 1997; Mack & D’Antonio 1998). For example, increasing soil
fertility through N deposition drives the accumulation of dry biomass in the form of exotic

24

CHAPTER 2

grasses and nitrophilous forbs, which ultimately increases fire intensity (Lavorel et al.
1998; Bonanomi et al. 2006).

2.4.2 CHANGES IN HERBIVORY PRESSURES
In urban environments, patches of remnant vegetation generally experience a decline in
herbivory pressures as vegetation becomes isolated from herbivores (Leach & Givnish
1996). Similar to when fire is suppressed, the absence of herbivores promotes tall plant
species over competitively inferior short species (Leach & Givnish 1996). In agricultural
landscapes, however, herbivory pressures are generally intensified through stock grazing
(Myers 1988; Hobbs & Huenneke 1992; Cumming 2002), or when the overhunting of
predators facilitates population growth among herbivores (Cullen et al. 2000; Peres 2001;
Gelatti et al. 2006). Consequently, overall plant performance can decline, while herbivore
resistant species are released from competition with palatable species (Ellenberg 1988).
Unpalatable species become particularly abundant when performance is enhanced
through fertilizer addition (Van der Wal et al. 2003). When fragmentation isolates
herbivores at high densities within small patches of remnant vegetation, the effect of
herbivory is particularly intense (Elzinga et al. 2005; Kolb 2008). The introduction of
livestock into landscapes with a short history of undulate grazing can also have a negative
impact of vegetation and soil health (Tongway et al. 2003).

2.4.3 BREAK-DOWN OF MUTUALISMS
Many plant species have evolved specialised mutualisms with animal pollinators,
particularly insects (Laurence 2008). However, with human settlement and landscape
modification, the relationships between plants and their pollinators are being disrupted
across the globe (Kearns et al. 1998; Ricketts et al. 2004). The degree of specialisation a
plant has with a pollinator is therefore considered a key predictor of persistence in
human-dominated landscapes (Duncan et al. 2011). In agricultural landscapes, the
widespread use of pesticides further enhances the risks to pollinator dependent plants
(Warnken 1999; Butler 2009). Many plant species also rely on animal mutualisms for
dispersal, which is at risk when remnants become isolated within urban or rural matrices
(Chapman et al. 2003; Cordeiro & Howe 2003; Wright 2007).
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2.4.4 PATHOGENS AND PESTS
The monocultures that dominate croplands in agricultural areas facilitate the spread of
pathogens and disease, which in turn impact the remnant vegetation communities
fragmented within the landscape (Mack et al. 2000; Jones 2009). The current rate in which
remnant communities are being impacted on by pathogens and pests is unprecedented,
with landscape modification, along with human mobility and climate change considered
key drivers (Mack et al. 2000; Jones 2009). Pathogens play a disproportionally large role
in plant extinctions (Sax et al. 2007), with spread often facilitated by dispersal corridors
linking isolated remnants (Haddad et al. 2014), and non-native plant species (Walker &
Smith 1997: Mack & D’Antonio 1998).
The severity on defoliating insect outbreaks has also been increasing in recent
decades (Seidle et al. 2011), with vegetation growing at the edges of remnant communities
often at the greatest risk of defoliation and seed predation (Meiners & LoGiudice 2003).
Agriculture can alter insect predator-prey dynamics by facilitating the establishment of
large parasitoid and predator populations within cropping systems (Rand et al. 2006). The
ephemeral nature of cropping systems means that as habitat is removed with harvest,
there is a spill-over into surrounding remnant native vegetation (Rand et al. 2006). This in
turn has the potential to alter rates of insect herbivory and pollination within remnant
vegetation.
----------------

2.5 CHANGES IN VEGETATION COMPOSITION
2.5.1 DRIVERS OF NON-NATIVE PLANT IMMIGRATION
The invasive potential of an ecosystem has been frequently linked to resident diversity
and species richness (Kennedy et al. 2002; Stohlgren et al. 2003; Cleland et al. 2004), with
diverse and species-rich communities though to be less susceptible to invasion due to high
resource utilization and low niche vacancy (Elton 1958; Wardle 2001; Shea & Chesson
2002). However, this line of investigation has frequently led to contradictory findings
(Kennedy et al. 2002; Stohlgren et al. 2003). Alternatively, studies matching the
environmental requirements of immigrants to the recipient community have derived more
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consistent findings. Non-native species tend to immigrate to regions that share similar
climatic conditions and soil types to their home range (Chambers et al. 2007; Avery et al.
2010), or, the immigrating species are themselves generalists, with a wide native range
encompassing a broad scope of environmental conditions (Rejmanek 1996, Goodwin et al.
1999; Pysek et al. 2009). Invasion can then be further mediated by anthropogenic factors
relating to land-use (Richardson & Pysek 2012). For example, localised climatic change
generally favours non-native species pre-adapted to dry and warm conditions (Kowarik
2011; Williams et al. 2015).
Humans play a key role in allowing populations to reach new environments, with
socioeconomic activities relaxing biogeographic boundaries and acting as a key vector in
the spread of plant species across the globe (Huenneke 1997; Carlton & Ruiz 2005; Le
Maitre et al. 2004). The abundance of non-native species in anthropogenic landscapes is
positively correlated with human population size and density, the age and size of
settlement, distance to the centre of settlement, and the cover of impervious surfaces
(Klotz 1990; McKinney 2001; Godefroid & Koedam 2007; Aronson et al. 2014). Non-native
plants are particularly prevalent in urban wastelands, floodplains and areas of
regenerating native vegetation (Pysek et al. 2004; Kowarik 2005; Maskell et al. 2006;
Muratet et al. 2007).
The subsequent success or failure of non-native plants in novel human-dominated
landscapes is dependent on the species ability to exploit anthropogenic disturbance, and
tolerate abiotic changes to the environment relative to the native flora (Alpert et al. 2000;
Hobbs 2000; Williams et al. 2009). The likelihood of success can be enhanced when
changing environmental conditions drive the decline of native species, relaxing biotic
resistance and enabling non-native species to capitalise on vacated niches (MacDougall &
Turkington 2005; Theoharides & Dukes 2007; Kowarik 2011). However, only a fraction of
the species that immigrate persist, as immigrating populations need to achieve substantial
growth rates at low initial densities (Chesson 2000; Sakai et al. 2001).
Of the non-native plants that naturalise, only a subset can spread and become
abundant within the recipient community (Weber 2003). However, all naturalised species
have the potential to contribute to regional “invasion debt” (Kowarik 1995; Essl et al.
2011). The probability of a species developing a self-sustaining population and continuing
to spread increases with propagule pressure (Colautti et al. 2006: Lockwood 2009;
Simberloff 2009), further introduction events (Lockwood et al. 2005), high genetic
diversity (Lee 2002; Lavergne & Molofshy 2007), gene flow between naturalised
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populations (Barney 2006), and facilitative interactions with other non-native species
(Theoharides & Dukes 2007).
The interaction between species and landscape attributes also plays a key role in
facilitating the spread of non-native species across human-dominated areas (Theoharides
& Dukes 2007). Most successful immigrants will be capable of dispersing through the
landscape matrix (Haddad et al. 2014), placing habitat fragments under pressure from
heavy seed rain (Janzen 1983; Gascon et al. 1999; Nascimento et al. 2006), particularly at
fragment edges (Graae 2000; McEuen & Curran 2004), in small fragments (Brothers &
Spingarn 1992; Bartuszevige et al. 2006; Ohlemuller et al. 2006), or in fragments with high
edge-to-interior ratios (Timmens & Williams 1991). Other species gain adequate linkage
between habitat fragments through disturbance corridors in the form of roads, trails and
powerline clearings (D’Antonio et al. 2000; Parendes & Jones 2000; Rubino et al. 2002),
where soil disturbance and light access are high (D’Antonio et al. 2000; Trombulak &
Frissell 2000).
As landscape modification leads to shifting climates climates, further waves of
non-native species immigration may transpire, with exotic immigrants often better
adapted than the native flora (Thuiller et al. 2007; Diez et al. 2012; Bellard et al. 2013). In
addition, increases in the local abundance and growth rates of non-native species occur in
response to soil changes, particularly N deposition, often to a much greater extent than
that of native species (Gilliam 2006). Once changes occur in the climate and soil,
disturbance, whether it be endogenous (i.e. natural fire) or exogenous (i.e. anthropogenic),
creates immigration hotspots for non-native species (Alpert et al. 2000; With 2002, 2004;
Keeley 2006). With native biomass removed, non-native propagules are able colonise and
seedlings able to establish as competition is temporarily relaxed (Hobbs & Huenneke
1992; D’Antonio et al. 2000; Hobbs 2000). Non-native species may gain further advantages
over the native flora when negative biotic interactions such as herbivory and competition
are absent from their new environment (Keane & Crawley 2002, Shea & Chesson 2002),
and positive interactions with dispersal vectors and soil microbes can form (Richardson et
al. 2000; Traveset & Richardson 2006).
Ultimately, the species that successfully immigrate into human-dominated
landscapes will possess an array of functional traits to aid in dispersal, colonisation and
persistence (Foxcroft et al. 2011; Drenovsky et al. 2012). This is likely to encompass a
narrower range of traits compared to those represented in the native flora (Williams et al.
2005). Successful non-native plants are likely to possess rapid growth rates (Baker 1974),
have short generational and juvenile periods (Cadotte et al. 2006), have high reproductive
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capacity (Baker 1974; Kolar & Lodge 2001), small seeds (Hamilton et al. 2005), and
relatively tall growth forms (Kolar & Lodge 2001; Williams et al. 2015).

2.5.2 IMPACTS OF NON-NATIVE PLANTS ON NATIVE VEGETATION COMMUNITIES
Non-native plants exert influence over the flora of their recipient community via
competition, parasitism and mutualisms (Lambrinos 2000; Minnich 2008). Consequently,
non-native plant immigration into a community can distort existing interaction networks,
and alter community composition, leading to changes in nutrient cycling and disturbance
regimes (Walker & Smith 1997; Mack & D’Antonio 1998). In addition, non-native species
can infiltrate the breeding systems of native plants by disrupting plant-pollinator
relationships (Brown et al. 2002; Bossdorf et al. 2005), and in some instances, hybridising
with the native flora (Bossdorf et al. 2005).
The interaction between non-native immigrants and the native resident flora is
commonly reported as competitive, with successful immigrant species generally
considered competitively superior (Sakai et al. 2001; Vila & Wiener 2004; Drenovsky et al.
2012). Consequently, non-native immigrants are often directly implicated in the decline of
native species diversity (Gaertner et al. 2009; Hejda et al. 2009; Powell et al. 2011).
Particularly effective are non-native plants capable of reducing the performance of
neighbouring plants via allelopathic traits or, by disrupting mutualisms (Callaway &
Aschehoug 2000; Stinson et al. 2006). However, competition as a direct mechanism
driving the decline in native plants is generally confounded by human-induced changes to
the environment, with non-native plants potentially better adapted than the resident flora
(MacDougall & Turkington 2005).
Non-native species may indirectly drive the decline of native species via
pathogens, which potentially play a larger role in native plant extinctions than competition
(Sax et al. 2007). Native species are generally sensitive to novel pathogens which can
accumulate on common non-native plants (Strong & Levin 1975; Clay 1995; Flory & Clay
2013). When non-native hosts form large and dense populations in a community,
pathogens are efficiently maintained and spread (Garrett & Mundt 1999; Flory & Clay
2013). Dense host populations are also known to alter micro-climate attributes, increasing
humidity and temperature, and thus further increasing transmission efficiency (Burdon &
Chilvers 1982, Alexander 2010).
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Non-native plants can also modify abiotic aspects of the environment, particularly
C and N cycling, thus promoting their own performance while suppressing the
performance of native plants (Jones et al. 1994; Ehrenfeld et al. 2001; Kourtev et al. 2002).
Nitrogen-fixing non-native plants often gain a higher increase in performance from
elevated soil nitrogen relative to the native flora, while also indirectly facilitating the
spread of other non-native species (Vitousek et al. 1987; Vitousek & Walker 1989).
Productivity gains then have indirect effects on native plants, which can become
suppressed through shading (Hughes & Denslow, 2005).
Changes in the floristic composition of plant communities through non-native
plant immigration can also drive changes in natural disturbance regimes, particularly fire
regimes (D’Antonio and Vitousek 1992; D’Antonio et al. 2000; Brookes et al. 2004). For
example, when immigrant species possess higher rates of growth and dry biomass
accumulation than the resident flora, the frequency and intensity of fire can increase
(Brooks et al. 2004; Bonanomi et al. 2006; Mandle et al. 2011). Alternatively, fire
frequency can decline when non-native woody plants that retain moisture or, block light
to the understorey and limit grass and forb productivity, establish in remnant vegetation
(Brooks et al. 2004; Grace 1998; Peterson & Reich 2007).
Once the environment and disturbance regime are altered, positive interactions
can form between different non-native species, whereby the influence of initial
immigrants facilitates secondary waves of immigration (Vitousek et al. 1987; Fisher et al.
2006; Cushman et al. 2011). Termed “invasion meltdown”, positively interacting nonnative species can also intensify impacts on the remnant community, while reinforcing
non-native population survival (Simberloff & Von Holle 1999; Tecco et al. 2007;
Drenovsky et al. 2012).

2.5.3 NATIVE PLANT POPULATION EXTINCTIONS
Across the globe, the localised extinction of native plant populations is correlated with
increases in human population density (Pimm et al. 2014), with humans driving rapid
environmental change at a rate exceeding the capacity of species adaptation (Dobson et al.
1997). Initial waves of population extinction occur in response to land clearing as native
vegetation is removed (Fahrig 2003; Kowarik 2011). Secondary waves of extinction
generally follow as the patches of remaining vegetation become fragmented, isolated and
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degraded, creating conditions unsuitable for the long-term persistence of many species
(Angelstram 1996; Williams et al. 2009).
The inability for a species to disperse across the human-dominated matrix is a key
predictor of future extinction (Gascon et al. 1999; Koh et al. 2004). These species are more
likely to experience genetic erosion, inbreeding, and lack the capacity for adaptation due
to an inability to exchange genes between populations (Huenneke 1991; Jump et al. 2009;
Kramer et al. 2009). The resulting increases in homozygosity then reduces population
fitness by exposing recessive deleterious mutations (Kramer et al. 2009). Genetic erosion
is particularly likely for plants with long generation times, limited phenotypic plasticity,
and low genetic variation (Kramer & Havens 2009; Williams et al. 2009). Dominant plants
that experience genetic erosion can also drive declines in net community productivity,
initiating cascading effects as non-native species colonize under relaxed biotic resistance,
altering community composition, structure and trophic interactions (Crutsinger et al.
2006, 2008).
Individual plants can persist in human-dominated landscapes after populations
become non-viable, a process termed ‘extinction debt’ (Hahs et al. 2009). This occurs
when individuals persist in resistant life-cycle phases long after habitat transformation,
when stochastic events have a delayed effect on decline, or, when the connections between
meta-populations are eroded slowly (Hylander & Ehrlen 2013). Tall, long-lived plants are
likely to undergo particularly long periods of extinction debt (Duncan & Young 2000).
The changes that humans impose on the environments they settle in ultimately
places native plants at a high risk of local extinction. Particularly vulnerable are plants
lacking the unique phenotypic traits and plasticity that can provide a degree of preadaptation to the changes that humans occupation drives (McDonnell & Hahs 2015).
----------------

2.6 CONCLUSION
Human settlement is a major driver of change in native plant communities. As the planet’s
human population continues to increase, the transformation of native vegetation will only
intensify and expand. This review has outlined the key drivers of vegetation
transformation associated with human settlement. Based on this review, the process of
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transformation can be classified according to six elements, the sequence of which can vary
depending the characteristics of an ecosystems. These include:
1. LAND CLEARING
The area occupied by native vegetation is dramatically reduced to facilitate
human settlement.
2. ISOLATION
Species become constrained to small patches of native vegetation, often unable
to disperse to, or interact with, other patches.
3. ENVIRONMENTAL CHANGE
Feedback from the human-dominated matrix drives environmental change (i.e.
temperature, hydrology, soil fertility).
4. MODIFICATION OF NATURAL PROCESSES
The processes that mediate the dynamics of species interactions (i.e. fire,
herbivory) are altered under the influence of human occupation.
5. IMMIGRATION
Humans facilitate the immigration of plant species from distant environments.
Successful immigration is achieved through a strong tolerance to the changes
that humans have imposed on remnant vegetation.
6. EXTINCTION
Native plant species intolerant of the changes humans impose on remnant
vegetation undergo extinction.
These six elements profoundly change native vegetation communities, rendering
attempts of restoring them to a former historical state impractical (Hobbs et al. 2006;
Davis et al. 2011). However, despite these changes, ecosystems in human-dominated
landscapes remain of global conservation significance, providing essential habitat for the
persistence of plant species within semi-natural or novel communities (Luck 1997;
Kowarik 2011), and supporting a disproportionately high proportion of threatened
species (Ives et al. 2016). Positive outcomes for plant conservation will therefore require
novel approaches, and accepting that the restoration of vegetation communities to a
former historical state may be unlikely.
----------------
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An urbanised native grassland in the northern suburbs of Melbourne, Australia. Photo:
Lilian Pearce.
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THE CHALLENGE OF CONSERVING
NATIVE VEGETATION IN URBANISING
LANDSCAPES: A CASE STUDY OF
MELBOURNE’S NATIVE GRASSLANDS
3.1 INTRODUCTION
Melbourne is among the fastest growing cities in the developed world (OECD 2012), and is
the fastest growing city in Australia (Gleeson & Spiller 2012). Over the past two decades,
the city’s population has increased from 3.3 to 4.3 million people (Horan et al. 2014). With
growth continuing at an approximate rate of 2000 people per week (Horan et al. 2014),
the population is projected to reach 5 million by 2030, 6 million by 2040, and 8 million by
2050 (Craven et al. 2014).
In response to rapid population growth, in 2010, the Victorian state government
substantially expanded the city’s urban growth boundary, following the initial legislation
of a boundary in 2002 (Taylor et al. 2016). Forty-three thousand hectares of largely
greenfield land was added to accommodate 600,000 new homes over the next 20 years
(MacFarland 2015). Although consolidation of current urban areas is also planned
(Department of Infrastructure and Transport 2013), most growth is planned for
Melbourne’s outer north and west (ABS 2012; DELWP 2015; Ji et al. 2015; MacFarland
2015), accounting for 53% of population growth and 68% of new dwellings (GAA 2012).

48

CHAPTER 3

3.2 THE IMPACT OF URBANISATION ON MELBOURNE’S NATIVE
GRASSLANDS
The native grasslands in Melbourne’s north and west were identified in the 1980s as some
of the largest remnants of the Natural Temperate Grassland of the Victorian Volcanic Plain
(Stuwe 1986), with 99% of the ecosystem having been previously cleared for agriculture
throughout western Victoria (Barlow & Ross 2001; Fig. 3.1). However, between 1985 and
2000, Williams et al. (2005) documented the loss of grasslands around Melbourne during
a phase of intense urbanisation, as the population in Melbourne’s outer west and north
increased by 45% (ABS 2001). During this period, 23% of native grassland remnants were
cleared for development, and a further 21% degraded through a lack of appropriate
management (Williams et al. 2005).

FIG. 3.1. Distribution extent of Natural Temperate Grassland on the Victorian Volcanic
Plain. White area represents pre-European extent, red represents current extent. Map
adapted from data originally published in Williams & Morgan (2015) using ArcMap
(Version 10.2, ESRI, Redlands, California, US). Background image source: ArcGIS basemap
gallery (2015).
---------------------------------------------------------------------The planned urban expansion in Melbourne will result in the clearing of a further
3,278 ha of native grassland (DSE 2009; Fig. 3.2-3.5), while uncleared grassland will face
intensified threats and impacts from the surrounding urban environment (Garrard &
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Bekessey, 2015), e.g. weed invasion and nutrient addition. Under current plans, 40% of
remnant grasslands within the growth boundary will be cleared, while a further 11% will
be partially cleared (Fig. 3.2a). In addition, 88% of remaining uncleared grasslands will
bordere urban land cover, increasing from 64% in 2014, and 38% in 1994 (Fig 3b; Fig. 3.33.5).
A particularly high quality grasslands in Melbourne is Truganina cemetery. While
it covers a small area of just 1.5 ha, it is largely uninvaded by non-native plants and
contains large populations of two nationally endangered plants: Rutidosis
leptorrhynchoides and Pimelea spinescens subsp. spinescens (Fig. 3.6). Historically,
Truganina cemetery was isolated from urban development. In 1994 the closest urban
boundary was 3 km to the south, however, by 2014, the urban boundary had encroached
from the south to within 2 km. Under current plans, by 2030, Truganina cemetery will be
surrounded by residential areas and enclosed 6.5 km within the urban boundary (Fig. 3.7).
(a) Projected grassland
loss 2014-2030

(b) Grasslands bordered
by urban land cover

% of grasslands borded by
urban land cover

100

Cleared

Partially cleared

Retained

75
50
25
0
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FIG. 3.2. Projected urban development in Melbourne’s north and west. (a) Projected
grassland loss due to clearing. (b) Projected urban development surrounding uncleared
grasslands. Data source: Victorian open data directory (www.data.vic.gov.au).
----------------------------------------------------------------------
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(a)

(b)

(c)

FIG. 3.3. Urban development over the past two decades and projected development in Melbourne’s north and west. (a) Melbourne in 1994, (b)
Melbourne in 2014, and (c) projected urban development by 2030. Green polygons indicate Melbourne’s known remnant grasslands according
to Williams et al 2005 and Griffiths et al. 2015. Red line indicates the urban boundary. Red shading indicates planned residential development
and grey shading indicates planned industrial development. Projected development data sourced from the Victorian open data directory
(www.data.vic.gov.au) and mapped using ArcMap (Version 10.2, ESRI, Redlands, California, US). Background image sources: (a) Lansat 6,
https://landsatlook.usgs.gov, (b, c) Department of Sustainability and Environment (2011).
--------------------------------------------------------------------------------------------------------------

51

CHAPTER 3

(a)

(b)

(c)

FIG. 3.4. Urban development over the past two decades and projected development in
Melbourne’s north. (a) Melbourne in 1994, (b) Melbourne in 2014 and (c) projected urban
development by 2030. Green polygons indicate Melbourne’s known remnant grasslands
according to Williams et al 2005 and Griffiths et al. 2015. Red line indicates the urban
boundary. Red shading indicates planned residential development and grey shading
indicates planned industrial development. Projected development data sourced from the
Victorian open data directory (www.data.vic.gov.au) and mapped using ArcMap (Version
10.2, ESRI, Redlands, California, US). Background image sources: (a) Lansat 6,
https://landsatlook.usgs.gov, (b, c) Department of Sustainability and Environment (2011).
----------------------------------------------------------------------
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(a)

(b)

(c)

FIG. 3.5. Urban development over the past two decades and projected development in
Melbourne’s west. (a) Melbourne in 1994, (b) Melbourne in 2014, and (c) projected urban
development by 2030. Green polygons indicate Melbourne’s known remnant grasslands
according to Williams et al 2005 and Griffiths et al. 2015. Red line indicates the urban
boundary. Red shading indicates planned residential development and grey shading
indicates planned industrial development. Projected development data sourced from the
Victorian open data directory (www.data.vic.gov.au) and mapped using ArcMap (Version
10.2, ESRI, Redlands, California, US). Background image sources: (a) Lansat 6,
https://landsatlook.usgs.gov, (b, c) Department of Sustainability and Environment (2011).
----------------------------------------------------------------------

53

CHAPTER 3

(a)

(b)

FIG. 3.6. Truganina cemetery. (a) Rutidosis leptorrhynchoides (Button Wrinklewort). (b)
Native grassland species at Truganina cemetery, including Themeda triandra (Kangaroo
Grass), Calocephalus citreus (Lemon Beauty-heads) and Wahlenbergia luteola (Bronze
Bluebell). Photo: Lilian Pearce.
----------------------------------------------------------------------
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(a)

(b)

(c)

FIG. 3.7. Urban encroachment over the past two decades and projected development
towards Truganina cemetery (circled). (a) Melbourne in 1994, (b) Melbourne in 2014, and
(c) projected urban development by 2030. Green polygons indicate Melbourne’s known
remnant grasslands according to Williams et al 2005 and Griffiths et al. 2015. Red line
indicates the urban boundary. Red shading indicates planned residential development and
grey shading indicates planned industrial development. Projected development data
sourced from the Victorian open data directory (www.data.vic.gov.au) and mapped using
ArcMap (Version 10.2, ESRI, Redlands, California, US). Background image sources: (a)
Lansat 6, https://landsatlook.usgs.gov, (b, c) Department of Sustainability and
Environment (2011).
---------------------------------------------------------------------55
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3.3 CURRENT POLICY RESPONSE TO MITIGATE THE IMPACT OF
URBANISATION ON NATIVE GRASSLANDS
Natural Temperate Grassland of the Victorian Volcanic Plain are protected by legislation;
listed as critically endangered under commonwealth law (EPBC Act 1999), and threatened
under state law (FFG Act 1988). In response to their legislative protection, a strategic
impact assessment was required to assess potential the impact of Melbourne’s continuing
urbanisation on the grasslands. The report, released by the Victorian government in 2009,
recognised an impact (DSE 2009). However, the report stated that “there is considerable
scientific and practical uncertainty about the scale and significance of impacts” (DSE
2009). Under the commonwealth EPBC Act, “if there are threats of serious or irreversible
environmental damage, lack of full scientific certainty should not be used as a reason for
postponing measures to prevent environmental degradation” (EPBC Act 1999). In
response, the Victorian government announced a “precautionary approach” to offset
environmental damage through the reservation of two large areas of native grassland
outside the urban growth boundary (DSE 2009).
According to the strategic impact assessment, these reserves, totalling 15,000 ha,
represent the largest consolidated area of native grassland on the Victorian Volcanic Plain,
and will increase the area of protected Volcanic Plain Grassland by 20 per cent (DSE 2009;
Fig. 3.8). The report’s authors stated that once reserved, these sites will make “a major
contribution to the ecological viability of these communities and provide secure habitat
for significant species of flora and fauna” (DSE 2009).
However, a subsequent report released in 2011 by the Victorian Government
Department of Sustainability and Environment stated that only 84 ha (<1%) of this area is
considered “high quality” grassland, and only 50 ha is dominated by the historically
dominant grass species Themeda triandra (DSE 2011). The remaining area includes 50 per
cent of species poor and modified native Austrostipa grassland (owing to a long history of
stock grazing; Williams and Morgan 2015), and 47 per cent is a mix of exotic pasture and
crops (DSE 2011). Consequently, these reserves will need extensive and expensive
restoration works before they can meet the objectives outlined in the strategic impact
assessment.
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FIG. 3.8. Planned grassland reserves to offset urban development totalling 15,000 ha.
Orange shading south west of Melbourne indicates the area of proposed grassland
reservation outside of the urban growth boundary. Green polygons indicate Melbourne’s
known remnant grasslands according to Williams et al. 2005 and Griffiths et al. 2015.
Projected development data sourced from the Victorian open data directory
(www.data.vic.gov.au) and mapped using ArcMap (Version 10.2, ESRI, Redlands,
California, US). Background image source: Department of Sustainability and Environment
(2011).
----------------------------------------------------------------------
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3.4 AN ALTERNATIVE APPROACH
The concept of offsetting the loss of native vegetation caused by urban development has
been central to the Victorian government’s biodiversity policy (Victorian Government
2002). However, unlike other land uses, ecosystems are spatially fixed, and cannot be
readily transposed onto alternative landscapes (Bekessy et al. 2012).
Melbourne’s projected population growth could be possibly accommodated
without destroying native grassland if Melbourne’s planned development was more
closely aligned with global standards. For example, the size of land packages in
Melbourne’s outer north and west are significantly larger than that of equivalent cities in
other countries (Scheurer & Buxton 2005). In addition to Melbourne’s low housing
densities, between 1986 and 2006, the average dwelling size increased by 31% (ABS
2007), with new houses in Australia now the largest in the world (Beeton 2006; Millar
2007; Wilkenfeld 2007). Despite this, the number of household residents per dwelling has
declined (Ford & March 2012).
Marshall (2015) proposed a series of seven design principles to assist in mediating
urbanisation effects on Melbourne’s native grasslands. While these principles have to-date
been largely untested in Melbourne’s grasslands, they emphasize the importance of
placing biodiversity protection at the forefront of planning processes. Along with the
consolidation of current urban planning, the adoption of Marshall’s design principles
would represent a major shift in Victorian biodiversity policy. Such a shift is warranted
given that the native species extinction rate of Melbourne is amongst the highest of cities
worldwide (Duncan et al. 2011). Marshall’s (2015) design principles include:
1. Survey the grassland prior to development to establish extent and set up
infrastructure (i.e. fire breaks, fencing, and buffer plantings) outside the grassland
boundary;
2. Establish collaboration with all stake-holders (i.e. planners, service authorities,
developers, government agencies, architects, and ecologists) to ensure that the
realities of grassland management are considered in the design process;
3. Provide public access to the grassland to engage residents in stewardship;
4. Provide attractive plantings and fencing along the grassland edge to communicate
a sense of value;
5. Communicate the value of the grassland throughout the development process to
guide planning decisions;
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6. Provide physical protection around the grassland to intercept nutrients and
weeds, while also ensuring connection with surrounding open spaces and
ecological corridors;
7. Ensure that the grassland is designed for maintenance.
----------------

3.5 CONCLUSION
The Victorian Volcanic Plain is recognised as a National Biodiversity Hotspot, however,
since European settlement agricultural development has ensured that the natural
grasslands of the plain are among the most extensively cleared ecosystems in Australia
(Australian Government Department of the Environment and Energy 2008). To date, many
grassland remnants near Melbourne have been spared clearing. However, as the pressure
to expand Melbourne intensifies, thousands of hectares are projected to be cleared for
urban development. While the establishment of two large grassland reserves outside of
Melbourne’s urban growth boundary are designed to offset grassland loss within the
boundary, these sites will require extensive restoration. Therefore, ensuring that
uncleared grassland remnants within the urban growth boundary receive appropriate
management and resources is essential for the future existence of the ecosystem.
----------------
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Eryngium ovinum amongst Themeda triandra tussocks at the Evans Street Wildflower
Grassland in Melbourne’s north-west.
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4.1 ABSTRACT
QUESTION: How do urbanisation and associated declines in fire frequency alter the
floristic composition of native temperate grasslands? Do they lead to: 1) biotic
homogenisation, i.e. compositional similarity between remnants increases; 2) biotic
differentiation, whereby similarity between remnants declines, or; 3) clustered
differentiation, where similarity between remnants remains unchanged, but composition
shifts from the historical state?
LOCATION: Victoria, Australia
METHODS: Using site-level surveys, we examined changes in the floristic similarity of 29
urban grasslands from 1992 to 2013 and compared these changes to those of 63 rural
grasslands from 1989 to 2014. Community-level changes in the representation of key
functional traits were also examined in urban grasslands, with traits advantaged following
disturbance regime change and urban fragmentation predicted to increase in frequency.
RESULTS: Our results supported the biotic homogenisation hypothesis in urban
grasslands. Compositional similarity between grasslands increased principally because of
an increase in commonly shared non-native species, with change in native composition
comparatively minor. However, no evidence of biotic homogenisation was found in rural
grasslands, with no significant change in overall composition identified. The most

63

CHAPTER 4

urbanised sites had the highest number of non-native species in both the current and
historical datasets, yet non-native composition over the past two decades changed the
most in sites on the urban fringe, becoming more similar to sites closer to the urban cover.
As expected, following declines in fire frequency and increased urbanisation, the overall
composition of urban grasslands shifted to taller plant species, while native species
capable of vegetative reproduction and exotic species with an annual life-span increased
in frequency.
CONCLUSION: Urbanisation was an important driver of biodiversity change in the
investigated system, with increasing competition intensity in response to disturbance
regime change a likely cause of biotic homogenisation. Our results demonstrate that nonnative species are a key driver of biotic homogenisation, emphasising the importance of
managing non-native immigration and maintaining historical disturbance processes once
native ecosystems become urbanised.
KEY WORDS: Biotic differentiation; disturbance; alien species; extinction; habitat
fragmentation; immigration; invasion; plant functional traits, vegetation dynamics
----------------

4.2 INTRODUCTION
Human activities are transforming native ecosystems across the globe (Vitousek et al.
1997; Steffen et al. 2007). Urbanisation is a particularly threatening process, reducing the
area of native vegetation and isolating remnant patches through fragmentation (McDonald
et al. 2008; Secretariat of the Convention on Biological Diversity 2012). Once bound within
the urban matrix, resource supply between communities is disrupted and species
dispersal is constrained (Ricketts 2001; Williams et al. 2006; Ibanez et al. 2014).
Additionally, historic disturbance regimes are altered (Harrison & Bruna 1999), and
environmental conditions are modified (Grimm et al. 2008), shifting the nature of species
interactions, and creating novel ecosystems through the extinction of native populations
and the immigration of non-native species (Kowarik 2011).
Urbanisation has been hypothesised to cause the composition of fragmented
communities to become increasingly similar to each other over time, a process termed
biotic homogenisation (Kuhn & Klotz 2006; Schwartz et al. 2006; Fig. 4.1a).
Homogenisation is determined by the relative rates of immigration and extinction. For
example, immigration of regionally widespread non-native species will increase similarity
between fragments (Olden 2006), as will the extinction of rare native species (Rooney et
al. 2004; Schwartz et al. 2006). When both mechanisms co-occur, ecological specialists are
replaced with generalists, reducing functional diversity, and simplifying ecosystem
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composition and processes (McKinney & Lockwood 1999; Olden et al. 2004). This may
increase the susceptibility of ecosystems to further non-native immigration, and increases
their vulnerability to environmental change (McGrady-Steed et al. 1997; Smith & Knapp
2001). However, despite these expectations, evidence of biotic homogenisation in
response to urbanisation is often lacking (Aronson et al. 2014; Hahs & McDonnell 2016;
Lososová et al. 2016)

NMDS 2

(d)

NMDS 1

NMDS 1

(c)

NMDS 1

(b)

NMDS 1

(a)

NMDS 2

NMDS 2

NMDS
2

FIG. 4.1. Alternative hypothesized directions of vegetation change over time as illustrated
through non-metric multidimensional scaling (NMDS) of community composition. (a)
Biotic homogenisation occurs when species composition between sites increases in
similarity, (b) biotic differentiation occurs when species composition between sites
declines in similarity, (c) clustered differentiation occurs when the similarity between
sites remains unchanged, but the composition shifts from the historical state, and (d)
model of no change where the community remains relatively stable as neither similarity
nor composition significantly change. Triangles represent the historical community;
circles represent current community.
----------------------------------------------------------------------

Long-term ecological change following fragmentation can result in vegetation
patterns other than homogenisation. Olden and Poff (2003) proposed that “biotic
differentiation” can occur when fragments become increasingly dissimilar over time (Fig.
4.1b). This can occur when immigration is idiosyncratic, i.e. each site receives a different
suite of non-native species which consequently become rare across the landscape, or,
alternatively, when widespread native species become locally extinct. Several empirical
studies have found support for biotic differentiation driven by both idiosyncratic
immigration (Kuhn & Klotz 2006), and the local extinction of widespread native species
(Smart et al. 2006).
Here we add a third hypothesis, that fragments will remain unchanged in their
similarity to each other over time, but their composition will shift significantly from their
historical state (Fig. 4.1c). We term this process “clustered differentiation”. This could
occur when patterns of immigration and extinction are counterbalanced. For example, the
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establishment of regionally rare non-native species occurs at the same rate as the
extinction of rare native species or, alternatively, widespread non-native species establish
at the same rate as widespread native species become extinct. Unlike biotic
homogenisation and biotic differentiation, clustered differentiation occurs when
extinction and immigration of widespread or rare species are in equilibrium, as skewness
in either direction will cause either an increase or decline in the similarity between
fragments (Fig. 4.2).
In this study, we compared the recent and historic floristic composition of
fragmented and disturbance-dependent urban grasslands against models predicting biotic
homogenisation, biotic differentiation, and clustered differentiation, as well as a fourth
model of no change where neither composition nor similarity significantly changed over
time (Fig. 4.1d). Given that the frequency of historical fire events has declined with
urbanisation in the investigated system (Williams et al. 2005b), we predicted that the local
extinction of rare native species and the immigration of widespread non-native species
will have caused grasslands to have homogenised. We also predicted that species
possessing functional traits that provide a competitive or opportunistic advantage in the
absence of fire disturbance would be favoured, and that these traits will have increased in
frequency across the urban landscape. We then tested these models in rural grasslands
within the same region where disturbance regimes have been maintained (Dickson-Hoyle
2013), predicting these grasslands to display no evidence of biotic homogenisation.
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BIOTIC
DIFFERENTIATION

WIDESPREAD SPECIES
CHANGE ONLY

WIDESPREAD AND RARE
SPECIES CHANGE

CLUSTERED
DIFFERENTIATION

RARE SPECIES
CHANGE ONLY

Species occurance
Species occurance
Species occurance

EXTINCTION DOMINATES

INVASION DOMINATES

INVASION/EXTINCTION CO-OCCUR

BIOTIC HOMOGENISATION

Widespread native species

Rare native species

Widespread non-native species

Rare non-native species

FIG. 4.2. Conceptual models illustrating how changes in the occurrence frequency of
widespread and rare species affects similarity between sites of remnant vegetation in an
urban landscape. Biotic homogenisation occurs when common species increase in
frequency and/or when rare species decline in frequency. In contrast, biotic
differentiation occurs when rare species increase in frequency and/or common species
decline in frequency. Clustered differentiation occurs when immigration occurs at the
same rate as extinction.
----------------------------------------------------------------------
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4.3 METHODS
4.3.1 STUDY AREA
This study focused on remnant native temperate grasslands near Melbourne, Australia
(37˚48’ S; 144˚56’ E), and to the west of Melbourne in rural Victoria (Fig. 4.3). These
grasslands are protected under federal legislation as critically endangered ‘Natural
Temperate Grassland of the Victorian Volcanic Plain’ ecological community, and once
covered 2.3 million ha across south-western Victoria (www.environment.gov.au, accessed
2016). In 2007, it was estimated that 8% of this ecosystem remained
(www.environment.gov.au, accessed 2016).
Melbourne sits on the south-eastern boundary of this ecosystem, and has a
population of 4.25 million people, making it the most populated city in the state of
Victoria, and second most populated city in Australia, covering an area of approximately 1
million ha (www.abs.gov.au, accessed 2015). Mean annual rainfall throughout the region
varies from 520 mm to 720 mm, while average monthly maximum temperatures range
from 14 ˚C to 26 ˚C (www.bom.gov.au, accessed 2015). The underlying geology of the
region is characterised by tholeiitic to alkaline basalt soils formed approximately 2 million
years ago (www.depi.vic.gov.au, accessed 2015). Grasslands near Melbourne contribute to
a conservation reserve system totalling 1,877 ha, distributed across 87 sites. Grassland
area varies substantially, however, sites examined in this study were generally small (Fig.
4.4). In rural Victoria, native grasslands on public land are restricted to roadsides and
railway verges.
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(a)

(b)

(c)

FIG. 4.3. (a) Map identifying the location of all study sites in urban and rural Victoria. Red
markers represent sites in rural Victoria and blue markers represent urban sites in and
around Melbourne. Map generated from geo-referenced satellite photograph using
ArcMap (Version 10.2, ESRI, Redlands, California, US). Background image source: ArcGIS
basemap gallery (2015). (b) Urban grassland in suburban Melbourne. (c) Rural roadside
grassland in western Victoria.
----------------------------------------------------------------------

Plant coexistence in Victorian grasslands is dependent on frequent disturbance to
constrain competitive exclusion (Lunt et al. 2012). Over the last two decades, the
remaining areas of native grassland near Melbourne have experienced a period of rapid
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urbanisation, leading to increased isolation and a reduction in the frequency of
disturbance by fire (Williams et al. 2005a, 2005b). Consequently, it is likely that grasslands
have re-assembled through competitive and opportunistic processes, with a shift towards
taller plants able to resist competitive exclusion and short-lived plants able to survive and
disperse in the urban matrix (McKinney & Lockwood 1999; Kraszewski & Waller 2008;
Fischer et al. 2013). In contrast, in rural grasslands, for the past 40-70 years, fire has been
used at 1-2 year intervals to prevent fuel load accumulation and protect human assets
(Dickson-Hoyle 2013). The occurrence of frequent fire in rural grasslands has played a key
role in maintaining species coexistence (Lunt et al. 2012).
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FIG. 4.4. The distribution of the 29 native urban grasslands examined in this study by area
(in hectares).
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4.3.2 FIELD SURVEY OF URBAN GRASSLANDS
Between October 2013 and January 2014 (prior to the die-back of native forbs), we
sampled 29 urban grasslands. Site-level species lists of all vascular plants were produced.
Each grassland was walked in a grid pattern while recording species presence, ensuring
that the entire site was sampled within the time allocated. Time allocated to each
grassland was dependent on reserve size: < 2 ha = 30 mins; 2-10 ha = 60 mins; 11 – 20 ha
= 90 mins; 21-50 ha = 120 mins; 51-100 ha = 180 mins; > 100 ha = 240 mins. Once this
allocated time had elapsed, an additional five minutes was allocated for the potential
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discovery of new species. The additional five-minute search time was re-set with the
discovery of each new species until no new species were discovered, at which point the
search was concluded.

4.3.3 HISTORICAL DATA FOR URBAN GRASSLANDS
Historical site-level species lists were generated from data collected between 1986 and
1993 for each of the 29 urban sites, consistent with the approach of previous studies of
biotic homogenisation (e.g. Rahel 2000; Taylor 2004; Marchetti et al. 2006). These data
were obtained from management plans, peer-reviewed research (McDougall 1987;
Williams et al. 2005b) and local and state government databases. All species lists were
compiled by qualified botanists. In instances where multiple management plans were
commissioned for a given site within the 7 year period, species lists were combined,
although differences between datasets were minimal. Government data was sourced from
the Victorian Biodiversity Atlas (VBA; https://vba.dse.vic.gov.au, accessed 2014).
To control for false absences when making temporal comparisons, species of the
same genera that are difficult to identify to species level were pooled in both the historical
and recent datasets (i.e. *Aira, Amphibromus, Asperula, Austrostipa, *Avena, *Brassica,
Cheilanthes, Crassula, Cuscuta, Eleocharis, *Fumaria, *Gladiolus, *Hordeum, Hydrocotyle,
Isolepis, Juncus, Lachnagrostis, *Lolium, Maireana, Microtis, Mitrascame, Ranunculus,
Rytidosperma, Stellaria, Thelymitra, Viola; asterisks denote exotic species). Unlike previous
grassland studies of native plant extinctions in Victoria (Williams et al. 2005b), annual
species were included in this study. These were present in the standing flora for much of
the year, and often for longer periods than many native geophytic forbs. False absences
were therefore considered unlikely given the timing of surveys.

4.3.4 FIELD SURVEY OF RURAL GRASSLANDS
Rural grassland sites were used as controls to examine long-term change in the absence of
urbanisation and in the maintenance of long-term (frequent) fire regimes. Between 1989
and 1990, an extensive survey of vascular plants was undertaken across some of the
highest quality native grassland remnants in rural Victoria. A total of 97 grasslands sites
were sampled using a single 4 x 5 m quadrat in each and data archived at La Trobe
University. Between October and December 2014, 63 of these sites were re-surveyed. Each
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quadrat was relocated using both GPS coordinates and original site descriptions. As the
precise location of the original quadrat was often unable to be determined with certainty,
species were also recorded as present if they fell within a 1.5 m buffer of the quadrat.
In addition, for each grassland site, a site-level search was conducted for species
on the original list that were not relocated in the quadrat and their presence was recorded.
This ensured a conservative approach to prevent the overstating of extinction (false
absences) and immigration (false presences). Site-level searches were undertaken by
walking in a grid pattern and were concluded once 5 minutes passed without the
discovery of a new species.

4.3.5 PLANT FUNCTIONAL TRAIT DATA
A plant trait approach was used to explain temporal vegetation change in urban
grasslands. As consequence of the declining frequency of disturbance across urban
grasslands (Williams et al. 2006), traits that provided either a competitive advantage (i.e.
height and dormant bud position), or enabled plants to exploit limited opportunities (i.e.
annual life-span and vegetative reproduction; Table 4.1) were predicted to increase.
TABLE 4.1. Table of plant functional traits used to examine change in urban grasslands.
Traits were assessed for temporal comparison based on frequency changes. *Dormant
buds were assessed for forb species only.
Traits

Description

Attributes

Persistence
Vegetative reproduction
Dormant buds*

Life-span
Capacity for clonality
Dormant bud position

Annual/biannual, perennial
Absent, present
Chamaephytes, hemicryptophytes,
geophytes, therophytes

Plant height information was sourced from field guides (e.g. Australian Plant
Society Maroondah 2001; Richardson et al. 2011). Life-span, vegetative reproduction and
dormant bud position was sourced from a plant trait database held in the Department of
Ecology, Environment and Evolution, La Trobe University, and from expert knowledge.
Life-span was defined as annual/biannual or perennial, vegetative reproduction was
measured as present or absent, and bud position was based on the Raunkiaer system
(Raunkiaer 1934).
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4.3.6 DATA ANALYSIS FOR URBAN AND RURAL GRASSLANDS
We used the historical and contemporary species site occupancy data to examine temporal
vegetation change. Changes in species composition were assessed by creating a Jaccard
distance dissimilarity matrix, and ordinating the historical and recent composition of
grasslands in two dimensions using non-metric multidimensional scaling (NMDS) in
PRIMER-E (Version 6, PRIMER-E., IvyBridge, UK). The ANOSIM module of PRIMER-E was
used to assess whether temporal differences between sites were significant. Changes in
the similarity between grasslands over time were examined by comparing the historical
and current Jaccard similarity index between sites. The Jaccard similarity index is the most
commonly used similarity index in homogenisation studies (Olden & Rooney 2006).
Given that our urban grassland data was based on site-level surveys, and our rural
grassland data was based on plot-level surveys, we were unable to make direct
comparisons between urban and rural sites. Rather, we limited our statistical comparisons
to within regions over time.
In order to test our model predictions on how changes in the frequency of
widespread and rare species affects grassland similarity (Fig. 4.2), species that qualified
for one of four categories were examined: widespread native species, rare native species,
widespread non-native species and rare non-native species. Widespread and rare species
were defined according the Gaston’s quartile criterion (Gaston 1994). To do this, species
were ranked from most to least common in both the historical and recent datasets, with
native and non-native species ranked separately. The top ranked 25% native and nonnative species in each dataset were then considered widespread, and the lowest 25%
considered rare. We then calculated the percent of total occurrence records in each
dataset accounted for by widespread native species, rare native species, widespread nonnative species and rare non-native species. For each species category, the historical
percent of occurrences were compared to the recent percent of occurrences.

4.3.7 ADDITIONAL SPATIAL ANALYSIS OF URBAN GRASSLANDS
We examined whether non-native species immigration into urban grasslands was
dependent on the degree of landscape modification surrounding each grassland. Following
previous urban grassland studies in Melbourne (Williams et al. 2006), we used
surrounding road density as our measure of landscape modification. Road density was
calculated as the total length of roads per km² within a 5 km radius of each grassland (Fig.
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4.5). Road density was measured and calculated from geo-referenced aerial photographs
using the software package ArcMap (Version 10.2, ESRI, Redlands, California, US).
The portion of non-native species at each site in both the historical and recent
datasets were then analysed against surrounding road density using linear regression. In
addition, site-level changes in exotic composition over time were assessed by examining
the Jaccard distance between the historical and recent exotic composition of individual
grasslands. Jaccard distance is a measure of dissimilarity between sample sites, or in this
case, the same site at different points in time, and is obtained by subtracting the Jaccard
similarity coefficient from 1. Jaccard distance values between individual sites over time
were then analysed against surrounding road density. Analyses were undertaken using
linear regression in statistical package SPSS (Version 21, IBM Corp., Armonk, NY, US) and
Jaccard distance values were calculated in PRIMER-E (Version 6, PRIMER-E., IvyBridge,
UK).

4.3.8 ADDITIONAL FUNCTIONAL TRAIT ANALYSIS OF URBAN GRASSLANDS
The trait-weighted mean for plant height was calculated for each time period. A modified
Mason Diversity Index (FDᵥₐᵣindex) was also calculated to assess change in the spread of
plant height values at each site, by examining the overall variation in the trait values
between species (Leps et al. 2008). This was used to determine homogenisation or
differentiation in plant height (i.e. an increased FDᵥₐᵣindex indicates homogenisation in
plant height; declining FDᵥₐᵣindex indicates differentiation). Macro software developed by
Leps et al. (2006) for Microsoft Excel (2013, Microsoft, Redmond, Washington, US) was
used to calculate the trait-weighted mean and FDᵥₐᵣindex for plant height at each site, at
each time period. Temporal differences were analysed using paired t-tests based on the
total species pool, as well as native and non-native species independently.
For categorical and binary traits, differences were determined by changes in trait
state frequencies (Rodriguez et al. 2009). Changes in dormant bud position were assessed
for forbs only due the large representation of graminoids within the hemicryptophyte
group (consistent with Rodriguez et al. 2009). Temporal differences were calculated as the
difference in mean frequency values for all species, for native species alone, and nonnative species alone, using paired t-tests. Analyses were undertaken in statistical package
SPSS (Version 21, IBM Corp., Armonk, NY, US).
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FIG. 4.5. Location of urban native grasslands near Melbourne in south-east Australia, and
the surrounding road network. Figure shows the location of each of the 29 urban
grasslands examined in this study. Yellow indicates reserves, red indicates a 5-km radius
around each reserve, and green represents the road network within 5 km of each reserve.
Figure generated from geo-referenced aerial photographs using ArcMap (Version 10.2,
ESRI, Redlands, California, US). Background image source: Department of Sustainability
and Environment (2011).
----------------------------------------------------------------------

4.4 RESULTS
4.4.1 CHANGE IN GRASSLAND COMPOSITION AND SIMILARITY
The composition of the total species pool changed significantly across urban grasslands
over time (R = 0.32, p = 0.01; Fig. 4.6a), both for non-native species (R = 0.41, p = 0.01; Fig.
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4.6c), and, to a lesser extent, native species (R = 0.17, p = 0.01; Fig. 4.6b). As predicted,
biotic homogenisation was evident, with an increase in the compositional similarity
between grasslands over time (Table 4.2). This was largely driven by an increase in nonnative composition similarity across urban remnants, with a smaller increase in similarity
based on native species.
In contrast, no significant differences were found between the composition of rural
grassland between 1989/1990 and 2014 (R = 0.098, p = 0.1; Fig. 4.7), nor was there any
evidence of biotic homogenisation, with the Jaccard similarity index between sites
remaining unchanged over time (Table 4.2).
(a) All species
1987-1994

NMDS 1

2013/2014

NMDS2
(c) Non-native
species

NMDS 1

NMDS 1

(b) Native species

NMDS 2
1987-1994

2013/2014

NMDS 2
1987-1994

2013/2014

FIG. 4.6. NMDS ordination of urban native grasslands based on Jaccard distance
dissimilarity. (a) All species stress = 0.15, (b) native species only stress = 0.17, and (c)
non-native species only stress = 0.12.
----------------------------------------------------------------------
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TABLE 4.2. Average similarity of native grassland at each point in time based on the
Jaccard similarity index.
Jaccard similarity index

% change

URBAN GRASSLANDS
All species
Native species
Non-native species

1987-1994
0.26
0.28
0.18

2013/2014
0.34
0.31
0.36

RURAL GRASSLANDS
All species
Native species

1989/1990
0.26
0.25

2014
0.26
0.25

0.3

0.29

Non-native species

31%
11%
100%
0%
0%
-3%

(a) All species

NMDS 1

1989/1990
2014

(b) Native species

(c) Non-native
species

NMDS 1

NMDS 1

NMDS 2

NMDS 2

NMDS 2
1989/1990

2014

1989/1990

2014

FIG. 4.7. NMDS ordination plots of temporal differences in rural grasslands based on
Jaccard distance dissimilarity. (a) All species stress = 0.19, (b) native species only stress =
0.19, and (c) non-native species only stress = 0.19.
----------------------------------------------------------------------
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4.4.2 CHANGE IN THE OCCURRENCE FREQUENCY OF WIDESPREAD AND RARE SPECIES
Prior to 1994, widespread non-native species accounted for 5% of species occurrence
records in urban grasslands. This increased to 20% of total occurrence records in
2013/2014 (Fig. 4.8). Common native species remained static across the two decades
(13% of occurrence records; Fig. 4.8). Conversely, both rare native species and rare nonnative species accounted for fewer occurrence records in 2013/2014 than prior to 1994
(rare native species: pre-1994 = 20%, 2013/2014 = 13%; rare non-native species: pre1994 = 15%, 2013/2014 = 12%; Fig. 4.8).
Rural grasslands remained far more stable, with less than 1% change in the
frequency of both common and rare native species (Fig. 4.8). Changes amongst non-native
species were larger, with a 31% increase in common non-natives and 27% increase in rare
non-natives. However, these changes were not sufficient to alter the overall ranking of
commonality groups (Fig. 4.8).

(b) Rural grasslands
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% of occurances

% of occurences

(a) Urban grasslands
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5
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2013/2014

1989/1990

2014

Widespread native species
Rare native species
Widespread non-native species
Rare non-native species

FIG. 4.8. Temporal change in the percent of total species occurrence records that
widespread native species, rare native species, widespread non-native species and rare
non-native species account for in grasslands. (a) Urban grasslands. (b) Rural grasslands.
Figure includes data for widespread and rare species only (as determined by Gaston’s
quartile criterion).
----------------------------------------------------------------------
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4.4.3 URBANISATION AND NON-NATIVE SPECIES IMMIGRATION
Surrounding road density was positively associated with a high proportion of non-native
species in both the current and historical urban datasets (Pre-1994: F₁, ₂₇ = 12.3, R² = 0.15,
β = 0.38, p = 0.04; 2013/2014: F₁, ₂₇ = 6.55, R² = 0.2, β = 0.44, p = 0.02; Fig. 4.9). However,
site-level differences between the historical and recent non-native species composition of
urban grasslands was highest in areas of low road density (F₁, ₂₇ = 9.88, R² = 0.27, β = 0.52, p = 0.004; Fig. 4.9).
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FIG. 4.9. Plots demonstrating the correlations between species composition and road
density in grasslands. (a) The percent of species at each grassland that were non-native
prior to 1994 plotted against road density. (b) The percent of species at each grassland
that were non-native in 2013/2014 plotted against road density. (c) Temporal
dissimilarity between the same sites based on non-native species composition.
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4.4.4 PLANT FUNCTIONAL TRAIT CHANGES IN URBAN GRASSLANDS
At the same time as taxonomic homogenisation was occurring in urban grasslands, trait
differentiation was also occurring; the FDᵥₐᵣ for plant height increased significantly over
time (t = 3.31, df = 28, p = 0.002; Fig. 4.10). However, temporal differences in FDᵥₐᵣ were
non-significant when native and non-native species were analysed independently (Fig.
4.10).
As predicted, the trait-weighted mean for plant height increased significantly over
time (t = 4.69, df = 28, p = <0.001; Fig. 4.10), for both native and non-native species
(native: t = 4.84, df = 28, p = <0.001; exotic: t = 2.85, df = 28, p = 0.006; Fig. 4.10). Changes
in the frequencies of plant functional trait states were identified for life-span and
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vegetative reproduction. However, no significant changes were identified for the
frequency of forbs in the four dormant bud classes (Fig. 4.11).
The frequency of annual plants increased significantly (t = 2.83, df = 28, p = <0.006;
Fig. 4.10); however, native and non-native species differed in their response over time.
While the frequency of native annuals significantly declined (t = 4.43, df = 28, p = <0.001),
the frequency of non-native annuals significantly increased (t = 3.86, df = 28, p = <0.001;
Fig. 4.10). The frequency of native plants capable of vegetative reproduction increased
significantly between 1993 and 2013/2014 (t = 5.16, df = 28, p = <0.001; Fig. 4.11), while
the frequency of non-native plants capable of vegetative spread did not change
significantly (t = 1.67, df = 28, p = 0.1; Fig. 4.10).
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FIG. 4.10. Plots demonstrating temporal change in the frequency of plant functional traits
in urban grasslands. (a-b) Plant height FDᵥₐᵣindex. (c-d) Trait weighted mean height. (e-f)
Frequency of annual plant species. (g-h) Frequency of species capable of vegetative
reproduction. Circles indicate all species, triangles indicate native species only and
diamonds indicate non-native species only. Scale of the ƴ-axis differs between graphs.
95% confidence intervals are shown.
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FIG. 4.11. Plots demonstrating temporal change in the frequency of plant life forms in
urban grasslands. As indicated by the 95% confidence intervals, no significant changes
were identified for the frequency of forbs in the four dormant bud classes. Circles indicate
all species, triangles indicate native species only and diamonds indicate non-native species
only. Scale of the ƴ-axis differs between graphs. 95% confidence intervals are shown.
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4.5 DISCUSSION
We explored changes in the composition of native temperate grasslands in urbanising and
rural landscapes in Victoria, Australia over two decades. Over this period, biotic
homogenisation appears to have occurred in urban, but not rural grasslands. In urban
grasslands, a suite of non-native plants has become increasingly widespread, increasing
similarity between sites and driving a significant change in species composition. However,
in rural grassland neither similarity nor composition significantly changed between the
two sampling periods, lending weight to the prediction that biotic homogenisation has
been an urban phenomenon in Victoria’s native grasslands.
Across the globe, urbanisation has been coupled with changes to disturbance
regimes (Alberti 2005). This has had major consequences for grasslands in south-eastern
Australia, where frequent disturbance by fire is vital to constrain native grass dominance,
and prevent the competitive exclusion of the subordinate native species that contribute
most to species diversity (Lunt et al. 2012). Plant height is a trait positively correlated
with competitive vigour (Kraszewski & Waller 2008; Fischer et al. 2013), and as the
frequency of disturbance has declined in Melbourne’s urban grasslands (Williams et al.
2006), we predicted that competition would become a strong filter on community
assembly, favouring tall plants capable of accessing light amongst dense grass sward. Our
results supported this prediction, with a significant shift in the composition of urban
grasslands towards taller plants for both native and non-native species. Urban
environments also tend to provide plant communities with enhanced access to nutrients
(Brazel et al. 2000), particularly through nitrogen deposition (Pickett et al. 2001; Grimm et
al. 2008), which may reinforce the dominance of tall plants by ensuring that nutrient
limitation does not limit growth potential (Brooks 2003; Daehler 2003).
However, as the distribution of traits differs between the resident and immigrant
flora, native and non-native species have benefited from alternative strategies. While the
ability to reproduce vegetatively has proved advantageous to natives, non-native species
have benefited from an annual life-span. These traits have consequently provided
alternative pathways for persisting in a competitive and fragmented ecosystem.
Vegetative reproduction affords plants reliable short-distance dispersal and the
ability to spread horizontally, accessing resources that have a patchy distribution or space
not currently occupied by competing plants (Cornelissen et al. 2003). Alternatively, annual
plants are able to persist in unfavourable environments by completing their life-cycle in an
optimal temporal niche, avoiding unfavourable temperatures and drought stress often
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associated with urban landscapes (Diaz & Cabido 1997; Knapp et al. 2008). In addition, by
minimising their investment in space, annual plants are highly tolerant of intense and
irregular disturbance inherent within the urban matrix (Whitney 1985; Kowarik 1995).
Annual life-spans provide non-native species with a trait that increases the
likelihood of persistence (McKinney 2002). Through a minimal investment in space and
time, potential habitat is maximised. Consequently, annual plants are able to build
populations around fragmented patches, and spread across patch boundaries when
opportunities arise. In contrast, vegetative reproduction involves a high investment in
space. Consequently, under current conditions, native species that persist into the future
will likely do so by defending the space they occupy, while non-native species have the
ability to re-immigrate in the event of local extinction.

4.5.1 GRASSLAND HOMOGENISATION AROUND THE GLOBE
Grasslands are considered amongst the most threatened of the earth’s terrestrial
ecosystems (Hoekstra et al. 2005), with a number of studies recently reporting biotic
homogenisation (Ross et al. 2012; Puhl et al. 2014; Uchida & Ushimaru 2015). However,
the pathways and drivers of homogenisation have been varied (Fig. 4.12). Similar to our
results, in India, the United States, and Chile, grassland homogenisation has been driven by
the spread of widespread non-native species in response to habitat fragmentation and
human settlement (MacDougall et al. 2014; Dar & Reshi 2015; Martin & Wilsey 2015;
Fisher et al. 2016). In Switzerland, however, the implementation of recent grassland
conservation initiatives has led to homogenisation through the spread of widespread
native species (Buhler & Roth 2011), while both widespread native and non-native species
have increased simultaneously in Hungarian and Argentinean grasslands as agricultural
land use has intensified (Torok & Szitar 2010; Puhl et al. 2014).
Biotic homogenisation in response to rare native species decline has been less
commonly reported, potentially reflecting unpaid extinction debts (Hylander & Ehrlen
2013). However, Ross et al. (2012) reported the replacement of rare native species with
widespread native species in Scottish grasslands, citing increased nutrient availability and
extended growing seasons in response to climate warming as the drivers.
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FIG. 4.12. Map identifying the locations of biotic homogenisation studies in grasslands
across the globe. The varying pathways in which biotic homogenisation has occurred have
been colour coded. (a) MacDougall et al. 2014 (b) Martin & Wilsey 2015 (c) Fischer et al.
2016 (d) Puhl et al. 2014 (e) Ross et al. 2012 (f) Buhler & Roth 2011 (g) Totok & Szitar
2010 (h) Dar & Reshi 2005 (i) Uchida & Ushimaru 2015 (j) Biotic homogenisation in
Melbourne’s grasslands. Background image source: ArcGIS basemap gallery (2015).
----------------------------------------------------------------------

Other studies of grasslands in urban environments have reported similar patterns
to our study without making the explicit link to biotic homogenisation, suggesting that the
process may be under reported. For example, urban grassland studies in Finland,
Germany, Kazakhstan, and South Africa have all reported increases in non-native species
and declines in native species, with thermal radiation, increased resource availability and
changes to natural disturbance regimes implicated as possible drivers (Manninen et al.
2010; Albrecht & Haider 2013; Vakhlamova et al. 2014; van der Walt et al. 2015).
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Biotic homogenisation in urban environments can also theoretically result from
changes in species richness. However, Lososová et al. (2016) provided evidence from
European cities that homogenisation results mainly from species turnover, with
differences in native species richness running parallel to differences in non-native
richness. This result suggested that patterns of native and non-native richness is cities are
shaped by the same environmental filters (Lososova et al. 2016).

4.5.2 BIOTIC HOMOGENISATION RESPONSE TRENDS
It is likely that biotic homogenisation occurs in response to both primary and secondary
drivers of change. While primary drivers have an initial effect, secondary drivers arise
subsequently in response to primary drivers, having either an additive or synergistic
effect. For example, biotic homogenisation in Melbourne may have been initiated in
response to human settlement, but has intensified in response to associated changes to
natural disturbance regimes and continuing fragmentation.
The homogenisation response may be linear in the initial stages. However, as
secondary drivers are triggered, non-linear responses become more plausible (Fig. 4.13).
For example, Alstad et al. (2016) identified that the pace of community change in remnant
prairies has accelerated with time as anthropogenic drivers have intensified. Alternatively,
a punctuated response may occur when an ecosystem is initially resistant to
homogenisation until a threshold is breached with continued intensification among
drivers. The resulting spill over may result in a short period of intense homogenisation
(Fig. 4.13).
Interpreting trends based on paired repeated observations therefore presents a
challenge to researchers and managers, as non-linear and punctuated responses often
appear linear. Predicting future levels of homogenisation based on these types of studies
may therefore lead to an underestimation of true trends. This limitation could be
addressed through ongoing, long-term monitoring, yet such activities are currently lacking
(Lindenmayer et al. 2012). An understanding of how drivers interact would be valuable to
managers charged with alleviating the negative effects of biotic homogenisation.
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FIG. 4.13. Figure demonstrates the how biotic homogenisation may transpire depending
on the nature of the response. The process of biotic homogenisation can appear linear
when studies rely on paired observations. However, biotic homogenization can be
intensified when primary drivers of change interact with secondary drivers, leading to
non-linear or punctuated response.
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4.5.3 CONCLUSION AND MANAGEMENT IMPLICATIONS
Biotic homogenisation is occurring in grasslands across the globe (Buhler & Roth 2011;
Ross et al. 2012; Puhl et al. 2014). In Melbourne, biotic homogenisation has occurred
following a reduction in fire frequency and an increase in urbanisation, leading to
environmental change and most likely, an increase in non-native propagule pressure.
Consequently, widespread non-native species have increased the compositional similarity
between sites. Grasslands located within areas of intense landscape modification, as
determined by surrounding road density, have the highest representation of non-native
plants. However, site-level changes in non-native composition have been highest in the
least modified areas of Melbourne, indicating that the cities non-native flora are spreading
towards the urban boundary.
In contrast to urban grasslands, homogenisation has not been observed in
grasslands across rural Victoria where historical fire regimes have been maintained. This
suggests that despite intense fragmentation and agricultural land-use, the composition of
native temperate grasslands can be retained provided that historic disturbance regimes
are also maintained.
Declines in fire frequency have been previously linked to population extinction in
Melbourne’s urban grassland (Williams et al. 2005b, 2006). However, changes in native
composition identified in this current study have been relatively minor compared to
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changes in non-native composition. Re-introducing fire regimes at an historical frequency
may therefore prevent a significant number of future extinctions.
Prescribed burning is generally considered the optimal method of biomass control
in Victorian grasslands, as other methods can have unintended negative effects. For
example, grazing can threaten rare species that are selectively grazed, while mowing relies
on the removal of slash (Verrier & Kirkpatrick 2005). While burning for conservation
purposes can also be problematic in urban settings due to societal concerns over public
safety (van Wilgen et al. 2012), anecdotally, land managers have begun to re-introduce fire
regimes in grasslands across Melbourne. While further research on the ecological and
societal effects of this management action is needed, the long-term viability of these native
grasslands is likely to be assisted by the capacity of managers to burn within expanding
human settlements.
----------------
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4.7 DATA ACCESSIBILITY
Melbourne’s VVP Grasslands: site and botanical Dataverse:
https://dataverse.harvard.edu/dataverse/MelbourneGrasslands
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Ptilotus macrocephalus in a small roadside reserve south of Dunkeld in western Victoria.
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5.1 ABSTRACT
Globally, natural grasslands are increasingly surrounded by urbanised landscapes, with
non-native plants invading as local and regional environmental attributes are altered.
Using multiple linear regression models, we examined the functional trait composition of
non-native plants in 69 native urban grasslands in Melbourne, Australia, against the
spatial attributes of remnant patches and the surrounding road network at multiple
spatial scales. The grasslands examined varied in size, but were generally less than 10 ha.
We predicted that (1) intense landscape modification (as measured by high road density
at large spatial scales) favours non-native plants with evolved characteristics conferring
resistance to urban environments, (2) high road density in the immediate vicinity of
remnants drives high non-native functional diversity, and (3) non-native plants that
spread and become abundant do so through an investment in competitive traits. We found
that non-native plants contributed to 31% of total grassland cover, with regionally
widespread species dominant within sites. Non-native perennial grass cover was
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positively associated with road density across the urban landscape, and communityweighted Specific Leaf Area (SLA) was negatively associated with road density. At local
scales, non-native plant functional diversity was positively associated with road density in
the immediate vicinity of grasslands. Urbanisation favoured non-native plants invested in
persistence over resource acquisition, potentially in response to the urban climate and
declines in fire frequency rather than atmospheric nitrogen deposition. Re-introducing
historic fire regimes has the potential to be a key strategy in reducing competition
between non-native and native plants. High non-native functional diversity in areas of
high local road density was the expected response to propagule pressure. Urban planning
that protects grasslands from road encroachment may therefore reduce invasion.
KEY WORDS: alien plants, dispersal, functional diversity, plant functional traits, Specific
Leaf Area (SLA), urban heat island effect
----------------

5.2 INTRODUCTION
Natural temperate grasslands are one of the most threatened terrestrial ecosystems on
earth, with almost 50% of their global extent having been converted, and less than 5%
formally protected (Hoekstra et al. 2005). Urbanisation is a significant driver of land
conversion (Williams et al. 2005; Wittig et al. 2010; Biro et al. 2013). For urban remnants
of native vegetation, altered physical and biological interactions between plant
communities and the landscape matrix shifts environmental conditions away from those
that supported the historical community, and provides pathways for the invasion of nonnative plants (Cilliers et al. 2008; Kowarik 2011).
Remnants of natural grasslands close to the core of urban areas experience higher
temperatures and higher rates of nitrogen deposition than those at the urban fringe
(Akbari et al. 2001; Pickett et al. 2011; Grimm et al. 2008), while the proximity to
residential, retail and industrial zones can prevent maintenance of historical fire regimes
(Pyke et al. 2010). These conditions are likely to favour plant species that possess
functional traits allowing for the monopolization of resources, the competitive exclusion of
co-occurring species, and tolerance to shifting climatic conditions (Wright et al. 2004;
Hejda et al. 2009; Gallagher et al. 2014). For example, this may include plants that possess
rapid growth rates (Baker 1974), have short generational and juvenile periods (Cadotte et
al. 2006), have high reproductive capacity (Baker 1974; Kolar & Lodge 2001), small seeds
(Hamilton et al. 2005), and relatively tall growth forms (Kolar & Lodge 2001; Williams et
al. 2015).
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Road networks play a key role in allowing non-native plants to disperse across the
urban matrix (Carlton and Ruiz 2005). However, the relationships between road networks
and non-native plant invasion may be dependent on the spatial scale being examined. For
example, at local scales, roads facilitate propagule dispersal by generating highly
disturbed corridors characterised by distinct micro-environmental conditions (Forman
and Deblinger 2000; Watkins et al. 2001; Saunders et al. 2002). Thus, propagule pressure
and road density are positively correlated (Vakhlamova et al. 2016), with small, linear
remnants surrounded by roads vulnerable to heavy seed rain (Janzen 1983; Nascimanto et
al. 2006). Consequently, this may result in an increase in non-native plant diversity and
abundance (Lockwood et al. 2009; Fig. 5.2a).
However, when road density is examined at larger spatial scales, such as between
1 km to 5 km of a remnant ecosystem (e.g. Hahs & McDonnell 2006; Williams et al. 2006),
it becomes a proxy measure of landscape modification (Fig. 5.1b). In this instance, it has
been used as measure of fragmentation (Saunders et al. 2002), and linked to processes
such as atmospheric nitrogen deposition (Cape et al. 2004), the urban heat island effect
(Hart and Sailor 2009), and social barriers to maintaining historical fire regimes (Syphard
et al. 2007). Therefore, at larger spatial scales, road density may be more related to nonnative plant composition due to environmental filtering (Williams et al. 2009; Fig. 5.2b),
potentially favouring plants with a tolerance to increased temperature, and the ability to
exploit nitrogen enrichment (Knapp et al. 2008).
Over the past three decades, the vegetation of Melbourne’s urbanised native
grasslands has been the subject of extensive ecological research examining native plant
dynamics (e.g. Morgan 1998a), fire regimes (e.g. Morgan 1998b), grazing (e.g. Lunt and
Morgan 1999), native plant extinctions (e.g. Williams et al. 2006), habitat loss (e.g.
Williams et al. 2005a), and restoration (e.g. Gibson-Roy, Delpratt & Moore 2007). Despite
the invasion of non-native plants into these grasslands being considered a major
ecological threat, the extent to which non-native plants now contribute to regional
grassland cover has not been examined. Thus, in addition to examining the interplay
between urban invasion and plant functional traits, this study is the largest examination
into the extent that non-native plants now contribute to grassland community
composition in Melbourne.
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(a)

(b)

FIG. 5.1. Non-native plant invasion into urbanised grassland remnants may be related to
surrounding road density at multiple scales. This figure illustrates remnant grasslands in
yellow within the surrounding road network (in green) at local and landscape scales. (a)
At local scales, road edges can provide habitat for non-native plant populations, while the
roads themselves can act as dispersal corridors, with non-native plants exploiting human
movement. Ultimately, the amount propagule pressure experienced by remnants
surrounded by roads is likely to be high. (b) At landscape scales, high road density is used
as a proxy measure of urban landscape modification. Remnant grasslands located within a
landscape of high road density are likely to have undergone environmental change,
resulting in conditions that have the potential to favour a suite of non-native plants.
Background image source: DSE Victoria (2011).
----------------------------------------------------------------------

(b) Landscape-scale road density

(a) Local-scale road density
6
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FIG. 5.2. Conceptual models illustrating how the composition of functional traits amongst
non-native plants may relate to road density at local- and landscape-scales. (a) High road
density in the immediate vicinity of remnants may drive high propagule pressure,
resulting in high functional diversity amongst non-native plants. (b) Intense landscape
modification favours non-native plants with evolved characteristics conferring resistance
to urban environments.
----------------------------------------------------------------------
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In this study, we examined the composition, relative dominance, and diversity of
functional traits exhibited among non-native plants in urbanised natural grasslands in
Melbourne, Australia. By examining surrounding road density at multiple scales, we
investigated the extent to which traits are correlated with habitat modification at the
landscape- versus local-scale. We predicted that (1) intense landscape modification
favours non-native plants with evolved characteristics conferring resistance to urban
environments, (2) high road density in the immediate vicinity of remnants drives high
functional diversity among non-native plants, and (3) non-native plants that spread and
become abundant do so through an investment in competitive traits.
----------------

5.3 MATERIALS AND METHODS
5.3.1 STUDY AREA
This study was undertaken in native temperate grasslands near Melbourne, Australia
(37˚48’ S; 144˚56’ E). These grasslands were historically dominated by the tussockforming perennial C⁴ grass Themeda triandra, with perennial species from the Asteraceae,
Cyperaceae, Orchidaceae and Fabaceae genera, and the Liliales and Asparagales orders,
dominating the intertussock flora. Native annuals are extremely rare in this system.
Much of the original ecosystem has been converted to agriculture and,
increasingly, urbanisation. In 2007, it was estimated that 8% of this ecosystem remained
(www.environment.gov.au, accessed 2016). The decline of Victoria’s native grasslands is
typical of grassland loss worldwide (e.g. Wittig et al. 2010; Biro et al. 2013). The first
extensive floristic examinations of Victoria’s grasslands were undertaken between 1965
and 1987 and identified that some of the highest quality and largest remaining remnants
are located to the immediate north and west of Melbourne (Stuwe 1986; McDougall 1987).
However, because of rapid urbanisation, 36% of remnants were cleared by the
year 2000 (Williams et al. 2005a). Those that remained lost area and condition as
urbanisation continued to encroach and fire events were suppressed (Williams et al.
2005a). In response, native plant populations have undergone local extinction (Williams et
al. 2005b, 2006), and the spread of common non-native plants has caused biotic
homogenisation (Zeeman et al. 2017).
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There are 87 publically managed grassland reserves in Melbourne, totalling 1,877
ha, and include the largest publically protected remnants of the critically endangered
‘Natural Temperate Grassland of the Victorian Volcanic Plain’ ecological community
(www.environment.gov.au, accessed 2016). In this study, we examined 69 of these
reserves of varying sizes, but generally less than 10 ha (Fig. 5.3).
Mean annual rainfall throughout the study area varies from 486 mm to 665 mm
(www.bom.gov.au, accessed 2015). Monthly maximum temperatures range from 13.5 ˚C in
winter to 26 ˚C in summer (www.bom.gov.au, accessed 2016). Atmospheric nitrogen
dioxide, an indicator of nitrogen deposition, declines with increasing distance from
Melbourne’s central business district to the outer suburbs (Fig. 5.4).
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FIG. 5.3. The number of transects sampled at each grassland dependent on reserve area.
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FIG. 5.4. Atmospheric NO₂ readings with increasing distance from Melbourne’s CBD
towards the outer western suburbs. Average annual 1 hour NO₂ ppm recordings from
2008 to 2013. Data sourced from EPA Victoria (www.epa.vic.gov.au). Error bars represent
± 1SE.
----------------------------------------------------------------------
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5.3.2 FIELD METHODS
Between October 2013 and January 2014, 69 native grasslands were sampled. Point
recordings of dominant vegetation were recorded at 50 cm intervals along 25 m long
transects using a 4-mm diameter pin. Plant cover was recorded according to the tallest
species touching the pin at each point, or as litter, cryptogrammic crust or bare ground (as
described in Kendal et al. 2017). This method allowed for a rapid assessment of dominant
vegetation cover and made it possible to survey all 69 sites within the same field season.
The placement of transects ensured that sampling was undertaken both at random areas
at the edge of reserves, as well as randomly throughout the interior.
In recent years, land managers have begun to re-introduce fire regimes after that
had become long absent. These have manifested as mosaic burns, with the reserves
divided up into sections, and burns rotating through these sections one at a time, often
resulting in at least a portion of the reserve being burnt each year. However, only twenty
of the reserves examined in this study are currently receiving any form of regular fire
management. Therefore, where present, the placement of transects within reserves was
stratified per the recently established fire management zones, and placed randomly within
these zones, in order to ensure representative sampling (as described by Rolecek et al.
2007).
The number of transects at each grassland was dependent on reserve size to
ensure that final vegetation cover estimates were reflective of the entire remaining
grassland, rather than the average per reserve: <0.5 ha = 6 transects; 0.5 – 1 ha = 8
transects; >1 – 1.5 ha = 10 transects; >1.5 – 2 ha = 12 transects; >2 – 10 ha = 14 transects;
>10 – 20 ha = 18 transects; >20 – 30 transects = 20 transects; >30 – 50 ha = 22 transects;
>50 ha = 30 transects (Fig. 5.3). In total, 905 transects were sampled across the 69
reserves, consisting of 45,250 point recordings.
Additional species lists were compiled for each grassland to account for species
with insufficient cover to be observed using the point quadrats method. To achieve this,
each grassland was walked in a systematic pattern while recording each species
encountered, ensuring that the entire reserve was sampled within the time allocated. Time
allocated to each reserve was dependent on reserve size: < 2 ha = 30 mins; 2-10 ha = 60
mins; 11 – 20 ha = 90 mins; 21-50 ha = 120 mins; 51-100 ha = 180 mins; > 100 ha = 240
mins. Once the allocated time had elapsed, a further 5 minutes was added to allow for the
potential discovery of additional species. The additional five-minute search time was reset with the discovery of each additional species until no further species were discovered,
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at which point the search was concluded. For analysis, species recorded as present only
and not encountered using point quadrats and were given a nominal cover of 0.001%.
Botanical nomenclature followed the International Plant Names Index (http://ipni.org)
and native/non-native status followed VICFLORA (https://vicflora.rbg.vic.gov.au).

5.3.3 ROAD DENSITY
Road density around each grassland was determined using geo-referenced aerial
photographs within the software package ArcMap (Version 10.2, ESRI, Redlands,
California, US), and included publicly accessible roads only. Road density was calculated as
the total length of road (per km²) within buffers set at 50 m, 100 m, 500 m, 1000 m and
5000 m surrounding each grassland (Fig. 5.5). Of these, 50 m and 100 m were considered
local scale, 500 m considered intermediate, and 1000 m and 5000 m considered landscape
scale. This enabled patterns of non-native plant cover to be examined against the
surrounding matrix at multiple spatial scales, from the immediate vicinity of each
grassland through to the wider urban region.
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FIG. 5.5. Road density in the surrounding area of each grassland examined in the study at
multiple scales. (a) Road density within 100 m of grasslands, (b) within 500 m, (c) within
1000 m, (d) within 5000 m. Grasslands represented in yellow, roads in green, and buffers
in red. Image source: Department of Sustainability and Environment (2011).
----------------------------------------------------------------------

5.3.4 PLANT FUNCTIONAL TRAITS
The functional traits of non-native plants were examined to identify whether functional
trait states, values and diversity changed with road density in the surrounding matrix.
Quantitative traits included tall growth form as a proxy measure for competitive ability
(Kolar & Lodge 2001; Williams et al. 2015), SLA to infer growth rates (Baker 1974; Lake &
Leishman 2004) and reproductive capacity (Baker 1974; Kolar & Lodge 2001), and seed
size as a proxy for dispersal capacity (Turnbull et al. 1999; Hamilton et al. 2005). In
addition, we examined binary traits including life span (defined as perennial or
annual/biannual) to infer short generational and juvenile periods (Cadotte et al. 2006),
and vegetative reproduction (defined as present or absent) to infer to ability to achieve
reliable short-distance dispersal (Cornelissen et al. 2003).
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For landscape scale influences/factors, we predicted traits that others have
identified as favoured in urban environments to be most common, e.g. tall growth form
(Williams et al. 2015), high SLA (Lake & Leishman 2004), small seeds (Turnbull et al.
1999), and short-life span (Cadotte et al. 2006). For local scale influences/factors, rather
than particular traits being favoured, we predicted a positive correlation between
proximity to dense road networks and non-native functional diversity.
Plant height data was sourced from field guides (e.g. Richardson et al. 2011). Lifespan and vegetative reproduction was sourced from a plant trait database held in the
Department of Ecology, Environment and Evolution, La Trobe University and from expert
knowledge. SLA and seed mass data were sourced from the TRY database (Kattge et al.
2011; www.try-db.org.). Data obtained from the TRY database were originally reported in
50 different published and unpublished sources compiled in Appendix S5.1. Average trait
values were calculated in instances where multiple observations existed. Plant height, lifespan and vegetative reproduction data was obtained for all species. SLA and seed mass
values were obtained for 80% and 88% of species respectively.

5.3.5 DATA ANALYSIS
For non-native flora, the mean community-weighted cover of each functional trait was
calculated at each grassland (i.e. the relative mean for height, SLA, seed mass of the total
flora at each grassland). In addition, at each grassland, a modified Mason Diversity Index
(FDᵥₐᵣindex; Leps and de Bello, 2008) was calculated for each trait to identify the diversity
of values and states within traits. Macro software developed by Leps and de Bello
(http://botanika.bf.jcu.cz, accessed 2015) for Microsoft Excel (2013, Microsoft, Redmond,
Washington, US) was used for all calculations.
To examine for edge effects, non-native plant cover along each transect was
assessed against the distance of each transect to the nearest edge using linear regression.
Multiple linear regression models were used to assess the dependence of non-native plant
cover, annual/perennial grass cover, and functional trait composition and diversity on the
predictor variables: remnant size, remnant perimeter, and surrounding road density at
multiple scales. Functional trait composition was assessed per community-weighted
means. Dependent variables where examined in individual regression models against all
predictor variables, with stepwise methodology used to exclude non-significant predictor
variables from the models.
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Multiple linear regression was also used to examine which traits best predicted the
relative cover of each species, with life-form, life span, vegetative reproduction, plant
height, SLA and seed mass examined as predictors. The average relative cover of species in
sites (where present) was analysed against the composition of trait values, using stepwise
methodology to exclude non-significant traits from the model. All analyses were
undertaken in statistical package SPSS (Version 21, IBM Corp., Armonk, NY, US).
----------------

5.4 RESULTS
5.4.1 NON-NATIVE PLANT COVER
Non-native plants contributed to 30.5 ± 2 % of relative cover in native grasslands. The
most widespread species tended to also be those contributing most to non-native cover
within grasslands (R² = 0.34, F = 82.96, p = <0.001, ß = 0.58; Fig. 5.6). Plantago lanceolata
was the most common non-native species, contributing to 6.5 % ± 0.8 cover (where
present), followed by Avena spp. (A. barbata and A. fatua; 5.6 % ± 0.9), Vulpia bromoides
(3.1 % ± 0.6), Nassella trichotoma (2.6 % ± 0.9), Phalaris aquatica (2.1 % ± 0.6), Lolium

Cover of individual species (% points)

perenne (2.1 % ± 0.6) and Nassella nessiana (2 % ± 0.5; Fig. 5.7).
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FIG. 5.6. Mean cover of each non-native species (where present) in grasslands plotted
against the percent of sites in which they were recorded.
----------------------------------------------------------------------
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Romulea rosea (100%)
Plantago lanceolata (99%)
Sonchus oleraceus (95%)
Hypochaeris radicata (94%)
Avena spp. (90%)
Helminthotheca echioides (87%)
Lolium perenne (87%)
Aira caryophyllea (86%)
Vulpia bromoides (83%)
Bromus hordeaceus (78%)
Brassica spp. (73%)
Briza maxima (72%)
Briza minor (72%)
Nassella neesiana (67%)
Nassella trichotoma (67%)
Phalaris aquatica (64%)
Paspalum dilatatum (61%)
Cirsium vulgare (61%)
Lactuca serriola (61%)
Dactylis glomerata (58%)
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FIG. 5.7. The 20 most widespread non-native plant species observed in Melbourne’s
grasslands. The percent of sites the species was present in is listed in brackets along the yaxis with species name. Figure displays the relative cover values (% points) and 1SE.
----------------------------------------------------------------------

Multiple linear regression identified life form as the key predictor trait leading to
high species cover within grasslands (R² = 0.19, F = 27.91, p = <0.001, ß = -0.45), with nonnative grasses having the highest relative cover, despite accounting for only 25% of the
non-native species pool (Fig. 5.8). Life span, vegetative reproduction, height, SLA and seed
mass were poor predictors of individual species dominance (see appendix S5.2 for
excluded predictor values in the model).
The cover of non-native plants was higher at the core of remnants than at the
edges, however the strength of this relationship very weak (R² = 0.02, F = 14.4, p = <0.001,
ß = 0.13; Fig. 5.8). No significant relationships were identified between total non-native
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cover and remnant perimeter, remnant area or road density at any of the scales examined

Relative cover (% points) of
individual species according to
life form

(appendix S5.2).
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FIG. 5.8. Mean cover of non-native individual non-native species per life form across all
sites. Error bars indicate ± 1SE.
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FIG 5.9. The percent of non-native plant cover along each point transect plotted against the
distance of each transect to the closest edge of the reserve. Log-scale used.
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5.4.2 FUNCTIONAL TRAIT COVER
Stepwise regression identified two predictive models of non-native perennial grass cover,
with the initial model identifying road density within 1000 m of grassland reserves as a
positive predictor of cover (R² = 0.16, F = 12.6, P = 0.001; Table 5.1). In the second model,
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predictive strength as improved by adding reserve area as a secondary predictor of high
perennial grass cover (R² = 0.22, F = 8.96, P = <0.001; Table 5.1).
A single predictive model was identified for mean community-weighted SLA,
identifying a negative relationship between SLA and road density within 1000 m of
grasslands (R² = 0.12, F = 8.75, P = 0.004; Table 5.1).
At smaller scales, single predictive models were identified, with increases in road
density within 100 m of remnants associated with a decline in the community-weighted
annual cover (R² = 0.12, F = 8.73, P = 0.004; Table 5.2), and an increase in communityweighted plant height (R² = 0.1, F = 7.292, P = 0.009; Table 5.2). At the remnant perimeter,
the community-weighted mean for plants capable of vegetative reproduction increased
with increasing perimeter length (R² = 0.18, F = 14.71, P = <0.001; Table 5.1), while
increasing remnant size was associated with higher community-weighted means for seed
mass and plant height (R² = 0.12, F = 9.01, P = 0.004; Table 5.1).
TABLE 5.1. Significant predictor variables for total non-native perennial grass cover and
the community-weighted trait included in regression models. ß value represents the
strength of each road density and each dependent variable. See appendix S4.3 for the
values of predictor variables excluded through stepwise methodology in each model.
ß

t

P

ROAD DENSITY WITHIN 1000 M OF GRASSLAND
REMNANTS
Perennial grass cover
Community-weighted SLA (mm⁻²mg⁻¹)

0.4
-0.34

3.55
-2.96

0.001**
0.004**

ROAD DENSITY WITHIN 100 M OF GRASSLAND REMNANTS
Community-weighted annual plant cover
Community-weighted plant height (cm)

-0.34
0.26

-2.95
2.7

0.004**
0.009**

REMNANT PERIMETER
Community-weighted clonal plant cover

0.42

3.84

<0.001***

REMNANT AREA
Perennial grass cover

0.29

2.45

0.017*

0.34

3

0.004**

Community-weighted seed mass (mg)

5.4.3 FUNCTIONAL TRAIT DIVERSITY
High road density within 100 m of remnants was identified through stepwise regression
models as the single predictor of high functional diversity for SLA (R² = 0.19, F = 15.44, P =
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<0.001) and seed mass (R² = 0.08, F = 5.98, P = 0.017), along with overall average
functional diversity (R² = 0.15, F = 11.76, P = 0.001), and Simpson’s diversity (R² = 0.11, F
= 8.05, P = 0.006; Table 5.2). High road density within 50 m of remnants was the sole
predictor of high plant height diversity (R² = 0.06, F = 4.42, P = 0.039; Table 5.2), while for
plants capable of vegetative reproduction, high remnant perimeter length was the sole
predictor of high diversity (R² = 0.16, F = 12.51, P = 0.001; Table 5.2).
TABLE 5.2. Significant predictor variables for non-native functional trait diversity included
in regression models. Stepwise analysis identified single predictors in each model. ß value
represents the strength of each road density and each dependent variable. See appendix
S4.4 for the values of predictor variables excluded through stepwise methodology in each
model.
ß

t

P

0.43
0.39
0.33
0.29

3.93
3.43
2.84
2.45

<0.001***
0.001**
0.006**
0.017*

0.25

2.1

0.039*

0.4

3.54

0.001**

ROAD DENSITY WITHIN 100 M OF GRASSLAND REMNANTS
SLA functional diversity
Average functional diversity
Simpson's diversity
Seed mass functional diversity
ROAD DENSITY WITHIN 50 M OF GRASSLAND REMNANTS
Plant height functional diversity
REMNANT PERIMETER
Vegetation reproduction functional diversity

----------------

5.5 DISCUSSION
We explored non-native plant invasion in remnant native grasslands in relation to the
spatial attributes of remnant patches, the surrounding urban matrix, and the composition
of plant functional traits. Non-native species contributed substantially to the composition
of grasslands, contributing to 31% of relative vegetation cover. We found that the more
urbanised the landscape, the higher portion of non-native perennial grass cover, and the
greater the tendency for non-native plants with higher lower SLA values. At local scales,
we found that grasslands surrounded by dense road networks tended to have a high
diversity of non-native plants.
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5.5.1 LANDSCAPE SCALE INVASION
High cover of non-native perennial grasses in grasslands, and a decline in communityweighted SLA was positively associated with high road density at the landscape-scale
These traits are associated with plant persistence (Wright et al. 2004), in contrast to our
expectation that urbanisation would favour traits associated with resource acquisition and
urban tolerance, e.g. high SLA and annual life-span (Gallagher et al. 2014).
At this scale, road density is considered a less direct driver of invasion patterns
than at local scales. Rather, road density is a measure of urban intensity, and an indicator
of plant community responses to urban drivers such as atmospheric nitrogen deposition
(Cape et al. 2004), the urban heat island (Hart and Sailor 2009), and altered disturbance
regimes (Syphard et al. 2007). Plant persistence traits are generally favoured under low
nitrogen levels (Knops and Reinhart 2000). Thus, given the positive relationship with
atmospheric nitrogen and urbanisation in Melbourne (Fig. 5.4), nitrogen is an unlikely
driver of observed invasion patterns at the landscape-scale.
However, Melbourne is subject to an urban heat island effect, with the most
urbanised areas being the most prone to warmer temperatures due to the high albedo of
anthropogenic land surfaces (Coutts et al. 2010). Plants growing in these areas are more
prone to heat stress (Pickett et al. 2001; Grimm et al. 2008). In response, through efficient
resource use, plants with low SLA investment are typically able to gain a productivity
advantage over those invested highly in SLA (Ludwig and Asseng 2009; Eskelinen and
Harrison 2015). However, the reality is likely to be more nuanced. For example, species of
the Nassella genera have been shown to favour cool microclimates over warm ones
(Gardener et al. 2003). Other factors, such as mowing in highly urbanised areas are likely
to assist in dispersal, or, the more urbanised sites may have had a longer period for
perennial species to replace annuals.
The higher cover of persistence-favouring non-native plants (perennials and
species with low SLA values) in the more urbanised grasslands suggests that despite
intense modification and anthropogenic disturbance in the surrounding landscape,
anthropogenic disturbance has been relatively low within remnants. The most urbanised
of Melbourne’s grasslands also tend to have experienced lower fire frequency (Williams et
al. 2006). This is globally common, as the logistics of maintaining natural disturbance
regimes in built-up areas become prohibitive (Pyke et al. 2010). Under such conditions,
plants that invest in persistence are advantaged over annuals and those invested in
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resource acquisition, as natural disturbance-mediated controls on plant dominance are
eroded (Lavorel et al. 2011).

5.5.2 LOCAL SCALE INVASION
Proximity to dense road networks as a driver of high non-native functional diversity was
supported by our data. As expected, functional trait diversity increased with road density
for all traits at local scales. These relationships then dissipated as the scale in which road
density was examined exceeded 100 m from grasslands. This is a likely consequence of
reduced propagule pressure due to fewer roads, and perhaps limited dispersal abilities for
many exotic functional types, with non-native plants reliant on access to remnants via
roads.
The environments adjacent to roads are readily colonised by non-native plants,
able to attain advantage through frequent disturbance, higher water access, and altered
soil properties (Oberbauer et al. 1996; Saunders et al. 2002). The modifications of these
environmental attributes can extend for hundreds of meters from the road edge (Reed et
al. 1996; Forman and Deblinger 2000), with non-native plant propagules routinely
dispersed and deposited by vehicles (von der Lippe and Kowarik 2007). Consequently,
high road density at local scales is likely to be a key link between grasslands and nonnative seed sources, providing remnants with a consistent influx of diverse non-native
plants.

5.5.3 DOMINANT GRASSLAND INVADERS
Zeeman et al. (2017) described biotic homogenisation across Melbourne’s grasslands
through the immigration of commonly shared non-native species across the urban
landscape. The current study identifies that commonly shared non-native species also
tend to be the most dominant within grasslands, with the invasion front penetrating to the
core of remnants.
Life-form was the single non-native trait predictor of dominance, with grasses
recording higher cover compared to forbs and shrubs. Dominant grasses included
common global invaders such as Avena spp. (Fig. 5.10a) and Phalaris aquatica, and
emerging global invaders such as Nassella trichotoma and Nassella nessiana (Brunel et al.
2010). These species are strong competitors for space and resources, and capable of
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attaining high biomass over relatively short periods of time (Butler and Fairfax 2003; Lenz
et al. 2003; Badgery et al. 2005; Brunel et al. 2010; Larios and Suding 2015).
In addition, each of these species possesses life-history traits that further enhances
dominance. For example, the biomass attained by P. aquatica is capable of altering fire
behaviour to the detriment of neighbouring plants (Butler and Fairfax 2003), and the
accumulation of litter by Avena spp. impedes recruitment (Lenz et al. 2003), while N.
trichotoma (Fig. 5.10b) is drought-tolerant (Watt et al. 2011), fire-resistant (Wells 1977),
and a prolific producer of dormant seeds (Lamoureaux & Bourdot 2004). In Melbourne’s
grasslands, N. trichotoma invasion in many areas has resulted in the development of a
dense cover to the exclusion of almost all other species (Fig. 5.10a & b).
(a)

(b)

(c)

FIG. 5.10. Non-native grass cover in Melbourne’s grasslands. (a) Dense Avena spp. cover at
Bababi Djinanang native grassland. (b, c) Thick cover of Nassella trichotoma at the Iramoo
Wildflower Reserve.
----------------------------------------------------------------------
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5.5.4 MANAGEMENT IMPLICATIONS AND CONCLUSION
Non-native plants have spread to the core of grassland remnants. The most urbanised
non-native plant communities are characterised by an investment in persistence strategies
over rapid resource acquisition, while the cities road network is likely to have facilitated
the spread of a functionally diverse non-native flora.
Site history and management have been poorly documented across the entirety of
Melbourne’s grasslands; as such, their contribution to observed patterns is speculative.
For example, the positive correlation between reserve area and seed mass may be
artefacts of livestock grazing prior to urbanisation. However, despite a lack of
understanding in relation to site-specific idiosyncrasies, we could identify general
predictive trends relating to non-native plant traits and urbanisation relevant to grassland
management. In particular, the spread of non-native perennial grasses with urbanisation
intensity.
Some of the most dominant non-native plants in Melbourne’s grasslands are grass
species that have been identified as strong competitors, such as Avena spp. Phalaris
aquatica, and Nassella trichotoma spp. As such, the control of these grasses should be
considered a management priority. Given the often-high cover these plants have achieved
in grasslands, complete eradication is unlikely to be achievable. However, the reintroduction of historic fire regimes may assist to mediate competitive interactions
between invasive grasses and the native flora. This is a hypothesis worthy of further
investigation, which we explore in chapter 7.
This research also provides evidence that roads within 100 m of native grasslands
result in a high diversity of non-native plants. Melbourne’s native grasslands are currently
protected under both state (FFG Act 1988) and federal legislation (EPBC Act 1999),
providing legal mechanisms to ensure that threatening processes are controlled. It is
unlikely to be feasible to close any current roads for grasslands conservation. However,
where possible, urban planners and developers can be encouraged to buffer grassland
remnants from future roads, and develop mitigation strategies to limit propagule pressure
elsewhere.
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5.9 APPENDICES
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APPENDIX S5.2. Excluded predictor variable values of non-native plant dominance.
Excluded predictors

ß

t

P

1.11

0.268

0.09

-1

0.32

-0.09

Height (cm)

0.47

0.64

0.04

SLA (mm⁻²mg⁻¹)

-1.28

0.205

-0.11

Seed mass (mg)

0.62

0.539

0.05

Life span
Vegetative reproduction
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APPENDIX S5.3. Excluded predictor variable values of non-native plant and communityweighted trait cover.
t

P

ß

50 m buffer

-0.18

0.861

-0.02

100 m buffer

-0.4

0.69

-0.15

500 m buffer

0.4

0.532

1.09

1000 m buffer

-0.16

0.873

-0.34

5000 m buffer

-0.34

0.737

-0.46

Reserve area (ha)

0.23

0.821

0.02

Reserve perimeter (m)

0.35

0.273

0.01

50 m buffer

-0.04

0.966

-0.01

100 m buffer

0.34

0.739

0.04

500 m buffer

0.41

0.686

0.12

5000 m buffer

-0.61

0.544

-0.09

Reserve perimeter (m)

0.08

0.94

0.01

50 m buffer

-0.04

0.969

-0.01

100 m buffer

0.03

0.974

0.01

500 m buffer

-0.62

0.535

-0.08

1000 m buffer

-0.53

0.601

-0.07

5000 m buffer

0.06

0.955

0.01

Reserve perimeter

0.12

0.907

0.02

50 m buffer

0.19

0.852

0.02

100 m buffer

-0.04

0.965

-0.01

500 m buffer

-0.04

0.97

-0.01

500 m buffer

-1.32

0.193

-0.2

Reserve area

-1.99

0.051

-0.23

Reserve perimeter

-0.08

0.937

-0.01

50 m buffer

-0.95

0.347

-0.21

100 m buffer

-0.27

0.788

-0.04

500 m buffer

0.74

0.459

0.09

1000 m buffer

1.16

0.252

0.14

5000 m buffer

1.13

0.262

0.13

Reserve perimeter (m)

-1.55

0.126

-0.21

50 m buffer

1.79

0.077

0.78

500 m buffer

-0.67

0.505

-0.1

1000 m buffer

-0.5

0.621

-0.06

5000 m buffer

-0.31

0.757

-0.04

Reserve area

-1.71

0.093

-0.22

Reserve perimeter (m)

0.03

0.975

0.01

50 m buffer

-0.75

0.454

-0.18

100 m buffer

-0.32

0.751

-0.06

500 m buffer

-0.24

0.813

-0.03

1000 m buffer

-0.62

0.536

-0.07

5000 m buffer

-0.39

0.696

-0.04

Reserve area

-0.37

0.71

-0.05

Dependent variable

Excluded predictors

EXOTIC COVER

PERENNIAL GRASS COVER

COMMUNITY-WEIGHTED PLANT HEIGHT
(CM)

COMMUNITY-WEIGHTED SLA COVER

COMMUNITY-WEIGHTED SEED MASS

COMMUNITY-WEIGHTED ANNUAL COVER

COMMUNITY-WEIGHTED CLONAL PLANT
COVER

122

CHAPTER 5

APPENDIX S5.4. Excluded predictor variable values of non-native plant functional trait
diversity.
t

P

ß

50 m buffer

-0.29

0.772

-0.13

500 m buffer

0.31

0.755

0.05

1000 m buffer

0.27

0.789

0.03

5000 m buffer

0.44

0.665

0.05

Reserve area (ha)

0.4

0.691

0.05

Reserve perimeter (m)

-0.08

0.937

-0.02

50 m buffer

-0.74

0.462

-0.32

500 m buffer

0.33

0.743

0.05

1000 m buffer

0.02

0.982

0.01

5000 m buffer

0.62

0.537

0.07

Reserve area (ha)

1.14

0.257

0.15

Reserve perimeter (m)

0.17

0.869

0.03

100 m buffer

0.21

0.835

-0.13

500 m buffer

-0.45

0.654

0.05

1000 m buffer

0.12

0.908

0.03

Dependent variable

Excluded predictors

SIMPSON'S DIVERSITY

AVERAGE FUNCTIONAL
DIVERSITY

PLANT HEIGHT DIVERSITY

5000 m buffer

1.09

0.28

0.05

Reserve area (ha)

-0.43

0.672

0.05

Reserve perimeter (m)

0.47

0.639

-0.02

50 m buffer

-1.32

0.19

-0.56

500 m buffer

-0.08

0.94

-0.01

1000 m buffer

-0.11

0.913

-0.01

5000 m buffer

0.37

0.715

0.37

Reserve area (ha)

1.35

0.183

0.17

Reserve perimeter (m)

-0.08

0.939

-0.02

50 m buffer

-0.89

0.375

-0.4

500 m buffer

0.87

0.39

0.13

1000 m buffer

0.5

0.622

0.06

5000 m buffer

0.98

0.332

0.12

Reserve area (ha)

1.48

0.145

0.19

Reserve perimeter (m)

0.08

0.934

0.02

50 m buffer

-0.41

0.684

-0.18

500 m buffer

-1.1

0.277

-0.16

1000 m buffer

-0.79

0.433

-0.1

5000 m buffer

0.12

0.903

0.01

Reserve area (ha)

0.27

0.787

0.04

Reserve perimeter (m)

0.39

0.699

VEGETATIVE REPRODUCTION

50 m buffer

-0.26

0.795

0.08
-0.06

DIVERSITY

100 m buffer

-0.97

0.923

-0.02

500 m buffer

-0.42

0.674

-0.05

1000 m buffer

-0.89

0.378

-0.01

5000 m buffer

-0.69

0.491

-0.08

Reserve area (ha)

-0.07

0.943

-0.01

SLA DIVERSITY

SEED MASS DIVERSITY

LIFE-SPAN DIVERSITY
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Calocephalus citreus at Bababi Marning grassland in Melbourne’s north.
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INCREASING AND DECLINING
NATIVE SPECIES IN URBAN REMNANT
GRASSLANDS RESPOND DIFFERENTLY
TO NITROGEN ADDITION AND
DISTURBANCE

CO-AUTHOR: John W. Morgan
Department of Ecology, Environment and Evolution, La Trobe University, Bundoora,
Victoria, 3086, Australia

6.1 ABSTRACT
BACKGROUND AND AIMS: Atmospheric nitrogen deposition and natural fire regime
suppression are key drivers of vegetation change in urbanising grasslands. Some species
thrive under these conditions, while others face local extinction. In the natural grasslands
that surround Melbourne, Australia, biotic homogenisation has occurred with intensifying
urbanisation. Some native species have become rarer (decreaser species) across the
landscape, while others have become more widespread (increaser species). In this study,
we experimentally examined the response of increaser and decreaser plant species to
nitrogen addition/depletion, and the presence/absence of annual disturbance to the
vegetation.
METHODS: Decreaser and increaser plant species were planted into 60 field plots in an
urban grassland in Melbourne and examined over two-years. Annual removal of aboveground biomass occurred in half the plots to simulate biomass removal via fire, with the
remaining plots undisturbed. Soil nitrogen was depleted in one third of plots, one third
received no nitrogen treatment, and one third were fertilised with nitrogen. Increaser
plant species were predicted to persist in the absence of disturbance, and thrive when
fertilised. In contrast, high mortality was predicted for decreaser species in the absence of
disturbance, with fertilisation providing no advantage.
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KEY RESULTS: Seedling mortality for increaser and decreaser species was unrelated to the
treatments. The mortality of decreaser species was high (69%), and the mortality of
increaser species low (20%). However, seedling growth was related to the treatments. The
total biomass of decreaser species was highest in annually disturbed plots, with growth
suppressed in undisturbed plots. In contrast, the total biomass of increaser species was
unrelated to the disturbance regime, but responded positively to nitrogen enrichment.
CONCLUSION: Our results provide evidence that by affecting plant growth, declines in
historical disturbance frequency and atmospheric nitrogen deposition could be key
drivers of biotic homogenisation in urban grasslands.
KEY WORDS: biodiversity change, biotic homogenisation, competition, disturbance
regime, extinction, fire frequency, habitat fragmentation, nitrogen deposition, urbanisation
----------------

6.2 INTRODUCTION
Urbanisation is a major driver of biodiversity change (McDonald et al., 2008; Secretariat of
the Convention on Biological Diversity, 2012). Remnant vegetation that becomes
fragmented in urban landscapes are exposed to novel environmental conditions (Pickett et
al., 2001, Grimm et al., 2008, Kowarik, 2011), with these conditions driving declines in the
abundance and geographic range of some species, and increases in others (Vellend et al.,
2017). McKinney and Lockwood (1999) termed these species ‘winners’ and ‘losers’, with
the number of losers greatly outnumbering the number of winners. This disparity in the
number of winners and losers is considered a major cause of biotic homogenisation
(McKinney and Lockwood 1999), as the globe’s ecosystems become more similar to each
other at community (Claval et al., 2010) and regional scales (Kuhn & Kultz, 2006;
McKinney, 2006).
Remnant vegetation in urban landscapes are typically exposed to elevated
nitrogen levels because of atmospheric deposition, which is exacerbated relative to
background levels due to emissions from industry and transport (Zhu et al., 2006; Fan et
al., 2014). Elevated soil nitrogen increases plant productivity (Stevens et al. 2015), and
nitrogen can accumulate rapidly in former agricultural soils at the urban fringe (Raciti et
al., 2011). However, elevated nitrogen can also have negative effects for some species
(Zhang et al. 2016; Caplan et al. 2017). In natural grasslands, elevated nitrogen can
increase the ratio of non-native to native plant diversity (Stevens et al., 2015), and shift
species composition to plants with a novel representation of functional traits (La Pierre
and Smith, 2014).
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For urbanised native grasslands in south-eastern Australia, periodic disruption to
productivity through natural disturbance regimes have been eroded via fire suppression
(Williams et al., 2005 a, b). Like small isolated vegetation communities elsewhere (e.g.
Bond et al., 2005; Ramalho et al., 2014; Pickens, 2017), a reduction in historical fire
frequency has resulted in a decline in vegetation condition (Williams et al., 2005 a).
Grassland diversity on the basalt plains of south-eastern Australia is vulnerable to biomass
accumulation over short time periods (Morgan, 2001). In the absence of disturbance,
dominant tussock grasses develop dense canopy cover (Morgan and Lunt, 1999), reducing
light transmission into inter-tussock spaces (Morgan, 1998 b), starving the inter-tussock
flora of light and recruitment space (Morgan, 1998 b, c). Thus, with increasing time-sincedisturbance, the abundance and richness of inter-tussock flora declines (Lunt, 1994;
Morgan, 1999). In combination with elevated soil nitrogen, the effect may be synergistic,
with biomass accumulation both undisrupted and accelerated.
In the natural grasslands that surround the city of Melbourne, Australia, biotic
homogenisation has been occurring (Zeeman et al. 2017). The past two-decades has been
a period of intense urbanisation in Melbourne, and has seen the proportion of species
shared between remnant grassland sites increased (Zeeman et al., 2017). Over this period
there have been increases in the geographic range of some species (winners) and declines
for others (losers; Zeeman et al., 2017).
To further our understanding of how urbanisation affects floristic change in
Melbourne’s grasslands, we examined a group of native plant species that have become
more widespread over this two-decade period, and a group that have declined in range.
The availability of soil nitrogen, and lack of biomass removal through disturbance, was
experimentally altered in the field to examine whether greater access to nitrogen and the
absence of disturbance favours ‘increasing species’, and disadvantages ‘declining species’.
We predicted that increaser species would persist in the absence of disturbance, and
thrive under enhanced nitrogen conditions. In contrast, we predicted that the mortality of
decreaser species would be high in the absence of disturbance, and that greater access to
nitrogen would provide no advantage.
----------------
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6.3 MATERIALS AND METHODS
6.3.1 STUDY SITE
This study was undertaken at the Iramoo Wildflower Grassland Reserve in Melbourne,
Australia (Fig. 6.1). The site receives a mean annual rainfall of 540 mm, with monthly
mean maximum temperature peaking in January at 25.7 ºC, and dropping to 13.7 ºC in July
(www.bom.gov.au, accessed 2017). The 40-ha reserve is dominated by the indigenous C₄
grass Themeda triandra but, like many of Melbourne’s native grasslands, the reserve also
contains areas dominated by invasive exotic grasses. The experiment was established in a
section of long-unburnt (>15 yrs) Themeda-dominated grassland (Fig. 6.1).

6.3.2 EXPERIMENTAL DESIGN
The experiment ran from August 2014 to October 2016. At the commencement of the
experiment, sixty 1 m² grassland plots were randomly selected within the study site.
Thirty plots were then randomly assigned as the ‘annual disturbance plots’ and were
brush cut to ground level; all cut biomass was removed. Brush cutting of the ‘annual
disturbance’ plots was repeated in April 2015 and April 2016. The remaining thirty plots
remained uncut for the duration of the experiment, designated as the ‘no disturbance’
plots.
Using data presented in Zeeman et al., (2017; Fig. 6.2), eight native
herbaceous/sub-shrub species that had increased in site-level frequency in Melbourne’s
grasslands over the past two-decades, and eight native species that had declined in
frequency, were selected for the study (Table 6.1). These species differed in the
composition of functional traits (Fig 6.3). For each species, a total of 30 tubestock
seedlings were used (tubes measured 50 mm in width x 120 mm in depth). Within each of
the 60 plots, four increaser and four decreaser species were randomly allocated and
planted amongst the existing grass tussocks, providing a total of eight seedlings in each
plot. Roofing nails were placed next to the seedlings to aid detection over time.
Within the 30 ‘annual disturbance’ and 30 ‘no disturbance’ plots, a further three
sub-treatment groups were established. Ten plots in each group experienced nitrogen
enrichment, with Urea added to the plots every four months at a rate of 5 g per 1 m² plot
throughout the duration of the experiment, equating to 150 kg-1 ha year-1. This is likely to
be higher than ambient rates, but as others have done (e.g. Borer et al. 2013, Morgan et al.
2016) apply higher loads is an effective method of forcing a short-term response within a
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study period. A second sub-group of ten plots in each group experienced nitrogen
depletion; following Prober and Lunt (2009), 0.5 kg of sucrose (white sugar) was sieved
over each 1 m² plot every three months throughout the duration of the experiment. The
third sub-group acted as a control, receiving no nitrogen or sucrose treatment. Plots
received 9 L of water after planting, with watering then continuing at a rate of 4.5 L per
week for 6 months after planting (August 2014 to January 2015) to ensure initial seedling
survival.
In total, our study created six treatment regimes: i) annual disturbance/N
depleted, ii) annual disturbance/no N treatment, iii) annual disturbance/N enriched, iv)
No disturbance/N depleted, v) No disturbance/no N treatment, and vi) No disturbance/N
enriched (Fig. 6.4). Seedling mortality was monitored annually in each of the plots in
October 2014, 2015 and 2016. Following the final survey in October 2016, all surviving
seedlings were carefully dug out and removed with tap root intact, and the biomass from
all plots was cut, collected and sorted according to native and exotic. All removed
seedlings and biomass was oven-dried at 70 ºC for 48 hours and then weighed. Soil pH
were recorded in every plot, with the expectation that N enriched plots would have lower
pH than N depleted plots given the acidification effect of N fertilization (Barak et al., 1997;
Guo et al., 2010).
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FIG. 6.1. Study site and plots at the Iramoo Wildflower Grassland Reserve in Melbourne,
Australia. Map illustrates the design of the experiment. Background image source:
Department of Sustainability and Environment (2011).
----------------------------------------------------------------------
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Occurence frequency
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FIG. 6.2. The site level occurrence frequency of native herbaceous and sub-shrub species in
Melbourne’s grasslands. Bottom section of graph represents species frequency between
1987 and 1994, top section of graph represents frequency in 2013/2014. Green line
represents the difference in frequency for each species between the two-time periods.
Decreaser species used in this study are represented in blue, and from left to right include
Dichondra repens, Leptorhynchos squamatus, Glycine tabacina, Solengyne dominii,
Hypericum gramineum, Goodenia pinnatifida, Lobelia pratioides and Eryngium ovinum.
Increaser species used in this study are represented in orange, and from left to right
include Convolvulus angustissimus, Enchylaena tomentosa, Einadia nutans, Calocephalus
citreus, Veronica gracillis, Atriplex semibaccata, Senecio hispidulus and Senecio
quadridentatus. Frequency data comes from Zeeman et al., (2017).
----------------------------------------------------------------------
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TABLE 6.1. Table provides a description of native plants that have increased in frequency in Melbourne’s remnant native grasslands, and native
plants that have decreased in frequency, over the past two decades. The seedlings of these species were planted in a Melbourne grassland, with
nitrogen availability and disturbance frequency experimentally altered. The table below provides a description of the species used in regards to their
functional traits. Functional trait data sourced from a database held in the Department of Ecology, Environment and Evolution, La Trobe University.
SPECIES

FAMILY

RAUNKIAER LIFE-FORM

HEIGHT (cm)

SEED MASS (mg)

SLA (mm⁻²mg⁻¹)

AMARANTHACEAE

Chamaephyte

50

0.7

120

Convolvulus angustissimus

ASTERACEAE
CONVOLVULACEAE

Chamaephyte
Protohemicryptophyte

70

0.58

12

10

8.21

21

Einadia nutans

CHENOPODIACEAE

Chamaephyte

50

0.78

55

Enchylaena tomentosa

AMARANTHACEAE

Chamaephyte

100

12.18

66

Senecio hispidulus

ASTERACEAE

Hemicryptophyte (partial)

80

0.05

20

Senecio quadridentatus

ASTERACEAE

Hemicryptophyte (partial)

110

0.19

25

Veronica gracilis

SCROPHULARIACEAE

Chamaephyte

60

0.06

25

CONVOLVULACEAE

Protohemicryptophyte

5

1.61

23

Eryngium ovinum

APIACEAE

Protohemicryptophyte

60

1.93

7

Glycine tabacina

FABACEAE

Protohemicryptophyte

20

8.08

6

Goodenia pinnatifida
Hypericum gramineum

GOODENIACEAE

25

3.27

7

Increaser species
Atriplex semibaccata
Calocephalus lacteus

Decreaser species
Dichondra repens

HYPERICACEAE

Hemicryptophyte (partial)
Protohemicryptophyte

Leptorhynchos squamatus

ASTERACEAE

Protohemicryptophyte

25
20

0.01
0.080

22
20

Lobelia pratioides

CAMPANULACEAE

Protohemicryptophyte

7

0.10

21

Solenogyne dominii

ASTERACEAE

Hemicryptophyte (flat)

5

0.32

22
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(b) Seed mass

(c) SLA
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FIG. 6.3. Boxplot’s demonstrating differences in the spread of trait values for (a) plant
height, (b) seed mass, and (c) Specific Leaf Area for increaser and decreaser species used
in the experiment. Plant trait data sourced from a database held in the Department of
Ecology, Environment and Evolution, La Trobe University.
---------------------------------------------------------------------(a)

(b)

(c)

(d)

(e)

(f)

FIG. 6.4. Experimental plots in October 2016. (a) Annual disturbance/N depleted, (b)
annual disturbance/no nitrogen treatment, (c) Annual disturbance/N enriched, (d) no
disturbance/N depleted, (e) no disturbance/no N treatment, (f) no disturbance/N
enriched.
----------------------------------------------------------------------
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6.3.3 DATA ANALYSIS
Generalized linear models was used to assess the mortality of increaser and decreaser
species over the duration of the experiment. A binomial distribution was used and
complementary log-log as the link function. Differences in soil pH and plant biomass in the
final year (total biomass, native biomass, non-native biomass, combined above- and
below-ground seedling biomass) were assessed using One-Way ANOVA. Where significant
differences were identified between treatment groups, an LSD post-hoc analysis was
undertaken to identify which groups were driving the differences. Analyses were
undertaken in statistical package SPSS (Version 21, IBM Corp., Armonk, NY, US) with
significance identified at the α = 0.05 level.
----------------

6.4 RESULTS
6.4.1 SOIL pH AND PLOT BIOMASS
Both the annual disturbance/N enriched and undisturbed/N enriched plots had
significantly lower soil pH than all other plots (F₅, ₅₄ = 12.41, P = <0.001, Fig. 6.5a, see
appendix S6.51 for post-hoc analysis). Significant positive treatment effects of nitrogen
addition and the absence of disturbance were identified on total plant biomass (F₅, ₅₄ =
12.98, P = <0.001, Fig. 6.5b), native biomass (F₅, ₅₄ = 12.03, P = <0.001, Fig. 6.5c), and nonnative biomass (F₅, ₅₄ = 12.41, P = <0.001, Fig. 6.5d).
Both total plant biomass and non-native biomass were significantly lower for
annual disturbance/N depleted plots than all treatments other than the annual
disturbance/no N treatment plots (see appendix S6.2 and appendix S6.4 for post-hoc
analysis). Differences between the annual disturbance/no N treatment, annual
disturbance/N enriched, and undisturbed/N depleted plots were non-significant.
However, the undisturbed/no N treatment and undisturbed/N enriched plots had
significantly higher levels of biomass than all other plots (see appendix S6.1 & S6.2 for
post-hoc analysis). The undisturbed/N enriched plots also had significantly higher levels
of native biomass than both the annually disturbed/N depleted and annually disturbed/no
N treatment plots (see appendix S6.3 for post-hoc analysis).
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(b) Total plant biomass

(a) Plot soil pH
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5
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c
c
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b

b
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0

(c) Native biomass

(d) Non-native biomass

Biomass (kg/m²)
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0.6
b
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a

a
a

a
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a

0.3
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c

b
b

a

0

0

Treatment

FIG. 6.5. Sixty experimental grassland plots were established in remnant native grassland
in Melbourne, Australia. The experimental plots were divided evenly into 6 treatment
groups: AD/ND = annual disturbance/N depleted; AD/NNT = annual disturbance/no N
treatment; AD/NE = annual disturbance/N enriched; ND/ND = no disturbance/N depleted;
ND/NNT = no disturbance/no N treatment; ND/NE = no disturbance/N enriched. The
experiment ran over three years. Figure provides information on (a) plot soil pH; (b) total
plant biomass; (c) native biomass; (d) non-native biomass, at the completion of the
experiment. Error bars represent 1SE.
----------------------------------------------------------------------

6.4.2 SEEDLING MORTALITY
Both decreaser and increaser species experienced significant mortality during the
experiment (declining species: ß = -1.48, SE = 0.14. P = <0.001; increasing species: ß = 0.99. SE = 0.17, P = <0.001). However, mortality was unrelated to treatment (declining
species: P = 0.37; increasing species: F = 0.75, P = 0.57; Fig. 6.6a, 6.6b, appendix S6.5).
Overall, 78% ± 3 of decreaser plants survived the first year, while only 31% ± 4
survived the second year. In contrast, the mortality of increaser species was significantly
lower (P = <0.001), with 98% ± 1 surviving the first year, and 80 % ± 3 surviving the
second year (Fig. 6.6c).
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(a) Decreaser species
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(b) Increaser species
100

% survival/plot

80
60
40
20
0

Annual disturbance/nitrogen depleted
Annual disturbance/no nitrogen treatment
Annual disturbance/nitrogen enriched
No disturbance/nitrogen depleted
No disturbance/no nitrogen treatment
No disturbance/nitrogen enriched

(c) Overall change across treatments
100

% survival/plot

80
60
40
20
0

Decreaser species
Increaser species
2014

2015

2016

Year

FIG. 6.6. Native plant species that had increased in frequency in Melbourne’s native
grasslands were planted alongside plant species that had declined in frequency. Four
increaser and four decreaser seedlings were planted in each of the sixty plots used in the
experiment and monitored for mortality over three years. Plots were divided evenly into
three treatment groups that varied in regard to nitrogen availability and biomass removal
through disturbance. Figure illustrates change in the percent of surviving plants/per plot
throughout the experimental period. (a) Decreaser species; (b) Increaser species; (c)
Overall change across treatments.. Error bars represent 1SE.
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6.4.3 SEEDLING GROWTH
After two years, the combined above- and below-ground biomass of planted seedlings in
each plot differed significantly between treatments for both the decreaser (F₅, ₅₄ = 4.53, P
= 0.002) and increaser species (F₅, ₅₄ = 6.32, P = <0.001). The combined above- and below
ground biomass of decreaser species was significantly higher in annually disturbed plots
compared to the undisturbed plots (see appendix S6.6 for post-hoc analysis; Fig. 6.7). In
contrast, the increaser species had significantly higher combined above- and below
ground biomass in the undisturbed/N enriched plots compared to all other plots (see
appendix S6.6 for post-hoc analysis; Fig. 6.7).

0.15

Decreaser species

Total biomass per plot (kg/m²)

Increaser species

0.1

0.05

0
AD/ND

AD/NNT

AD/NE

ND/ND

ND/NNT

ND/NE

Treatment

FIG. 6.7. The total surviving biomass (kg/m²) of native increaser and native decreasers
species per experimental plot after three years in a remnant native grassland in
Melbourne, Australia. Four increaser and four decreaser seedlings were planted in each
plot. Plots were divided evenly into three treatment groups over the three years: AD/ND =
annual disturbance/N depleted; AD/NNT = annual disturbance/no N treatment; AD/NE =
annual disturbance/N enriched; ND/ND = no disturbance/N depleted; ND/NNT = no
disturbance/no N treatment; ND/NE = no disturbance/N enriched. Increaser species
included: Atriplex semibaccata, Calocephalus lacteus, Convolvulus angustissimus, Einadia
nutans, Enchylaena tomentosa, Senecio hispidulus, Senecio quadridentatus, Veronica gracilis.
Decreaser species included: Dichondra repens, Eryngium ovinum, Glycine tabacina,
Goodenia pinnatifida, Hypericum gramineum, Leptorhynchos squamatus, Lobelia pratioides,
Solenogyne dominii. Error bars represent 1SE.
----------------------------------------------------------------------
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6.5 DISCUSSION
We investigated how declines in fire frequency and soil nitrogen enrichment drive floristic
change in urbanised natural grasslands. Such mechanistic insight is necessary to
understand the observed trajectories of grassland plants in urban grasslands (Zeeman et
al. 2017). We planted seedlings of native plants that had become more common in
Melbourne’s grasslands over the past two-decades, and seedlings of plants that had
become less common. We then manipulated disturbance frequency and the availability of
soil nitrogen over two-years, seeking to examine whether these factors could be driving
observed floristic changes overtime.
Mortality for species which have become more common in the landscape was low
irrespective of disturbance frequency or nitrogen availability, while mortality was high for
the species which have become less common. These two groups of species differed in the
composition of functional traits, with increaser species on average have taller growth
form, higher SLA and higher seed mass (Fig. 6.3).
Treatments significantly influenced the growth of seedlings, but in different ways.
For the increaser species, enhanced access to soil nitrogen greatly promoted growth in the
absence of disturbance. For decreaser species, growth was unaffected by nitrogen
availability, with growth highest when biomass was annually removed. This result
suggests the two species groups differ in basic resource needs. While the increaser species
are limited by soil resources, decreaser species are limited by light availability.
6.5.1 DISTURBANCE EFFECTS
Melbourne is undergoing a period of rapid urbanisation (Gleeson and Spiller, 2012; OECD,
2012). This has subsequently led to supressed fire frequency in native grasslands
(Williams et al., 2005 a, b), contributing to biotic homogenisation of the flora in this
critically endangered ecosystem (Zeeman et al., 2017). Declines in the historical frequency
of fire has been identified as a key driver of floristic change for grasslands in the United
States (e.g. Briggs and Knapp 2001), South Africa (e.g. Govender et al., 2006) and Australia
(e.g. Lunt et al., 2012). In the absence of fire, grass biomass accumulates, restricting the
ability for many herbaceous plants to access light and space (Morgan and Lunt, 1999).
Ultimately, this leads to their competitive exclusion (Lunt, 1994; Morgan, 1999), and in the
case of basalt plain grasslands in south-eastern Australia, irreversible changes due to the
transient nature of soil seedbanks (Morgan, 1998 a). However, our data indicates that not
all native species are vulnerable to a lack of biomass removal, with some native species
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becoming more common in Melbourne’s grasslands with declining fire frequency (Zeeman
et al., 2017). Thus, a lack of biomass removal was a key line of investigation when
examining the mechanism of biotic homogenisation in Melbourne.
Although a relationship between seedling mortality and disturbance was not
identified, we did identify a relationship between seedling growth and disturbance, which
may affect fitness at later life stages such as flowering and seed production (Lunt, 1994).
The total surviving biomass of decreaser species was significantly higher in plots that
experienced annual disturbance, indicating that in the absence of biomass removal, these
species experienced growth suppression. Furthermore, decreaser species made a greater
contribution to total biomass than increaser species in disturbed plots despite being on
average smaller plants (Zeeman et al., 2017), and having fewer surviving individuals.
Thus, the surviving seedlings of decreaser species appeared to possess a more vigorous resprouting ability relative to the increasing species.
6.5.2 NITROGEN EFFECTS
The concentrated burning of fossil fuels that occurs in urban environments is a cause of
atmospheric nitrogen deposition (Brazel et al., 2000; Pickett et al., 2001; Grimm et al.,
2008). Given that Melbourne is a rapidly expanding city (Gleeson and Spiller 2012; OECD
2012), the potential effect of nitrogen fertilization on increaser and decreaser plant
species informed our second line of investigation.
As expected, nitrogen addition significantly enhanced plot-level biomass
production, while nitrogen depletion (via addition of sucrose) suppressed production.
However, we found little effect of nitrogen manipulation on the survival or growth of the
decreaser species. Like many Australian plants that do not respond to fertilizer addition
(Morgan et al., 2016), these species appear to operate at low resource levels. In contrast,
the increaser species grew significantly larger in the fertilised plots when disturbance was
absent. This result extends on previous experiments examining the effect of nitrogen
addition on grasslands. For example, in a global grassland experiment, Stevens et al.,
(2015) identified that nitrogen addition in grasslands favours non-native plants over
native plants. In our work, we demonstrate that there is a portion of the native flora that
also demonstrate a positive response, and that these same species are those that are
increasing in the urban landscape.
McDonnell and Hahs (2015) described native species that thrive under urban
conditions as pre-adapted, having an ability to thrive through a unique combination of
phenotypic traits and/or plasticity. The increaser species in Melbourne’s grasslands
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appear to be pre-adapted to the urban landscape, thriving under enhanced nitrogen
condition, and unaffected by the accumulation of biomass. By contrast, the decreaser
species appear maladapted, unable to gain benefit from nitrogen addition, and
significantly supressed under the accumulation of biomass. Hence, we have (the first)
evidence for native plants responding differently to urbanisation, and can demonstrate
some possible underlying reasons for this response.
6.5.3 RECRUITMENT DYNAMICS
In our study, recruitment dynamics were not examined as all plants used in the
experiment came from tube-stock. However, recruitment is a key process in need of
further investigation. Presumably, decreaser species face significant barriers to
recruitment in the absence of disturbance. Under dense grass cover, flowering is likely to
be suppressed, and opportunities for seedling establishment restricted. However, due to
the tall growth form of increaser species (Zeeman et al., 2017), light is accessible to these
species, and, with buds developing above the grass canopy, flowering, pollination and
dispersal can occur unrestricted. Further research is needed at the germination and early
growth stages when both the increaser and the decreaser species will need to endure poor
light conditions. However, there is evidence from Melbourne’s grasslands that increaser
non-native Asteraceae species are capable of germinating under dense grass cover (Lunt
and Morgan, 1999); thus, the increaser native flora may demonstrate similar capabilities
to the increaser non-native flora.

6.5.4 CONCLUSION

Our experiment was unable to demonstrate that nitrogen enrichment and the absence of
disturbance cause higher transplant mortality for the species that are declining in
Melbourne’s grasslands, compared to those that are increasing. This may be because it is
the germination phase that is most vulnerable. However, we did demonstrate a differential
treatment effect on the growth of increaser and decreaser species. The species that are
declining in Melbourne’s grasslands can re-sprout vigorously following disturbance
relative to the increaser species. In the absence of disturbance however, the decreaser
species experience significant growth suppression, which is likely to impact on their
ability to recruit.
The species that are increasing in Melbourne’s grasslands are robust,
demonstrating low mortality irrespective of disturbance frequency and nitrogen
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availability. In addition, under nitrogen enriched conditions, the increaser species are
capable of vigorous growth in the absence of disturbance. Our results provide evidence
that by effecting plant growth, declines in historical fire frequency and increasing
atmospheric nitrogen deposition could be key drivers of biotic homogenization in
Melbourne’s grasslands. As Melbourne becomes increasingly urbanised, the remnant
grasslands that exist within its urban boundary are likely to undergo continuing change,
with a suite of native species pre-adapted to the urban environment thriving.

6.6 ACKNOWLEDGMENTS
We thank Alison Farrar for her assistance with field work, and the Friends of Iramoo
Wildflower Reserve providing us with access to their reserve. B.J.Z was funded by an
Australian Postgraduate Research Award.

----------------

6.7 LITERATURE CITED
Barak P, Jobe BO, Krueger AR, Peterson LA, Laird DA. 1997. Effects of long-term soil
acidification due to nitrogen fertilizer inputs in Wisconsin. Plant and Soil 197: 6169.

Borer ET, Harpole WS, Adler PB, Lind EM, Orrock JL, Seabloom EW, Smith MD.
2013. Finding generality in ecology: a model for global distriuted
experiments. Methods in Ecology and Evolution 5: 65-73.
Bond WJ, Woodward FI, Midgley GF. 2005. The global distribution of ecosystems in
a world without fire. New Phytologist 165: 525-538
Brazel A, Selover N, Vose R, Heisler G. 2000. The tale of two cities - Baltimore and
Phoenix LTER sites. Climate Research 15: 123-135.
Briggs JM, Knapp K. 2001. Determinants of C3 forb growth and production in a C4
dominated grassland. Plant Ecology 152: 93-100.
Caplan JS, Stone BWG, Failace CA, Lafond JJ, Baumgarten JM, Mozdzer TJ, Dighton
J, Meiners SJ, Grabosky JC, Ehrenfeld JG. 2017. Nutrient foraging strategies are
associated with productivity and population growth in forest shrubs. Annals of
Botany 119: 977-988.
Clavel J, Julliard R, Devictor V. 2010. Worldwide decline of specialist species: toward
a global functional homogenization? Frontiers in Ecology and the Environment 9:
222-228.
Fan J, Wang J-Y, Hu X-F, Chen F-S. 2014. Seasonal dynamics of soil nitrogen availability
and phosphorus fractions under urban forest remnants of different vegetation
communities in Southern China. Urban Forestry and Urban Greening 13: 576-585.
Gleeson B, Spiller M. 2012. Metropolitan governance in the urban age: trends and
questions. Current Opinion in Environmental Sustainability 4: 393-397.
Govender N, Trollope WSW, Van Wilgen BW. 2006. The effect of fire
141

CHAPTER 6

season, fire frequency, rainfall and management on fire intensity in savanna
vegetation in South Africa. Journal of Applied Ecology 43: 748-758.
Grimm N, Faeth S, Golubiewski N, Redman C, Wu J, Bai X, Briggs J. 2008. Global
change and the ecology of cities. Science 319: 756-760.
Guo JH, Liu XJ, Zhang Y, Shen JL, Han WX, Zhang WF, Christie P, Goulding KWT,
Vitousek PM, Zhang FS. 2010. Significant acidification in major Chinese croplands.
Science 327: 1008-1010.
Knapp AK, Seastedt TR. 1998. Introductions: grasslands, Konza Prairie, and long-term
ecological research. In: Knapp AK, Briggs JM, Hartnett DC, Collins SL, eds. Grassland
dynamics: long-term ecological research in tallgrass prairie. Oxford University
Press: 3-18.
Kowarik I. 2011. Novel urban ecosystems, biodiversity and conservation. Environmental
Pollution 159: 1974-1983.
Kuhn I, Klotz S. 2006. Urbanization and homogenization – comparing the floras of
urban and rural areas in Germany. Biological Conservation 127: 292-300.
La Pierre KJ, Smith MD. 2015. Functional trait expression of grasslands species shift
with short- and long-term nutrient additions. Plant Ecology 216: 307-318.
Lunt ID. 1994. Variation in flower production of nine grassland species with time since
fire, and implications for grassland management and restoration. Pacific
Conservation Biology 1: 359-366.
Lunt ID, Morgan JW. 1999. Vegetation changes after 10 years of grazing exclusion and
intermittent burning in a Themeda triandra (Poaceae) grassland reserve in southeastern Australia. Australian Journal of Botany 47: 537-552.
Lunt ID, Prober SM, Morgan JW. 2012. How do fire regimes affect ecosystem structure,
function and diversity in grasslands and grassy woodlands of southern Australia.
In: Williams R, Gill A, Bradstock R, eds. Flammable Australia. CSIRO publishing:
253-270.
Lunt ID, Prober SM, Morgan JW. 2012. How do fire regimes affect ecosystem
structure, function and diversity in grasslands and grassy woodlands of southern
Australia. In ‘Flammable Australia. (Eds. R. Williams, A. Gill, R. Bradstock) pp. 253270. (CSIRO publishing: Canberra).
McDonald RI, Kareiva P, Forman RTT. 2008. The implications of current and future
urbanization for global protected areas and biodiversity conservation. Biological
Conservation 141: 1696-1703.
McDonnell MK, Hahs AK. 2015. Adaptation and adaptedness of organisms to urban
environments. Annual Review of Ecology and Systematics 46: 261-280.
McKinney ML. 2006. Urbanization as a major cause of biotic homogenization. Biological
Conservation 127: 247-260.
McKinney ML, Lockwood JL. 1999. Biotic homogenization: a few winners replacing
many losers in the next mass extinction. Trends in Ecology and Evolution 14: 450453.
Morgan JW. 1998a. Composition and seasonal flux of the soil seed bank of species-rich
Themeda triandra grassland in relation to burning history. Journal of Vegetation
Science 9: 145-156.
Morgan JW. 1998b. Importance of canopy gaps for recruitment of some forbs in
Themeda triandra-dominated grasslands in south-eastern Australia. Australian
Journal of Botany 46: 609-627.
Morgan JW. 1998c. Small-scale dynamics in temperate Themeda triandra grasslands of
southeastern Australia. Journal of Vegetation Science 9: 347-360.
Morgan JW. 1999. Defining grassland fire events and the response of perennial plants in
annual fire in temperate grasslands of south-eastern Australia. Plant Ecology 144:
127-144.
Morgan JW. 2001. Seedling recruitment patterns over 4 years in an Australian perennial
grassland community with different fire histories. Journal of Ecology 89: 908-919.
142

CHAPTER 6

Morgan JW, Dwyer JM, Price JN, Prober SM, Power SA, Firn J, Moore JL, Wardle GM,
Seabloom EW, Borer ET, Camac JS. 2016. Species origin affects the rate of response
to inter-annual growing season precipitation and nutrient addition in four
Australian native grasslands. Journal of Vegetation Science 27: 1164-1176.
Morgan JW, Lunt ID. 1999. Effects of time-since-fire on the tussock dynamics of a
dominant grass (Themeda triandra) in a temperate Australian grassland. Biological
Conservation 88: 379-386.
Pickens BA, Marcus JF, Carpenter JP, Andreson S, Taillie PJ, Collazo JA. 2007. The
effect of urban growth on landscape-scale restoration for a fire-dependent bird.
Journal of Environmental Management 191: 105-115.
Pickett STA, Cadenasso ML, Grove JM, Nilon CH, Pouyat RV, Zipperer WC
Costanza R. 2001. Urban ecological systems: linking terrestrial ecological, physical,
and socioeconomic components of metropolitan areas. Annual Review of Ecology,
Evolution and Systematics 32: 127-157.
Prober SM, Lunt ID. 2009. Restoration of Themeda australis swards suppresses soil
nitrate and enhances ecological resistance to invasion by exotic annuals. Biological
Invasions 11: 171-181.
Raciti SM, Groffman PM, Jenkins JC, Pouyat RV, Fahey TJ, Pickett STA, Cadenasso ML.
2011. Accumulation of carbon and nitrogen in residential soils with different landuse histories. Ecosystems 14: 287-297.
Ramalho CE, Laliberte E, Poot P, Hobbs RJ. 2014. Complex effects of fragmentation
on remnant woodland plant communities of a rapidly urbanizing biodiversity
hotspot. Ecology 95: 2466-2478.
Secretariat of the Convention on Biological Diversity. 2012. Cities and Biodiversity
Outlook – Executive Summary. Secretariat of the Convention on Biological Diversity.
Montreal, Canada.
Secretariat of the Convention on Biological Diversity. 2012. Cities and Biodiversity
Outlook – Executive Summary. Secretariat of the Convention on Biological Diversity.
Montreal, Canada.
Stevens CJ, Lind EM, Hautier Y, Harpole WS, Borer ET, Hobbie S, Seabloom EW,
Ladwig L, Bakker JD, Chu C, Collins S, Davies KF, Firn J, Hillebrand H, La Pierre KJ,
MacDougall A, Melbourne B, McCulley RL, Morgan J, Orrock JL, Prober SM, Risch
AC, Schuetz M, Wragg, PD. 2015. Anthropogenic nitrogen deposition predicts local
grassland primary production worldwide. The Ecological Society of America.
Ecology 96: 1459-1465.
Vellend M, Baeten L, Becker-Scarpitta A, Boucher-Lalonde V, McCune JL, Messier J,
Myers-Smith IH, Sax DF. 2017. Plant biodiversity change across scales during the
Anthropocene. Annual Review of Plant Biology, DOI:10.1146/annurev-arplant042916-040949
Williams NGS, McDonnell MJ, Seager EJ. 2005a. Factors influencing the loss of an
endangered ecosystem in an urbanising landscape: a case study of native
grasslands from Melbourne, Australia. Landscape and Urban Planning 71: 35-49.
Williams NGS, Morgan JW, McDonnell MJ, McCarthy, MA. 2005b. Plant traits and
local extinctions in natural grasslands along an urban-rural gradient. Journal of
Ecology 93: 1203-1213.
Zeeman BJ, McDonnell MJ, Kendal D, Morgan JW. 2017. Biotic homogenization in
an increasingly urbanized temperate grassland ecosystem. Journal of Vegetation
Science 28: 550-561.
Zhang Y, Zhou X, Yin B, Downing A. 2016. Sensitivity of the xerophytic moss Syntrichia
caninervis to prolonged simulated nitrogen deposition. Annals of Botany 117:
1153-1161.
Zhu W-X, Hope D, Gries C, Grimm NB. 2006. Soil characteristics and the
accumulation of inorganic nitrogen in arid urban ecosystems. Ecosystems 9: 711724.
143

CHAPTER 6

6.8 APPENDICES

APPENDIX S6.1. Significance of differences in soil pH between treatments. Table lists LSD post-hoc analysis P-values. P = <0.05*, P = <0.005**, P
= <0.001***.
Annual
disturbance/
N depleted

Annual
disturbance/
no N treatment

Annual
disturbance/
N enriched

No disturbance/
N depleted

No disturbance/
no N treatment

No disturbance/
N enriched

Annual disturbance/N depleted
Annual disturbance/no N treatment

0.184

Annual disturbance/N enriched

<0.001

0.001

No disturbance/N depleted

0.738

0.099

<0.001

No disturbance/no N treatment

0.738

0.318

<0.001

0.504

No disturbance/N enriched

<0.001

0.001

0.738

<0.001

<0.001
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APPENDIX S6.2. Significance of differences in total biomass between treatments. Table lists LSD post-hoc analysis P-values. P = <0.05*, P =
<0.005**, P = <0.001***.
Annual
disturbance/
N depleted

Annual
disturbance/
no N treatment

Annual
disturbance/
N enriched

No disturbance/
N depleted

No disturbance/
no N treatment

No disturbance/N
enriched

Annual disturbance/N depleted
Annual disturbance/no N treatment

0.105

Annual disturbance/N enriched

0.037*

0.626

No disturbance/N depleted

0.008**

0.276

0.544

No disturbance/no N treatment

<0.001***

<0.001***

0.001**

0.008**

No disturbance/N enriched

<0.001***

<0.001***

<0.001***

<0.001***

0.185
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APPENDIX S6.3. Significance of differences in native biomass between treatments. Table lists LSD post-hoc analysis P-values. P = <0.05*, P =
<0.005**, P = <0.001***.
Annual
disturbance/
N depleted

Annual
disturbance/
no N treatment

Annual
disturbance/
N enriched

No disturbance
/N depleted

No disturbance/
no N treatment

No disturbance/N
enriched

Annual disturbance/N depleted
Annual disturbance/no N treatment

0.669

Annual disturbance/N enriched

0.609

0.349

No disturbance/N depleted

0.523

0.228

0.898

No disturbance/no N treatment

0.537

0.298

0.915

0.983

No disturbance/N enriched

0.037*

0.013*

0.109

0.139

0.134
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APPENDIX S6.4. Significance of differences in exotic biomass between treatments. Table lists LSD post-hoc analysis P-values. P = <0.05*, P =
<0.005**, P = <0.001***.
Annual
disturbance/
N depleted

Annual
disturbance/
no N treatment

Annual
disturbance/
N enriched

No disturbance/
N depleted

No disturbance
/no N treatment

No disturbance/
N enriched

Annual disturbance/N depleted
Annual disturbance/no N treatment

0.024*

Annual disturbance/N enriched

0.037*

0.856

No disturbance/N depleted

0.008**

0.658

0.533

No disturbance/no N treatment

<0.001***

<0.001***

<0.001***

0.002***

No disturbance/N enriched

<0.001***

<0.001***

<0.001***

0.001***

0.712
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APPENDIX S6.5. Generalized linear regression beta regression coefficients and significance values for plant mortality across treatments.
Decreaser species

Increaser species

ß

SE

P

ß

SE

P

Intercept

0.31

0.13

0.01

1

0.15

<0.001

Annual disturbance/nitrogen enriched

-0.22

0.19

0.25

-0.06

0.2

0.77

Annual disturbance/nitrogen depleted

-0.19

0.19

0.32

-0.26

0.2

0.20

Annual disturbance/no nitrogen treatment

0.07

0.19

0.73

0.14

0.21

0.52

No disturbance/nitrogen enriched

-0.31

0.19

0.11

-0.06

0.2

0.77

No disturbance/nitrogen depleted

-0.16

0.18

0.41

-0.06

0.2

0.77

No disturbance/no nitrogen enrichment

0

0
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APPENDIX S6.6. Significance of differences in declining species biomass between treatments. Table list LSD post-hoc analysis P-values. P =
<0.05*, P = <0.005**, P = <0.001***.
Annual
disturbance/
N depleted

Annual
disturbance/
no N treatment

Annual
disturbance/
N enriched

No disturbance/
N depleted

No disturbance/
no N treatment

No disturbance/
N enriched

Annual disturbance/N depleted
Annual disturbance/no N treatment

0.621

Annual disturbance/N enriched

0.357

0.159

No disturbance/N depleted

0.016*

0.053*

0.001**

No disturbance/no N treatment

0.052*

0.143

0.005**

0.623

No disturbance/N enriched

0.007**

0.024*

<0.001***

0.731

0.405
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APPENDIX S6.7. Significance of differences in increasing species biomass between treatments. Table lists LSD post-hoc analysis P-values. P =
<0.05*, P = <0.005**, P = <0.001***.
Annual
disturbance/
N depleted

Annual
disturbance/
no N treatment

Annual
disturbance/
N enriched

No disturbance/
N depleted

No disturbance/
no N treatment

No disturbance/
N enriched

Annual disturbance/N depleted
Annual disturbance/no N treatment

0.66

Annual disturbance/N enriched

0.126

0.271

No disturbance/N depleted

0.769

0.883

0.213

No disturbance/no N treatment

0.192

0.384

0.815

0.31

<0.001***

<0.001***

0.002**

<0.001***

No disturbance/N enriched

0.001**

150

Dianella amoena (listed as endangered under the EPBC Act and threatened under the FFG
Act) amongst the non-native grass Anthoxanthum odoratum at Bababi Marning grassland
in Melbourne’s north.
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7.1 ABSTRACT
Fire is a key disturbance in plant communities for large areas of the globe. However, in
areas of human settlement, fire regimes are commonly supressed, leading to shifts in
vegetation composition. In this study, we examined secondary succession following the
reintroduction of prescribed burning in a rapidly urbanising grassland ecosystem. The
management objective for reintroducing fire has been to reduce the cover of non-native
invasive plants. Thus, we addressed two alternative hypotheses relating to post-fire
succession: (1) the reintroduction of fire reduces the cover of non-native plants, and; (2)
the reintroduction of fire leads to further grassland destabilisation and invasion. Temporal
change in non-native plant cover were examined across twenty grasslands over a fouryear period using linear mixed model analyses. Although we found the cover of non-native
plants to be dynamic over the study period, we found little evidence to suggest that
prescribed burning was driving change. Rather, temporal change in non-native plant cover
appeared to be a response to inter-annual rainfall variability, with cover increasing during
wet years, driven by large increases in non-native annual grasses. Fire did not reduce the
cover of non-native plants, nor did it lead to destabilisation or increases in invasion. Thus,
burning for maintaining native diversity can occur without the risk of further favouring
non-native species.
----------------
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7.2 IMPLICATIONS FOR PRACTICE
▪

▪

▪

Restoration through the reintroduction of natural disturbance regimes into
urbanised native ecosystems is becoming increasingly common. However, whether
this leads to recovery or further destabilisation is not well understood.
The results of this study, examining the reintroduction of fire regimes into
urbanised temperate grasslands, provides evidence that the reintroduction of
disturbance does not lead to recovery or destabilisation. Thus, fire could be a
useful restoration tool in conjunction with species reintroductions.
Given the similarity in grassland disturbance dynamics around the globe, and the
common global threat of urbanisation, the results presented here are likely to have
widespread implications for land management.

7.3 INTRODUCTION
Natural disturbance regimes have profound influence over plant communities (White
1979; Denslow 1980; Bond et al. 2005). For large areas of the globe, fire has been the
dominant form of natural disturbance for thousands of years, determining community
distribution and composition, mediating species interactions, and driving evolutionary
processes (Bond et al. 2005; Bond & Keeley 2005; Bowman et al. 2009). However, the
suppression of natural fire regimes in areas of human settlement has become common
(Leach & Givinish 1996; Czech et al. 2000; La Puma et al. 2012), with plant community
composition shifting in response (Nowacki & Abrams 2008; Li & Waller 2015).
Fire suppression removes the historical filters favouring fire-adapted plants,
potentially resulting in their displacement if competitively superior fire-sensitive species
proliferate (Briggs et al. 2005). In turn, this can result in increased sensitivity to fire at the
plant community level (Li & Waller 2015). Attempts to reinstate historic fire regimes for
restoration purposes may therefore lead to further destabilisation within the ecosystem
(MacDougall et al. 2013).
Deterministic and stochastic succession models are used to describe and predict
the trajectory of an ecosystem following disturbance. The deterministic model posits that
secondary succession will follow relatively predictable, repeated trajectories (Keddy
1992; Diaz et al. 1998; Grime 2001). This is likely to have relevance for ecosystems with a
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long history of repeated and consistent disturbance events. However, for ecosystems that
have experienced a period of prolonged disturbance suppression, secondary succession
may be less predictable.
The stochastic model predicts secondary successional trajectories to be nonrepeatable, determined by temporally specific dispersal and abundance factors (Tofts &
Silvertown 2002; MacDougall & Turkington 2004; Del Moral & Lacher 2005). Temporal
fluctuation in resource availability, such as inter-annual rainfall, can further complicate
secondary succession. For example, post-fire succession in a period of above-average
rainfall is expected to enhance the invasion of non-native plants (Davis et al. 2000; Shea &
Chesson 2002). This is particularly so for annual species which are able to complete their
lifecycles during favourable periods and limit growth during drought (Vaughn et al. 2011).
In this study, we examined secondary succession following prescribed burning in a
rapidly urbanising grassland ecosystem. This study was undertaken in volcanic plain
grasslands around the city of Melbourne, Australia. Historically, this ecosystem is
dependent on frequent fire events to prevent competitive exclusion of herbaceous plants
by perennial grasses (Lunt 1994; Morgan 1998b, 1999). However, in recent decades, the
frequency of fire across the grasslands has declined and non-native plant invasion has
become common (Williams et al. 2006; Zeeman et al. 2017). Land managers have recently
begun to reintroduce fire regimes, with the aim to reduce non-native plant cover, promote
native plant species diversity and control fire fuel loads. In this study, the effectiveness of
reintroducing fire regimes for reducing non-native plant cover was assessed.
Reintroducing fire regimes into urbanised landscapes is becoming increasingly
common (Heuberger & Putz 2003) and, in Australia, fire is promoted as a restoration tool
(Buchanan 1989). While there is little evidence to suggest a long history of frequent fires
promotes invasion in grasslands (D’Antonio et al. 1999), less is known about how longunburnt grasslands respond to the reintroduction of fire. In addition, although grassland
productivity in Australia is linked to rainfall (Morgan et al. 2016), how rainfall interacts
with re-introduced fire regimes to drive secondary succession is not well understood.
Here we address two alternative hypotheses relating to post-fire successional
trajectories: (1) the reintroduction of fire is an effective and predictable method of
reducing the cover of non-native plants, consistent with a deterministic model of
succession whereby the cover of non-native plants is immediately reduced, followed by a
gradual increase with time-since-fire (Fig. 7.1a), and; (2) the reintroduction of fire leads to
further destabilisation, resulting in a stochastic model of succession, whereby the effect on
non-native plant cover is inconsistent across sites (Fig. 7.1b). In addition, we also
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examined a null-model whereby the reintroduction of fire has no effect on non-native
plant cover. Under this model, inter-annual variation in non-native plant cover is more
strongly related to rainfall, and thus neither a deterministic or stochastic response to fire
occurs (Fig 7.1c). To address these hypotheses, we examined changes in plant cover of
twenty grasslands with recently reintroduced fire regimes over a four-year period, with
sites varying in regards to the year in which prescribed burning occurred.
(c)

(b)

(a)
4

4

3

3

3

2

2

2

1

1

1

Non-native plant cover

4

0

0

0
Pre-fire

Post-fire

Pre-fire

Post-fire

Pre-fire

Post-fire

FIG. 7.1. Alternative hypotheses relating to post-fire secondary succession in grasslands
with reintroduced fire regimes. (a) Non-native plant cover declines with the
reintroduction of fire, following a predictable deterministic model of succession. (b)
Grasslands become increasingly destabilised with the reintroduction of fire, following a
stochastic model of succession. (c) Null-model whereby successional changes in cover
composition are not driven by fire.
----------------------------------------------------------------------

7.4 METHODS
7.4.1 STUDY AREA
This study was undertaken in twenty native grasslands located within the suburbs
surrounding Melbourne, Australia (Fig. 7.2), and spanned over a four-year period.
Melbourne is the second largest city in Australia, covering an area of approximately 1
million ha, and home to 4.25 million residents (www.abs.gov.au, accessed 2016). The
grasslands examined in this study are part of a larger reserve system around Melbourne,
consisting of 87 publicly managed grasslands. These grasslands are the remnants of the
critically endangered ‘Natural Temperate Grassland of the Victorian Volcanic Plain’
ecological community, which prior to European settlement, covered 2.3 million ha,
extending across western Victoria south of the Great Dividing Range. Currently, less than
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5% of the ecosystem remains (www.environment.gov.au, accessed 2016). In the
grasslands that surround Melbourne, the frequency of historical fire events has declined
with urbanisation (Williams et al. 2005b),
The Natural Temperate Grassland of the Victorian Volcanic Plain is found on
tholeiitic to alkaline basalt soils formed approximately 2 million years ago
(www.depi.vic.gov.au, accessed 2016). Mean rainfall throughout the study sites ranges
from 534 mm to 665 mm annually (www.bom.gov.au, accessed 2015), while mean
monthly maximum temperatures range from 13 ˚C in winter to 27 ˚C in summer
(www.bom.gov.au, accessed 2016).

FIG. 7.2. The location of grassland sites examined in the study. Red filled polygons
represent the grasslands. The display size of grasslands has been expanded for clarity.
Triangles represent four weather stations from which rainfall data was collected over the
four-year study period. Background image source: DSE Victoria (2011).
----------------------------------------------------------------------
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7.4.2 FIELD METHODS
Between October and December 2013, vegetation sampling points were established in 69
native grasslands as part of a long-term ecological monitoring program (Zeeman et al.
2015). Point recordings of dominant vegetation were recorded at 50 cm intervals along 25
m long transects using a 4-mm diameter pin. Plant cover was recorded according to the
tallest species touching the pin at each point, or as litter, cryptogrammic crust or bare
ground. The placement of transects within reserves was stratified per recently established
fire management zones, and placed randomly within these zones (as described by Rolecek
et al. 2007).
Grasslands sites that were receiving fire management at the time of data collection
were then resurveyed in 2014, 2015 and 2016. Initially, this included a total of 16
grasslands (Table 7.1). In 2015, four additional grasslands began to receive fire
management and were added to the study, taking the total number of monitored sites to
20. The number of transects at each grassland ranged from 10 to 30 and was dependent
on reserve area (Fig. 7.3), with a total number of 324 transects monitored. All surveys
occurred in spring and early summer (October-December), coinciding with peak flowering
time. The year in which management burns occurred varied between sites (Table 7.1; Fig.
7.4). However, all burns examined in the study occurred in late summer/autumn,
approximately 3-5 months after the previous sampling period, and 6-9 months prior to
follow up sampling.
We were unable to control the spatial patterns of prescribed burning, as this was
determined by the different management objectives, and given that the 20 reserves were
managed by 9 separate management authorities, these objectives were not consistent
across the reserve system. However, the establishment of an extensive monitoring
program prior to knowledge of when and where fires would occur enabled the true extent
of prescribed burning to be captured without bias.
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TABLE 7.1. The percent of transects burnt each year at each grassland site. Transects
included in the study were either completely burnt or completely unburnt in a given year.
Percent refers to the percent of total transects that received fire in a given year. The total
number of transects at each site is in brackets. NS refers to years in which a survey was not
undertaken at a grassland. Transect locations are available as an ArcGIS shape file at:
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SSLIXK
% OF TRANSECTS BURNT

SITE
Amberfield Grassland Reserve (10)
Bababi Djinanang (14)
Bababi Marning (22)
Dalrymple Road Grassland (10)
Derrimut Grassland Nature Conservation Reserve (30)
Donnybrook Cemetery (14)
East Ravenhall Grassland Conservation Reserve (22)
Evans Street Wildflower Grassland (14)
Gilbertson's Grasslands (18)
Iramoo Wildflower Grassland Reserve (22)
JH Allan Reserve (10)
Kalkallo Common Grassland (18)
Matthews Hill Grassland (10)
Maygar Grassland Reserve (14)
Mt Derrimut Grasslands (22)
Ngarri-djarrang (18)
Pimelea Wildflower Reserve (14)
Pioneer Park (14)
Rae's Road Grassland (10)
Sunshine Tip Grassland (18)

2014

2015

50
29
32
100
10

0
21
0
0
23
100

NS

100
43
50
27
100
28
60
43
NS

11
NS

57
63
NS

NS

50
0
27
0
33
0
0
41
44
100
43
0
35

2016

Unburnt

NS

50
14
68
0
67
0
0
7
50
27
0
5
40
57
59
0
0
0
37
65

36
0
0
0
0
0
0
0
18
0
33
0
0
0
44
0
NS

0
0
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35
30

No. of transects

25
20
15
10
5
0
0.1

1

10

100

1000

Reserve area (ha)

FIG. 7.3. The number of transects established in each grassland plotted against the area of
each reserve. Log scale used.
----------------------------------------------------------------------

FIG. 7.4. Recently burnt grassland. Image taken in spring 2015. Left half of image burnt in
autumn 2014 and right side of image burnt in autumn 2015.
----------------------------------------------------------------------

7.4.3 STATISTICAL ANALYSIS
For each site, plant cover values, as determined from point quadrat data, were averaged
prior to analysis, and separated according to the ‘year of prescribed fire’. To examine
inter-annual change in the mean percent cover of non-native plants per the year in which
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prescribed burning occurred, cover data was then analysed with linear mixed models,
using compound symmetry as the repeated covariance type. Linear mixed models were
used as opposed to the traditional repeated measures ANOVA as this allowed for the four
grassland sites that were added to the study in 2015 to be included in the analysis.
Additional analyses of cover changes were undertaken on specific life forms: annual
grasses, perennial grasses, annual herbs, and perennial herbs. Analyses were undertaken
in the statistical package SPSS, with significance identified at α =0.05 level (SPSS, Chicago,
IL. US).
To understand the role that rainfall may play in vegetation cover, a Drought
Severity Index (DSI) was calculated for each month of the four-year study period, as well
as for the 12-month period prior to the study. The DSI is a rainfall based index that
identifies anomalies in precipitation over a cumulative period, whereby total rainfall over
a period of interest is subtracted from the expected rainfall (as defined by the long-term
average), and then divided by mean annual rainfall (Phillips & McGregor 1998). Following
Rahiz & New (2014), we observed anomalies at the three-month scale. Daily rainfall totals
were collected from four separate weather stations within the study region that were in
the closest proximity to the study sites (Fig. 7.2). Rainfall data was sourced from the
Australian Bureau of Meteorology (www.bom.gov.au, accessed 2017).
Plant cover data were then pooled irrespective of when prescribed burning had
occurred, and analysed using linear mixed models to explore correlations between interannual rainfall variability and change in non-native plant cover.
----------------

7.5 RESULTS
7.5.1 CHANGE IN NON-NATIVE PLANT COVER IN RELATION TO THE OCCURRENCE OF
PRESCRIBED BURNING
Significant temporal change in non-native plant cover was identified for all sites when
transects were grouped per the year in which prescribed burning had occurred (burnt in
2014: F₃,₄₁ = 7.37, p = <0.001; burnt in 2015: F₃,₃₂ = 26.57, p = <0.001; burnt in 2016: F₃,
₂₇ = 8.19, p = <0.001; unburnt: F₃,₃₇ = 8.55, p = <0.001). However, these changes
represented similar trends, and did not indicate different responses between grasslands
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dependent on the occurrence of fire (Fig 7.5a). Thus, fire appeared to have no effect on
vegetation cover.
All transect groups experienced an increase in non-native plant cover between
2013 and 2014, a decline in cover between 2014 and 2015, and then another increase
between 2015 and 2016 (Fig. 7.5a). For the transects that remained unburnt and transects
burnt in 2016, these changes were significant between 2013 and 2014 (unburnt: df = 37, t
= -4.43, p = <0.001; burnt in 2016: df = 27, t = -3.87, p = 0.001). However, for transects
burnt in 2014 or 2015, significant change was limited to the final years (between 2015
and 2016) with non-native plant cover increasing for all groups other than those burnt in
2016 (burnt in 2014: df = 40, t = -3.63, p = 0.001; burnt in 2015: df = 32, t = -4.38, p
=<0.001; unburnt: df = 37, t = -3.94, p =<0.001).
These changes were largely driven by non-native annual grasses (burnt in 2014:
F₃,₅₇ = 10.93, p = <0.001; burnt in 2015: F₃,₃₃ = 14.14, p = <0.001; burnt in 2016: F₃, ₂₇ =
9.1, p = <0.001; unburnt: F₃, ₃₈ = 8.74, p = <0.001; Fig. 7.5b). Between 2013 and 2014,
annual grass cover increased significantly across the region when transects were grouped
according to when fire had occurred (burnt in 2014: df = 57, t = -4.74, p = <0.001; burnt in
2015: df = 33, t = -6.35, p =<0.001; burnt in 2016: df = 27, t = -4.66, p = <0.001; unburnt: df
= 38, t = -4.67, p =<0.001). Annual grass cover then significantly declined for all groups
between 2014 and 2015, with the exception of transects burnt in 2014 (burnt in 2014: df
= 57, t = -1.39, p = 0.17; burnt in 2015: df = 34, t = -3.54, p =0.001; burnt in 2016: df = 27, t
= -2.22, p = 0.04; unburnt: df = 38, t = -3.16, p =<0.003). Between 2015 and 2016, annual
grass cover increased significantly for a second time across all groups (burnt in 2014: df =
57, t = -4.51, p = <0.001; burnt in 2015: df = 33, t = -4.42, p =<0.001; burnt in 2016: df =
27, t = -4.22, p = <0.001; unburnt: df = 38, t = -4.13, p =<0.001).
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FIG. 7.5. Change in the cover of non-native plants according to year in which prescribed
burning occurred. Error bars represent 1SE. See appendix S6.1, S6.2, S6.3, S6.4 & S6.5 for
full linear mixed model values.
----------------------------------------------------------------------

7.5.2 CHANGE IN NON-NATIVE PLANT COVER IN RELATION TO INTER-ANNUAL
RAINFALL VARIATION
Initial sampling of the grasslands in late 2013 occurred during a period of above-average
rainfall, prior to the onset of drought in the begining of 2014 (Fig. 7.6a & 7.6b). Drought
conditions then continued until July 2014, when 3 out of the 4 weather stations
experienced a brief period of above-average rainfall three months prior to sampling.
Drought conditions then returned the following month and lasted until August 2016.
When above-average rainfall conditions returned, conditions lasted throughout the
remainder of the study period, providing the wettest rainfall period of the study.
Temporal changes in non-native plant cover, irrespective of differences in the
occurrence of fire, were significant over this period (F₃,₁₅₃ = 38.30, p = <0.001), with non-
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native plant cover significantly increasing between 2013 and 2014 (df = 153, t = -9.31, p
=<0.001), and between 2015 and 2016 (df = 153, t = -5.97, p =<0.001). However, no
significant overall changes were identified between 2014 and 2015, when uninteruppted
drought conditions prevailed (df = 153, t = -0.67, p =0.51; Fig. 7.6c).
Changes in non-native plant cover were strongly influenced by interannual
variation in annual grass cover (F₃,₁₅₆ = 35.781, p = <0.001), with a significant increase
identified between 2013 and 2014 (df = 155, t = -9.48, p = <0.001), before a significant
decline between 2014 and 2015 (df = 156, t = -47, p = <0.001), and then another
significant increase between 2015 and 2016 (df = 155, t = -8.16, p = <0.001; Fig 7.6d).
In contrast, no significant variation was identified amoungst pernnial grasses
(F₃,₁₅₅ = 1.84, p = 0.14), while herbs only demonstrated declines over the study period,
with significant declines in the cover of annual herbs occuring between 2013 and 2014 (df
= 156, t = 1.98, p = 0.05), and between 2014 and 2015 (df = 157, t = 2.321, p = 0.02).
Significant declines amoungst perennial herbs were identified between 2014 and 2015 (df
= 156, t = 4.48, p = <0.001), and between 2015 and 2016 (df = 155, t = 3.41, p = 0.001; Fig.
7.6d).
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FIG. 7.6. Change in overall non-native plant cover in relation to rainfall. (a) Total rainfall
over previous 3 months (b) the 3-month reigonal rainfall deficit index over the study
period. Dates mark the time of survey from October to December each year. (c) Total interannual variation in exotic plant cover. (d) Inter-annual variation in non-native plant cover
according to life-span and life-form. Error bars represent 1SE. See appendix S6.1 & S6.6
for full linear mixed model values.
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7.6 DISCUSSION
We followed change in the cover of non-native plants over a four-year period in remnant
and increasingly urbanised grasslands around Melbourne, Australia. We examined how
the non-native flora of the grasslands are responding to the reintroduction of prescribed
burning following a prolonged period when fire had become infrequent.
Principally, we examined two alternative hypotheses: (1) the reintroduction of fire
is an effective and predictable method of reducing the cover of non-native plants, resulting
in a deterministic model of succession whereby the cover of non-native plants is
immediately reduced, followed by a gradual increase with time-since-fire, and; (2) the
reintroduction of fire leads to further destabilisation, resulting in a stochastic model of
succession, whereby the effect on non-native plant cover is inconsistent across sites. In
addition, we also examined a null-model whereby the reintroduction of fire has no effect
on non-native plant cover. Under this model, inter-annual variation in non-native plant
cover is more strongly related to rainfall, and thus neither a deterministic or stochastic
response to fire occurs. Our results indicated that although the cover of non-native plants
was dynamic over the study period, there was little evidence to suggest that prescribed
burning was driving change. Rather, temporal change in non-native plant cover appeared
to be a response to inter-annual rainfall variability.
These results were somewhat in contrast to studies undertaken in long unburnt
grasslands elsewhere on the Victorian Volcanic Plain. For example, Sinclair et al. (2014)
reported ecosystem destabilisation, with reintroduced fire causing mass tussock mortality
of native grasses, while Bryant et al. (2017) reported that some non-native plants did
decline with fire. It is important to note here that Sinclair et al. (2014) and Bryant et al.
(2017) undertook their respective studies in grasslands with a long history of grazing,
which had transformed the grasslands from C₄ grass dominance to C₃ grass dominance. In
contrast, the grasslands examined in our study were largely C₄ dominated. Previous
studies have identified that the dominant C₄ grass of the Victorian Volcanic Plains
(Themeda triandra) is able to survive and re-sprout following fire (Morgan 1999), which is
likely to explain the stability of the grasslands in our study following prescribed burns.
The native inter-tussock flora of Victorian Volcanic Plain grasslands contribute
disproportionately to grasslands diversity. However, irregular fire disturbance results in
the depletion of the inter-tussock flora, as dominant grasses develop a dense canopy and
restrict the ability of subordinate plants to access light. The inter-tussock flora have
largely transient seedbanks, thus, declines are generally irreversible (Morgan 1999).
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Therefore, we did not consider the recovery of these species likely, which potentially could
have created opportunities for non-native species once fire was reintroduced. However,
increases in the cover of non-native plants were limited to years where high rainfall
events occurred.
Annual grasses dominated during wet periods, and declined during drought, with
fluctuation in annual grass cover the major driver of variation in total non-native cover
between years. Increases in the cover of annual grasses during years of high rainfall have
also been reported in the prairies and grasslands of northern California and north-eastern
Kansas (Hobbs & Mooney 1991; Hobbs et al. 2007; Koerner et al. 2015). For example,
Koerner et al. (2015) identified that during years of high rainfall in Kansas grasslands,
seedling establishment increased two-fold, and seedling persistence increased three-fold,
with high rainfall likely to promote invasion even when wet years were infrequent.
In California, Eskelinen & Harrison (2014) found that the enhancement of invasive
annual species under conditions of high rainfall was especially evident in nutrient-rich and
disturbed grasslands. In our study, urbanisation has subjected remnant grasslands to both
anthropogenic disturbance, and potentially, eutrophication (Zeeman et al. 2017).
Therefore, it was not surprising that Melbourne’s grasslands are hospitable to annual
grasses.
The initial increase in annual grass cover observed in 2014 occurred when the
grasslands were experiencing a period of below-average rainfall. However, three months
prior to the surveys, there was a spike in the cumulative rainfall totals, with three out of
four weather stations registering above-average precipitation. This spike in rainfall
appears to have been sufficient to trigger the emergence of species such as Avena ssp.,
which dominated the non-native flora, and whose emergence has been identified by others
as closely related to precipitation (Fernandez-Quintanilla 1986).
Throughout the study, an overall net increase in non-native plant cover was
recorded. Although drought conditions throughout 2015 resulted in a decline in annual
grass cover, similar to the findings of Koerner et al. (2015), overall declines in non-native
plant cover did not fully compensate for the large increase in cover that occurred between
the 2013 and 2014 surveys. However, given the dynamic nature of non-native plant cover,
it is difficult to make long-term predictions about the trajectory of change. Continued
monitoring of the grasslands, perhaps at less frequent intervals, is likely to provide further
valuable insights.
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7.6.1 FIRE MANAGEMENT IMPLICATIONS
While prescribed burning was not effective in reducing the cover of non-native plants, nor
did it lead to further destabilization. Given the documented evidence in support of
prescribed burning for the promotion of native diversity (e.g. Lunt 1994; Morgan 1998b,
1999), reintroducing fire regimes can be viewed as a low risk management action in C₄
dominated Volcanic Plain grassland, particularly given that the facilitation of non-native
plants appears unlikely, and that frequent fire is vital for maintaining native plant
diversity.
Elsewhere in southern Australia, the reintroduction of fire into long-unburnt
grassland resulted in neutral to positive effects on non-native plants, and negative effects
on native forbs (Prober et al. 2013, 2016). However, in frequently burnt grassland native
plants received a net benefit over non-native plants, emphasising the risk of reintroducing fire once the historical regime is disrupted (Prober et al. 2013, 2016).
Although like our study, 60% of variation in non-native annual cover was related to
seasonal rainfall (Prober et al. 2016).
Our study was focuesed on late summer/autumn fires. However, Prober et al.
(2004, 2005, 2009) and Cole (2016) documented a reduction in non-native annual grass
cover in woodlands of southern Australia when burns occured over consecutive years, and
in spring, rather then late summer/autumn. In the woodlands studied by Prober et al.
(2004), dominant annual grasses belonged to similar dominant genera as many of those in
our study, e.g. Avena, Bromus and Briza. Thus, a similar result may likley in Melbourne’s
grasslands due to the transient nature of annual grass seedbanks (Russi et al. 1992;
Morgan 1998). Similar results have also been documented in perennial grasslands of
California, with spring burning every 3-4 years proving effective (Menke 1993).
Little is known about how native species may respond to spring burning. Although
the dominant native grass of Melbourne’s grasslands (Themeda triandra) is likely to
survive spring burning (Prober et al. 2004), herbaceous species are potentially vulnerable.
A large portion of Melbourne’s native grassland flora are geophytic, sprouting from below
ground tubers in winter/spring, and dying-back in summer. Consequently, these species
are generally not exposed to fire in spring (Morgan 1999). Before spring burning should
be considered as a method of controlling non-native plants, a greater understanding of
how spring burning will affect the native flora is vital.
The practicalities of burning in spring is another important consideration. Our
results demonstrate that the cover of annual grasses is relatively low during dry years, and
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high during wet years. However, the high moisture content of grasslands in wet springs is
likely to make the carry of fire difficult. Burning is likely to be more achievable during dry
springs, which coincides with already low annual grass cover. The likelihood of annual
species recolonizing from the surrounding landscape, or being replaced by non-native
perennial species, would also need to be considered. Given the temporal stability of nonnative perennial grasses documented in this study, perennial grasses may have a more
persistent impact on the native flora than annual grasses.
Although mowing is generally not considered the preferred method of biomass in
southern Australian grasslands (Verrier & Kirkpatrick 2005), if targeted appropriately, it
could potentially play a role in reducing the seed load of non-native annuals. For example,
Avena spp. were the dominant non-native annual grasses identified in our study, and
produce seed that sits well above the grassland canopy. Therefore, if mowing was set at a
sufficient height to not cut native forbs, and all was slash removed, it may be possible to
reduce annual grass cover over time without burning in spring.

----------------
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7.9 APPENDICES

APPENDIX S7.1. Linear mixed model results for temporal change in non-native plant cover.
Model

Period

df

t

p

Change in cover for sites
burnt in 2014

F₃,₄₁ = 7.366, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

42
40
40

-1.32
0.63
-3.63

0.19
0.53
0.001

Change in cover for sites
burnt in 2015

F₃,₃₂ = 26.572, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

32
32
32

-8.61
-1.71
-4.38

<0.001
0.09
<0.001

Change in cover for sites
burnt in 2016

F₃,₂₇ = 8.185, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

27
27
27

-3.87
0.68
0.12

0.001
0.5
0.12

Change in cover for sites
that remained unburnt

F₃,₃₇ = 8.547, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

37
37
37

-4.43
-1.43
-3.94

<0.001
0.16
<0.001

Overall change in cover
across all sites

F₃,₁₅₃ = 38.301, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

153
154
153

-9.31
-0.67
-5.97

<0.001
0.51
<0.001
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APPENDIX S7.2. Linear mixed model results for temporal change in annual grass cover.
Model

Period

df

t

p

Change in cover for sites
burnt in 2014

F₃,₅₇ = 10.931, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

57
57
57

-4.74
-1.39
-4.51

<0.001
0.17
<0.001

Change in cover for sites
burnt in 2015

F₃,₃₃ = 14.143, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

33
34
33

-6.35
-3.54
-4.42

<0.001
0.001
<0.001

Change in cover for sites
burnt in 2016

F₃,₂₇ = 9.097, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

27
27
27

-4.66
-2.22
-4.22

<0.001
0.04
<0.001

Change in cover for sites
that remained unburnt

F₃,₃₈ = 8.735, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

38
38
38

-4.67
-3.16
-4.13

<0.001
0.003
<0.001
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APPENDIX S7.3. Linear mixed model results for temporal change in perennial grass cover.
Model

Period

df

t

p

Change in cover for sites
burnt in 2014

F₃,₅₇ = 1.133, p = 0.344

2013 to 2014
2014 to 2015
2015 to 2016

57
57
57

-1.75
-0.76
-1.31

0.09
0.45
0.2

Change in cover for sites
burnt in 2015

F₃,₃₃ = 2.188, p = 0.108

2013 to 2014
2014 to 2015
2015 to 2016

33.08
33.43
33.08

-2.11
0.33
-0.82

0.04
0.74
0.42

Change in cover for sites
burnt in 2016

F₃,₂₇ = 0.129, p = 0.942

2013 to 2014
2014 to 2015
2015 to 2016

27
27
27

0.38
0.58
0.16

0.71
0.57
0.88

Change in cover for sites
that remained unburnt

F₃,₃₈ = 0.991, p = 0.408

2013 to 2014
2014 to 2015
2015 to 2016

38.01
38.02
38.01

-0.17
-0.73
-1.56

0.86
0.47
0.13
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APPENDIX S7.4. Linear mixed model results for temporal change in perennial herb cover.
Model

Period

df

t

p

Change in cover for sites
burnt in 2014

F₃,₅₇ = 5.286, p = 0.003

2013 to 2014
2014 to 2015
2015 to 2016

57
57
57

0.5
3.54
2.26

0.6
0.001
0.03

Change in cover for sites
burnt in 2015

F₃,₃₃ = 3.976, p = 0.016

2013 to 2014
2014 to 2015
2015 to 2016

32.81
33.48
32.81

-2.96
-0.25
-0.09

0.006
0.81
0.93

Change in cover for sites
burnt in 2016

F₃,₂₇ = 4.211, p = 0.014

2013 to 2014
2014 to 2015
2015 to 2016

27
27
27

0.09
2.58
2.54

0.93
0.02
0.02

Change in cover for sites
that remained unburnt

F₃,₃₈ = 2.803, p = 0.053

2013 to 2014
2014 to 2015
2015 to 2016

38.05
38.15
38.05

1.14
2.66
2.17

0.26
0.01
0.04
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APPENDIX S7.5. Linear mixed model results for temporal change in annual herb cover.
Model

Period

df

t

p

Change in cover for sites
burnt in 2014

F₃,₅₇ = 2.215, p = 0.096

2013 to 2014
2014 to 2015
2015 to 2016

57
57
57

1.5
2.21
0.22

0.14
0.03
0.83

Change in cover for sites
burnt in 2015

F₃,₃₄ = 2.908, p = 0.049

2013 to 2014
2014 to 2015
2015 to 2016

33.58
34.89
33.58

0.19
2.66
0.38

0.85
0.01
0.71

Change in cover for sites
burnt in 2016

F₃,₂₇ = 1.028, p = 0.396

2013 to 2014
2014 to 2015
2015 to 2016

27
27
27

0.54
-0.44
-1.16

0.6
0.66
0.26

Change in cover for sites
that remained unburnt

F₃,₃₈ = 1.463, p = 0.240

2013 to 2014
2014 to 2015
2015 to 2016

38.13
38.45
38.14

1.83
0.3
1.36

0.08
0.78
0.18
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APPENDIX S7.6. Linear mixed model results for temporal change in the cover non-native plants
according to life-form, and irrespective of when fire occurred.
Model

Period

df

t

p

Change in non-native
annual grass cover

F₃,₁₅₆ = 35.781, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

155
156
155

-9.48
-4.61
-8.16

<0.001
<0.001
<0.001

Change in non-native
perennial grass cover

F₃,₁₅₅ = 1.842, p = 0.142

2013 to 2014
2014 to 2015
2015 to 2016

155
155
155

-1.98
-0.47
-1.76

0.049
0.64
0.08

Change in non-native
perennial herb cover

F₃,₁₅₆ = 11.529, p = <0.001

2013 to 2014
2014 to 2015
2015 to 2016

155
156
155

-0.29
4.48
3.41

0.77
<0.001
0.001

Change in non-native
annual herb cover

F₃,₁₅₇ = 2.337, p = 0.076

2013 to 2014
2014 to 2015
2015 to 2016

156
157
156

1.98
2.32
0.74

0.05
0.02
0.46
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Calocephalus citreus amongst Themeda triandra tussocks at Ngarri-djarrang grassland in
Melbourne’s north.
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CHAPTER 8

A SYNTHESIS OF MAJOR FINDINGS
AND MANAGEMENT IMPLICATIONS

The following chapter is a synthesis of the major findings outlined in this thesis and their
implications for grassland management. The chapter has been written and designed as a
standalone booklet that those charged with the management of grasslands will be able to
access. Consequently, this chapter deviates from the style and design presented elsewhere
in the thesis.
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GRASSLANDS OF THE
VICTORIAN VOLCANIC PLAIN
VEGETATION CHANGE IN THE FACE OF INTENSIFYING URBANISATION

The natural grasslands of the Victorian Volcanic Plain
once covered an area of 2.3 million hectares. Since
European settlement approximately 99% of the
ecosystem has been modified or cleared for agriculture,
and in recent decades, urbanisation has emerged as the
next major threat. Some of the largest remaining
remnants are conserved within the urban fringe of the
rapidly expanding city of Melbourne. In the face of intens-

ifying urbanisation, it is vital to understand how the
vegetation of remnant grasslands will respond. Are native
plant populations persisting? To what extent do nonnative plants now occupy the grasslands? What types of
non-native plants have invaded, and where do they exist
along the urban gradient? And can re-introducing fire into
infrequently burnt grasslands be used as a tool to control
non-native plants?

STUDYING THE EFFECTS
OF URBANISATION
From 2013 to 2017, research has
been conducted across native
grasslands on the Victorian
Volcanic Plain to examine how the
vegetation has changed over the
past two-decades. The project
aimed to extensively examine the
grassland reserve system of
Melbourne and explore the impact
of urbanisation on floristic
composition. Change in the
composition
of
urbanising
grasslands was then compared to
change in rural grasslands over the
same period. This study addressed
two main questions:
1. How has urbanisation, and the associated declines in fire frequency, affected floristic composition of grasslands?
2. To what extent can the re-introduction of fire regimes reverse changes in floristic composition?

ABOVE: Clearing of native vegetation and the conversion of land to agriculture or urban landscapes has been widespread
across the Victorian Volcanic Plain. The distribution of Victoria’s Volcanic Plain Grasslands prior to European settlement is
represented in white, with the current distribution represented in red. Map adapted from data originally published in
Williams & Morgan (2015) The native grassland of south-eastern Australia. In: Williams, N.S.G., Marshall, A. & Morgan, J.W.
(eds.) Land of sweeping plains: managing and restoring the native grasslands of south-eastern Australia, pp. 28-59. CSIRO
Publishing, Melbourne.

RAPID URBANISATION
During the 1980’s, grasslands
in Melbourne’s north and west
were identified as some of the
largest remaining remnants of
the Victorian Volcanic Plain
Grassland. Since then, more
than a quarter of these
remnants have been cleared for
urban development. A further
3,278 ha are planned to be
cleared by 2030, which is
approximately 40% of the
remaining remnants in 2017. In
addition, 88% of uncleared
grasslands will be bordered by
urban land cover, increasing
from 64% in 2014, and 38% in
1994.

ABOVE: Urban development over the past two decades and future projections in Melbourne’s north and west. Melbourne
in 1994 (left), Melbourne in 2014 (centre), projected urban development by 2030 (right). Green polygons indicate
Melbourne’s known remnant grasslands. Red line indicates the urban boundary. Red shading indicates planned
residential development and grey shading indicates planned industrial development.

THE PROJECT IN NUMBERS
▪

Site-level floristic surveys of 77 urban grassland
reserves, totalling 1393 ha of surveyed grassland

▪

Vegetation cover assessed in 67 urban
grasslands using 904 transects and 45,200 point
quadrats

▪

Annual vegetation cover surveys in 20
grasslands over four years, consisting of 324
transects and 16,200 point quadrats each year

▪

Site-level floristic surveys undertaken across
rural Victoria in 63 remnant volcanic plain
grasslands

ABOVE: The location of all study sites in urban and rural Victoria where it was possible to compare current composition to
historical composition. Red markers represent study sites in rural Victoria and blue markers represent urban study sites in
and around Melbourne.

1987-1994
2013/2014

Over the past two-decades, Melbourne’s grassland
reserves have become increasingly similar to each other
based on the composition of plants occupying each
reserve. This process has been unique to the grasslands
around Melbourne, with rural grasslands having changed
very little over the same period.
This process, known as ‘biotic homogenisation’, is a
common global phenomenon in urbanising grasslands. In
Melbourne, biotic homogenisation has occurred because
many sites have been invaded by the same non-native
plants, with the least urbanised grasslands becoming
more similar to the most urbanised grasslands. However,
at this stage, change in Melbourne’s grasslands based on
the site-level loss of native species has been less evident.

NMDS 1

CHANGE OVER THE PAST TWO-DECADES

NMDS2
ABOVE: This figure presents the results
of an NMDS ordination plot comparing
the current composition of Melbourne’s
grasslands to the composition twodecades earlier. Each dot represents a
grassland reserve placed according to its
relative dissimilarity (based on species
composition) to all other grasslands. The
colour of the dots distinguishes when the
grassland was surveyed. An increase in
similarity over time can be observed as
sites converge into the centre of the plot.
Stress = 0.19

WHAT TYPES OF PLANTS HAVE BECOME MORE COMMON IN MELBOURNE?
On average, the plant species growing in
Melbourne’s grasslands today are taller than species
two-decades ago. This was true for both native and
non-native plants. It is thought that declining
frequency of historical fire events is likely to have
driven this trend, with tall species competitively
superior to short species in the absence of fire
disturbance. Height provides plants with the
advantage of accessing light under dense grass and
litter cover. By contrast, there has been little change
in rural grasslands, which have sustained more freq-

uent burning regimes. Native plants capable of
clonal growth, and non-native plants with an annual
life-span, have also increased. These traits are likely
to favour the persistence of species in an urban
environment in different ways. For example, clonal
plants have a reliable reproduction and are
successful at dispersing over short distances, while
annual plants are highly tolerant of anthropogenic
disturbance and can complete their lifecycle in a
favourable temporal niche.

LEFT: Change over time in the percent of
widespread native species, rare native
species, widespread non-native species and
rare non-native species in both urban and
rural grasslands.

Widespread native species
Rare native species
Widespread non-native species
Rare non-native species

WHAT COULD BE DRIVING DECLINES IN SOME SPECIES AND INCREASES IN OTHERS?
Urban environments are typically exposed to
elevated nitrogen through industry and transport
emissions. In addition, biomass removal via fire
disturbance is supressed and becomes infrequent.
To investigate nitrogen enrichment and the decline
of fire frequency as drivers of vegetation change in
Melbourne, an experiment was conducted in the
Iramoo Wildflower Grassland Reserve. Native
herbaceous and sub-shrub plants that had increased
in frequency over the past two-decades (increasers)
were grown side-by-side with plants that had
declined in frequency (decreasers) in a series of
experimental plots. The experimental plots were
divided into six treatments groups:
1. Brush-cut and biomass removed annually,
and nitrogen depleted
2. Brush-cut and biomass removed annually,
with no nitrogen treatment
3.

3. Brush-cut and biomass removed annually,
and nitrogen enriched
4. No brush-cutting undertaken, but nitrogen
depleted
5. No brush-cutting undertaken, and no
nitrogen treatment
6. No brush-cutting undertaken, but nitrogen
enriched.
Nitrogen enrichment was achieved with fertilizer
application, and nitrogen depletion through sucrose
application. Results found that native increaser
species experienced enhanced growth when
fertilised in the absence of brush-cutting. However,
decreaser species were suppressed under these
conditions, but re-sprouted strongly in the brush-cut
plots. These results suggest, that by suppressing
growth, enhanced nitrogen and a decline in fire
frequency could be playing a role in driving
vegetation change in Melbourne’s grasslands.
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ABOVE: Species used in the experiment. Bottom section of graph
represents the occupancy of plants prior to 1994, top section
represents frequency between in 2013/2014. Green line
represents the difference in frequency for each species between
the two-time periods. Decreaser species used in this study are
represented in blue, and from left to right include Dichondra
repens, Leptorhynchos squamatus, Glycine tabacina, Solengyne
dominii, Hypericum gramineum, Goodenia pinnatifida, Lobelia
pratioides and Eryngium ovinum. Increaser species used in this
study are represented in orange, and from left to right include
Convolvulus angustissimus, Enchylaena tomentosa, Einadia nutans,
Calocephalus citreus, Veronica gracillis, Atriplex semibaccata,
Senecio hispidulus and Senecio quadridentatus.
LEFT: Differences in plant biomass between increaser and
decreaser species in each of the six treatments. AD/ND = annual
disturbance/N depleted; AD/NNT = annual disturbance/no N
treatment; AD/NE = annual disturbance/N enriched; ND/ND = no
disturbance/N depleted; ND/NNT = no disturbance/no N
treatment; ND/NE = no disturbance/N enriched. Error bars
represent 1SE.

HOW INVADED ARE MELBOURNE’S GRASSLANDS?
Non-native plants contribute 31% of the cover in Melbourne’s native
grasslands, with the most widespread species contributing the most
to cover.

WHAT ROLE DO ROADS PLAY IN NON-NATIVE PLANT
COMPOSITION?

Non-native plants
account for 31% of
cover in Melbourne’s
grasslands

Roads contribute to the dispersal of non-native plants across
landscapes. The scale at which road density is examined indicates
there are different processes at play. For example, at local-scales, road
density is an indicator of roadside edge effects and propagule
pressure from vehicles, while at landscape-scales, road density is an indicator of urbanisation intensity. Thus,
while local road density is informative as to how non-native species may reach a grassland, landscape road
density is an indicator of which non-native species are tolerant of the urban environment.

ABOVE: Road density in the surrounding area of each grassland was examined in the study at multiple scales. Road density
within 100 m of grasslands (top left), within 500 m (top right), within 1000 m (bottom left), within 5000 m (bottom right).

Results indicate that non-native plants invested in
persistence strategies (e.g. perennial life-span, low
specific leaf-area values) are most dominant in the
most urbanised of Melbourne’s grasslands, while at
local scales, high road density is associated with a
high diversity of non-native plant traits. Thus,

persistence-invested plants may have been
advantaged by infrequent fire disturbance and
higher temperature in the most urbanised of
Melbourne’s grasslands, while at local scales, high
road density has facilitated the spread of a diverse
non-native flora.

CAN RE-INTRODUCING FIRE
REGIMES REDUCE THE COVER OF
.
.NON-NATIVE PLANTS?
During this four-year study, change in the
cover of non-native plants in 20 grasslands that
had been subject to prescribed burning in late
summer/ autumn was monitored. Some areas
were burnt in 2014, some in 2015, and some in
2016, while others remained unburnt. The
intention was to examine whether prescribed
burning could reduce the cover of non-native
plants, or alternatively, lead to further
destabilisation of grasslands composition.
Non-native plant cover was found to be
dynamic, however, there was little evidence to
suggest this was related to fire. Rather, change
in non-native plant cover appeared to be a
response to rainfall variability, with annual
grasses driving an increase in overall nonnative plant cover in wet years, and a decline in
non-native plant cover during dry years. In
contrast, perennial grasses remained stable
throughout the study period
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ABOVE: Cover of the 20
most widespread nonnative
plant
species
observed in Melbourne’s
grasslands.
Figure
displays the mean cover
values and one standard
error.

LEFT: The location of
grassland sites monitored
annually over four years.
Red
filled
polygons
represent the grasslands.
Triangles represent four
weather stations from
which rainfall data over
the study period was
collected.
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ABOVE: The results of annual cover surveys undertaken in 20 of Melbourne’s native grasslands. Grassland cover over the
four-year period was dynamic, however, all grasslands recorded the same pattern regardless of when, or if, they were burnt
(top left). Overall, the grasslands became more invaded over the past four years (top left). Inter-annual variation in grassland
cover was driven by large increases in annual grasses during wet years, and declines during dry years (top left & bottom).
Perennial grass cover, in contrast, remained stable throughout the study period (top left).

MANAGEMENT IMPLICATIONS
Although vegetation change in Melbourne’s
grasslands has, to-date, been characterised by
invasion rather than native plant extinction, it is
important to note that extinction is a much slower
process. At this stage, data suggests that there is still
an opportunity to prevent a significant number of
native population extinctions with the reintroduction of frequent fire events. However, the
re-introduction of fire regimes around Melbourne
has not proven to be an effective method of
controlling non-native plants. Nor, has it resulted in
further destabilisation and invasion. Given that fire
is essential for maintaining native plant diversity,
managers can burn without the risk of increasing
invasion.

This study identified that inter-annual variation in
non-native plant cover is driven by large increases in
annual grasses during wet years. It is possible that
fire occurring in spring could assist in controlling
annual grasses. However, further research is
required to understand how the native flora respond
to spring burning. In addition, any benefits of spring
burning will need to be weighed against the
likelihood of annual species recolonizing from the
surrounding landscape, and the risk of being
replaced by non-native perennial species. Given the
temporal stability of non-native perennial grasses
documented in this study, perennial grasses may
possibly have a more persistent impact on the native
flora than annual grasses.

WHERE TO FROM HERE?
When native vegetation is retained within
urbanising landscapes, long-term monitoring is a
powerful tool for understanding how the system
responds. However, there is a lack of on-going, longterm monitoring of ecological systems, both in
Australia and internationally. The project
summarised here was therefore designed so that ongoing monitoring of Melbourne’s grasslands can be
possible. Those with an interest in participating in
the ongoing monitoring of the grasslands are
encouraged to do so. All data, survey point locations
and monitoring protocols have been made freely
available online:
https://dataverse.harvard.edu/dataverse/Melbour
neGrasslands
Those that decide to add to the knowledge gained
from this project are encouraged to also make their
data and findings public.
Throughout this research project, it became
clear that reliable records on historical management
and fire regimes either did not exist, or, if they did,
were difficult to locate. Future research would bene-

it greatly if these records were reliably kept and
made publicly available. This would allow
researchers to more fully account for idiosyncratic
management differences between sites when
examining the major effects of urbanisation.
At the regional scale, Melbourne’s native
grasslands are species rich. In this project, 279
native plant species were recorded. However,
unlike in western Victoria where annual prescribed
burns are common, the density in which these
native species occur in Melbourne is generally low.
In recent years, grassland managers have increased
species density in many grasslands using direct
seeding and tube-stock plantings. However, there is
a lack of general understanding as to how many of
these planted populations can become selfsustaining, and whether some species are more
capable of achieving this than others. The
monitoring of Melbourne’s grasslands could
therefore be improved by adding information on
planting longevity and recruitment success. The
sharing of information across Melbourne’s
management authorities will also be a valuable
conservation tool.
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