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Abstract. Alien grass species have been intentionally introduced into Australia since European settlement over 200 years
ago, with many subsequently becoming weeds of natural environments. We have identified the subset of these weeds
that have invaded and become dominant in environmentally important areas in the absence of modern anthropogenic
disturbance, calling them ‘high-impact species’. We also examined why these high-impact species were successful, and
what that might mean for management. Seventeen high-impact species were identified through literature review and expert
advice; all had arrived by 1945, and all except one were imported intentionally, 16 of the 17 were perennial and four of the
17 were aquatic. They had become dominant in diverse habitats and climates, although some environments still remain
largely uninvaded despite apparently ample opportunities. Why these species succeeded remains largely untested, but
evidence suggests a combination of ecological novelty (both intended at time of introduction and unanticipated), propagule
pressure (through high reproductive rate and dominance in nearby anthropogenically-disturbed habitats) and an ability to
respond to, and even alter, natural disturbance regimes (especially fire and inundation). Serious knowledge gaps remain
for these species, but indications are that resources could be better focused on understanding and managing this limited
group of high-impact species. They require new management approaches, especially to counteract the advantages of
ecological novelty, reduce propagule pressure and better direct the large-scale disturbance regimes that continue to shape
plant communities across Australia.
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Introduction

Poaceae is one of the largest, most cosmopolitan and ecologically
important of the flowering plant families globally with ~10 000
species (McCusker 2002; Clayton et al. 2006). Due to their value
for crops, pasture, horticultural amenity and land rehabilitation,
grasses have been deliberately redistributed globally since
at least the mid-19th century (Russell 2001; Lazarides 2002;
Cook and Dias 2006; Martins et al. 2009). Many successful
introductions have subsequently led to alien grasses becoming
dominant in diverse and often non-target ecosystems, causing
profound ecosystem impacts and important conservation
challenges (Mack 1989; D’Antonio and Vitousek 1992; Knapp
1996). In Australia the introduction history of invasive grasses
is relatively well documented (Thorp and Lynch 2000; Groves
et al. 2005; Cook and Dias 2006; Setterfield et al. 2010; Friedel
et al. 2011; van Klinken et al. 2013), and so we have an
opportunity to ask a central question in invasion biology: what
is it that allows species to invade and dominate environmentally
important areas, even without the assistance of anthropogenic
disturbance? We use ‘anthropogenic disturbance’ to describe
post-European settlement practices such as livestock grazing,

vegetation clearance, burning and roadside slashing, in contrast
to ‘natural disturbance’, which includes pre-European indigenous
fire regimes, floods and windstorms.

Current literature offers numerous hypotheses and predictors
of invasion success, especially concerning the demographic
consequences of species traits, environment and their
interactions (Colautti et al. 2006; Richardson and Pyšek 2006;
Catford et al. 2009; van Kleunen et al. 2010; Gurevitch et al.
2011). However, invasiveness is generally not a good predictor
of impact (Ricciardi and Cohen 2007; van Klinken et al. 2013):
ruderal species, for example, can be highly invasive yet may
cause little environmental impact (van Klinken et al. 2013).
By contrast, there has been relatively little attention paid to
predictors of alien species that cause serious impact. A recent
analysis of invasive alien tropical grasses in Australia identified
some limited predictors for grass species causing serious
environmental impacts. The analysis concluded that improved
prediction would require a deeper understanding of the
circumstances in which impact occurs – whether in
environmental, pastoral or agricultural sectors (van Klinken
et al. 2013).
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In the present work, we identified those ‘high impact’ alien
grass species that have invaded and become dominant in
Australia without the assistance of anthropogenic disturbance
and asked why these have been so successful, with the intention
of improving management focus and outcomes. Since the
availability of data on impacts is limited, we took a qualitative
approach, through surveying experts, literature review and analysis.
We did so by:

(i) extending the list of tropical grass species that currently
cause serious environmental impact in Australia (see van
Klinken et al. 2013) to include temperate species;

(ii) providing a national overview of the habitats that have, and
have not, become dominated by invasive alien grasses; and

(iii) identifying and assessing hypotheses as to why some
invasive alien grasses have had a high environmental
impact in Australia.

Results are discussed from the perspective of how to better
anticipate and manage such species into the future.

Identifying alien grass species in Australia with high
environmental impact

Species with high environmental impact were defined
following van Klinken et al. (2013) as those species that
have become dominant (that is, the species with the highest
percent herbaceous cover) on land managed for environmental
values as the result of natural spread (implying an ability
to invade), and not dependent on human-related disturbance
(e.g. excludes roadsides that are regularly slashed, high-use
areas such as campgrounds, and land that has historically
had heavy, prolonged grazing). Dominance was used as
a surrogate for impact because environmental impact of most
alien grass species has not been quantified. Specific examples
where all criteria were met were required for a species to be
considered as high impact. Details of the methodology are
provided in Table S1, available as Supplementary Material
to this paper.

A total of 17 species met the criteria for being high impact
(Table 1), or 5.0% of all naturalised species (Table 2). There
were three times as many high-impact tropical species as
temperate species, despite the number of naturalised species
being similar in both regions. Most high-impact species were
perennial, having been introduced for use in pastures and
subsequently actively spread due to their perceived benefits.
The timing of first records and naturalisation for the first six
tropical species were quite similar to that of temperate species
which had all naturalised by 1945 (Fig. 1). However, the next
seven tropical species were rapidly introduced during the late
1920s to 1940, but it took until 1988 for all to be considered
naturalised. This activity was the direct result of an active
pasture improvement program conducted in northern Australia
throughout much of the twentieth century (Cook and Dias 2006;
van Klinken et al. 2013).

Finding evidence of species meeting our criteria for high
impact was difficult, even for many of the species on the final
list (Table 1). Published observationswere rare, normally focused
on ‘threat’ rather than impact, and they generally provided few
insights into the disturbance regimes under which invasion

occurred. All high-impact species were widely distributed but
some, such as African love grass (Eragrostis curvula (Schrad.)
Nees) and grader grass (Themeda quadrivalvis (L.) Kuntze), met
our criteria only in quite localised circumstances (Table S1).
Many species listed as high-impact environmental weeds by
other authors (Thorp and Lynch 2000; Groves 2003) did not
meet our stricter and more explicit criteria. For example, the
relatively well studied Chilean needle grass (Nassella neesiana
(Trin. & Rupr.) Barkworth) is ranked as one of the 20 ‘Weeds
of National Significance’ (Thorp and Lynch 2000) for its
pastoral and environmental impact, but was not included due

Table 1. High-impact environmental species in Australia
For further details see Table S1, available as Supplementary Material to

this paper

Species Common name

Tropical/arid
Andropogon gayanus Kunth Gamba grass
Cenchrus ciliaris L. Buffel grass
Cenchrus pedicellatus (Trin.) Morrone Annual mission grass
Cenchrus polystachios (L.) Morrone Perennial mission grass
Cenchrus setigerus Vahl Birdwood grass
Echinochloa polystachya (Kunth) Hitchc. Aleman grass
Eragrostis curvula (Schrad.) Nees African love grass
Hymenachne amplexicaulis (Rudge) Nees Olive hymenachne
Hyparrhenia hirta (L.) Stapf Tambookie grass;

coolatai grass
Megathyrsus maximus (Jacq.)
B.K.Simon and S.W.L.Jacobs

Guinea grass

Melinis minutiflora P.Beauv. Molasses grass
Themeda quadrivalvis (L.) Kuntze Grader grass
Urochloa mutica (Forssk.) T.Q.Nguyen Para grass

Temperate
Ammophila arenaria (L.) Link Marram grass
Anthoxanthum odoratum L. Sweet vernal grass
Ehrharta calycina Sm. Perennial veldtgrass
Spartina anglica C.E.Hubb Common cordgrass;

rice grass

Table 2. Summary of the grass species that meet our criteria for being
high impact in Australia

Species details are provided in Table 1 and Table S1, available as
Supplementary Material to this paper

Tropical
and aridA

Temperate Total (% of all
high-impact
species)

Number of naturalised species 151 188 339B

Number of high-impact species 13 4 17 (100%)

Attributes of high impact species
Perennial and perennial/annual 12 4 16 (94%)
Aquatic/semi-aquatic 3 1 4 (24%)
Actively spread 10 4 14 (82%)

Pathway into Australia
Pasture 12 3 15 (88%)
Habitat stabilisation 0 1 1 (6%)
Contaminant 1 0 1 (6%)

Avan Klinken et al. (2013); van Klinken et al. (2015a).
BDodd et al. (2015).
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its apparent requirement for high levels of anthropogenic
disturbance to facilitate invasion (Faithful 2012).

Invasion outcomes: which ecosystems have been invaded?

Awide rangeof tropical, subtropical, temperate, arid and semiarid
ecosystemshavebeen transformedbyhigh-impact grasses (Fig. 2).

Under temperate climates only one high-impact grass, rice
grass (Spartina anglica C.E.Hubb.), occurred in aquatic
systems, in estuarine mudflats (Hindell and Warry 2010).
Demonstration of invasion under natural disturbance regimes
was difficult in temperate grasslands and woodlands as these
habitats were typically fragmented and subjected to significant
anthropogenic disturbance (Faithful 2012). The presence of
invasive grasses was often part of a ‘syndrome’ of problems
(Mack 1989; Faithful 2012). Examples of high-impact grasses
were therefore limited to restricted, but often environmentally
significant, habitats. These grasses include marram grass
(Ammophila arenaria (L.) Link) on beaches, sweet vernal grass
(Anthoxanthum odoratum L.) in alpine habitats and perennial
veldtgrass (Ehrharta calycina Sm.) in Banksia woodlands.

The greatest diversity of high-impact grasses is present in
the woodlands with grass understoreys that occur across about
a third of tropical and subtropical Australia. Of these the most
spectacular is gamba grass (Andropogon gayanus Kunth),
which grows to 4m in height and becomes dominant through
altering fire regimes (Setterfield et al. 2010). It has the capacity
to invade all but the wetter savanna habitats (Flores et al. 2005).
Perennial mission grass (Cenchrus polystachios (L.) Morrone)
can grow in the same areas as gamba grass, while annual mission
grass (Cenchrus pedicellatus (Trin.) Morrone) readily invades
dry savanna habitats (Australian Government: Department of
the Environment and Energy 2012).

All of these high-impact grasses also commonly dominate
habitats such as roadsides, forest margins, clearings and riparian
zones with a history of severe anthropogenic disturbance.
Finding evidence of invasion and dominance without the
assistance of anthropogenic disturbance was difficult for some,
such as grader grass, guinea grass (Megathyrsus maximus (Jacq.)
B.K.Simon & S.W.L.Jacobs) and molasses grass (Melinis
minutiflora P.Beauv.). Most records for these species are from
highly disturbed areas and records rarely provide information
on disturbance history (see Table S1).

Subtropical and tropical wetlands are frequently heavily
invaded by high-impact grasses, with extensive monocultures
occurring even under limited anthropogenic disturbance. Olive
hymenachne (Hymenachne amplexicaulis (Rudge) Nees) and
Aleman grass (Echinochloa polystachya (Kunth) Hitchc.) can
grow in water to a depth of 2.5m or more, the latter preferring
seasonal flooding, whereas para grass (Urochloa mutica
(Forssk.) T.Q.Nguyen) grows on seasonally flooded soils, in
shallower water (Hannon-Jones and Weber 2008; Wearne
et al. 2010; Bayliss et al. 2012; Queensland Department of
Agriculture and Fisheries 2012, 2016).

Buffel grass (Cenchrus ciliarisL.) and several otherCenchrus
species are causing serious impacts in arid Australia. The
extent of invasion by buffel grass and the diversity of habitats
it invades means it ranks as among the most serious
environmental weeds in Australia (Australian Government:
Department of Environment 2015; Martin et al. 2015).

The environmental impacts of high-impact grass species
are expected to continue to increase, with most still having
relatively restricted distributions compared with their potential
distribution. Buffel grass is the main threat: modelling suggests
that ~68% of mainland Australia is vulnerable to invasion
(Lawson et al. 2004), across a broad range of habitats (Clarke
et al. 2005; Martin et al. 2015). Gamba grass is expected to
have the potential to invade 70% of Australian upland savanna
communities (Petty et al. 2012). However, disturbance
requirements are generally not considered in species distribution
modelling which can therefore result in weed potential being
seriously overestimated (Murray et al. 2012): some habitats
may be susceptible to invasion in the absence of anthropogenic
disturbance, whereas others may require disturbance before
invasion can occur.

Invasion outcomes: limits to grass invasion success

Some environments remain largely uninvaded. Understanding
why is important for conservation: will they inevitably succumb
to invasion as well, or is that an unlikely outcome or one that can
be prevented?

Failure to invade and become dominant under relatively
natural disturbance regimes can simply be due to weeds
having insufficient time to do so. The lack of propagule
pressure (Colautti et al. 2006) certainly explains some apparent
invasion failures, especially when combined with infrequent
invasion opportunities such as rare high rainfall years in arid
regions. In fact, there are several examples where such lag
phases have led to spurious conclusions regarding either
the limits of tolerance of the invading species or the resistance
of communities to invasion. For example, gamba grass was
not expected by pasture scientists to readily invade intact
savannas (Cameron and Lemcke 2006) but this has proved
to be incorrect (Brooks et al. 2010). Likewise, buffel grass
was initially thought to be limited to mesic parts of arid
environments, but has since established on spinifex sandplains
(hummock grasslands) and rocky terrain (e.g. Dixon et al.
2002; Binks et al. 2005; Puckey et al. 2007; Murray et al. 2012).

Nonetheless, someenvironments do remain largelyuninvaded
despite apparently ample opportunity. Notable examples include
native perennial grasslands covering black soil plains across
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Fig. 1. Cumulative number of high-impact temperate (thin lines) and
tropical (thick lines) species first recorded (dashed lines) and naturalised
(solid lines) in Australia.
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vast areas of northern Australia (Fensham et al. 2014; R Silcock
pers. comm.), much of the hummock or spinifex grasslands
on arid sandplains, dunefields and mountain ranges that are
typically dominated by native Triodia species (Griffin 1984),
and many intact forests, including those with native grass
understoreys (often dominated by kangaroo grass (Themeda
triandra Forssk.)) in south-eastern Queensland (Fig. 3).
Generally speaking, disturbance regimes in native habitats
that maintain dense natural ground or tree cover are least
likely to be invaded by alien grasses (McIvor 2003; Eyre et al.
2009; Robbins 2009). Modelling showed that there was a
critical threshold of ~30% retained native woodland vegetation
in semiarid woodlands of eastern Australia, above which buffel
grass was not likely to occur in woodland fragments (Eyre
et al. 2009). The inability of buffel grass to invade above this
threshold was attributed to insufficient propagule pressure from
thegrass, suppressionof seedlingemergencebynativeplant litter,
competition from established plants and limited bare ground in
the absence of disturbance.

What makes high-impact species special?
There are many hypotheses regarding how species become
invasive, and various syntheses of those. However, little
specific attention has been given to hypotheses as to why
some species go on to become ‘high impact’. A recent
quantitative analysis of high-impact grass species in northern
Australia found no strong predictors, and concluded that future
analyses needed to take account of the individual circumstances
under which some invasive plants cause serious impact (van
Klinken et al. 2013). Standard correlative approaches were
hampered by lack of data, even for relatively well studied
species, and by the small number of species that actually
become high impact.

We identified three inter-related hypotheses as being
especially important in allowing some species to become
dominant without the assistance of anthropogenic disturbance:
(i) ecological novelty, (ii) colonisation and propagule pressure,
and (iii) favourable natural disturbance regimes. A broad review
of the history of introduction, combined with a literature

(a)

(b)

(d )

(c)

Fig. 2. Examples of high-impact grass invaders: (a) buffel grass (Cenchrus ciliaris) in central Australia with tree death resulting from hot fires (photograph
by: DaveAlbrecht); (b) olive hymenachne (Hymenachne amplexicaulis) invasion of a coastal wetland in north-easternAustralia (photograph by: JohnClarkson);
(c) gamba grass (Andropogon gayanus) invasion of tropical savanna in northern Australia (photograph by: Sam Setterfield); and (d) rice grass (Spartina anglica)
invasion in a temperate estuary (photograph by: Joanna Ellison).
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analysis conducted on each of the high impact species (Web
of Science, using species names, main synonyms and widely
used common names; broader web-based searches of grey
literature, and grey literature sourced from the Australian weed
research community) were used to assess evidence for and
against these main hypotheses. We hope that this case-study
approach will ultimately lead to more systematic testing of
hypotheses relating to why some species can invade and
become dominant in natural environments.

Ecological novelty

From the perspective of species invasions, we define ecological
novelty as species characteristics that confer particular advantages
in invaded environments over existingflora (‘limiting similarity’,

Catford et al. 2009). Ecological novelty has been the driving
motivation for importing newspecies intoAustralia. Thus species
were actively sought to fill what were viewed as empty or
depauperate niches (Hindell and Warry 2010), to address
environmental issues such as erosion that resulted from
intensifying land use practices (Lonsdale 1994; Cook and Dias
2006; Dear and Ewing 2008), and to meet ongoing demand for
aesthetic novelty in ornamental plants (Groves et al. 2005).
All but one of the 17 high-impact species were introduced
intentionally (Table 2), in each case to address a perceived
need that was not being met by the existing flora. The
potential of native species to meet these needs was not
investigated in any depth until the 1970s, after more than
a century of plant importation and selection (Cook and Dias
2006). In most cases the primary focus of grass introductions

(c)

(d )

(a)

(b)

Fig. 3. Examples of vegetation types in Australia that remain largely uninvaded by alien grasses: (a) open woodlands with kangaroo grass understory
(south-eastern Queensland) (photograph by: Rieks van Klinken); (b) spinifex grasslands (north-western Australia) (photograph by: Rieks van Klinken);
(c) Mitchell grass downs on heavy black soil plains (semiarid Australia) (photograph by Angela Carpenter); and (d) Poa tussock grasslands in central
Tasmania (photograph by: James Kirkpatrick).
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was pasture improvement; other goals included addressing
salinity issues, sand dune stabilisation, mud-flat reclamation
(and its conversion to pasture) and erosion control (Cook and
Dias 2006).

Australian native grasses generally evolved under relatively
low grazing pressures exerted by marsupials, they developed
early flowering to ensure seed set in response to unpredictable
climates, thereby limiting their nutritive value to animals later
in the season, and they are often slow growing (Cook and
Clem 2000; Sinclair 2002; Orians and Milewski 2007). It was
commonly assumed that native grasses were inadequate as
pasture (Lonsdale 1994; Cook and Dias 2006). As a result,
pasture research in Australia was broadly aimed at finding
high production perennial pasture species that were tolerant of
heavy, prolonged grazing, would prevent erosion, and could
grow in diverse climates and soil types (Cook et al. 2005;
Cook and Dias 2006). In temperate regions this also included
addressing salinity challenges (Dear and Ewing 2008). African
grasses for example were sought that were adapted to heavy
grazing by large wild herds and their associated disturbances,
and under less variable moisture conditions (Cook and Clem
2000; Foxcroft et al. 2010). Some, such as buffel grass, are now
viewed as critical to pasture production in parts of northern
Australia (Friedel et al. 2011) and several underpin grazing in
southern Australia (Mack 1989; Dear and Ewing 2008). These
same adaptations have helped some of these alien species
to become dominant in natural habitats, even under limited
anthropogenic disturbance.

An important subset of introduced pasture grasses was the
so-called ponded pasture species (e.g. Aleman grass, para grass
and olive hymenachne), which were semi-aquatic and selected
to combine with ‘water catching infrastructure’ in northern
Australia (Wildin 1991). Several species were successfully
imported and commercialised, and were considered far
superior to corresponding native species (Wildin and Chapman
1987; Wildin 1991). For example the introduced ponded pasture
species, olive hymenachne, was found to be a much better
performer than the native congener and ecological analogue,
Hymenachne acutigluma (Steud.) Gilliland, which had a lower
photosynthetic rate at cooler temperatures and reduced
photosynthetic leaf area when flooded (Kibbler and Bahnisch
1999).

Naturalised species have also often demonstrated
unanticipated ecological novelty. Many of the pasture grass
introductions have different fire responses to native species
(see below regarding disturbance regimes). For example, the
native savanna biota evolved with frequent but relatively low
intensity fire, and is poorly adapted to the hot canopy fires
generated by gamba grass (Setterfield et al. 2010). In
a comparative study perennial veldtgrass shared several important
traits with other native fire ephemerals and ‘fire weeds’ in
Western Australia that allowed perennial veldt grass to utilise
the increased availability of nutrients following fire (Fisher et al.
2006). Other ecological novelties have also been identified
retrospectively among the high-impact species. These include
an ability to perform well under high-light conditions (Robbins
2009), rapid post-rain germination (Keir and Vogler 2006;
Vogler and Owen 2008), broad germination requirements that
include the ability to germinate in drier soils than native species

(Chejara et al. 2008) and the ability to rapidly exploit phosphorus
through fast-growing root systems (Christie 1975; Christie and
Moorby 1975). However, the potential of such ecological
novelties to enable species to successfully invade and become
dominant without the assistance of anthropogenic disturbance
still needs to be properly tested.

Colonisation and propagule pressure

The more grass species that are introduced (colonisation
pressure) and the greater the number and size of plantings
for each species (propagule pressure), the greater the number
of new species that will overcome stochastic events that
could limit successful establishment and spread (Lockwood
et al. 2009).

Colonisation pressure for grasses entering Australia has been
very high since European settlement, perhaps greater than for
any other plant family. No other taxon, with the possible
exception of legumes, has been so targeted for importation
and, for a subset of species, establishment across vast areas of
Australia (Winter et al. 1985; Lonsdale 1994; Cook and Dias
2006). Approximately 22% of the global grass flora (2250
species) have been recorded as being intentionally imported
into Australia since formal records began in 1929 (Cook and
Dias 2006), including all the high-impact species with the
exception of rice grass. The fates of many of the introduced
accessions are not known, although many were planted out in
a network of experimental field stations across Australia
(Winter et al. 1985; Lonsdale 1994; Cook and Dias 2006).
High colonisation pressure can help explain why so many
high-impact species established widely in Australia, especially
the last several tropical species to become naturalised (Fig. 1),
but not why they became high impact.

High propagule pressure can account for invasion of areas of
low anthropogenic disturbance (Panetta and Hopkins 1991;
Robbins 2009; Fensham et al. 2013), although its role in those
species subsequently becoming dominant is less clear. Many of
the high-impact species produce large numbers of seeds (Smith
et al. 1999; Keir and Vogler 2006; Martins et al. 2009). In
contrast, the widespread native kangaroo grass, which is often
displaced by alien grasses, produces relatively few seeds and
is a poor invader and disperser (Everson et al. 2009). Most
high-impact species have also been actively spread and
planted (Table 2) and may be dominant in habitats adjacent to
environmental reserves, and on linear features such as transport
corridors and disturbed riparian strips, as has been observed with
buffel grass in arid Australia (Griffin 1993; van Vreeswyk et al.
2004). However, very high propagule pressure on its own is
insufficient to facilitate invasion into adjacent environmental
reserves for many of these species, such as grader grass, which
generally also requires bare ground to invade under relatively
natural disturbance regimes (Table S1; van Klinken et al. 2013).

Ability to invade under natural disturbance regimes

The ability to invade and become dominant under natural
disturbance regimes is a pre-requisite for high-impact species
as we define them here. Disturbance regimes are often critical
in shaping plant communities, including providing opportunities
for aliens to invade, dominate and persist. Altered or newly
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imposed disturbance regimes can be an important mechanism
for plant invasion (Hobbs and Humphries 1995; Moles et al.
2012), by increasing resource availability or resetting succession
(Colautti et al. 2006; Catford et al. 2009). However, most
literature addresses situations where human disturbance is
high, pervasive and long term. In fact, a common theme is the
resilience of natural vegetation in Australia to invasion by most
grass (and other plant) species in the absence of anthropogenic
disturbance (McIvor 2003; Loo et al. 2009; Catford et al. 2011).

Teasing apart causes of successful invasions remains
challenging (e.g. see Eyre et al. 2009), and we found few
studies that specifically examined the relative role of natural
versus anthropogenic disturbance in aiding successful
establishment of alien grasses. One exception is Chilean
needle grass, which is recognised as one of the worst
environmental weeds in Australia, dominating grasslands,
many of which are endangered native grasslands (McLaren
et al. 2004). However, invasion by this species has generally
been facilitated by anthropogenic disturbance (Faithful 2012)
such as slashing activities, although once dominant it can remain
so even with the subsequent cessation of anthropogenic
disturbance (van Klinken et al. 2015b). In many cases multiple
causes of disturbance have been implicated. The widespread
adoption of buffel grass as a pasture species in north-western
Western Australia a century ago coincided with loss of native
flora due to overgrazing (van Vreeswyk et al. 2004). The
subsequent invasion of the Pilbara Region (Western Australia)
was assisted by massive flood events (Mitchell and Leighton
1998), drought and continued overgrazing. In fact, widespread
grass introductions were often intended to address the negative
impacts of imposed disturbance as well as provide improved
pasture production (Payne et al. 2004; Cook and Dias 2006).

Some natural disturbances can provide opportunities for
initial invasion whereas others can enhance invasion once
species are present as propagules or established plants. Drought
and flooding create opportunities for invasion, whereas fire
commonly enhances invasions already underway (D’Antonio
and Vitousek 1992). Other more localised disturbances, such
as shifting dunes, can also assist invasion (e.g. marram grass).
In most cases evidence suggests that invasion or dominance
followed changes in disturbance regimes, albeit natural in the
case of drought and flood. This supports a recent meta-analysis
that found changing disturbance regimes was a better predictor
of invasive species richness and relative cover than was
disturbance per se (Moles et al. 2012).

Drought

Drought appears to be an important agent in initial invasion by
high-impact species, at least in arid and semiarid Australia.
In examples we located, grazing was not currently occurring
although it had at some time in the past. In a central Australian
National Park, buffel grass became dominant in the 1990s when
drought in themid-1980s reduced native grass cover (Clarke et al.
2005). Buffel grass also expanded after a return to above average
rainfall following a drought period in semiarid Queensland in the
period 2005–2011 (Fensham et al. 2013) and, in the semiarid
tropics, it increased rapidly after a severe drought followed by
above average rainfall in the period 1992–2001 (Ash et al. 2011).

Invasion by buffel grass after high rainfall reported by Griffin
(1993) for the 1970s was also preceded by drought conditions
(Griffin and Friedel 1985). Climate and the build-up of inorganic
nitrogen following loss of native species during drought could
be triggers for invasion (Ash et al. 2011).

Inundation

Four of the high-impact species were aquatic, including more
tropical species than expected from overall naturalisations
(van Klinken et al. 2013). In some cases they were invading
relatively empty niches such as mudflats (see above); in others
they appeared better adapted to inundation regimes than native
species, thereby becoming dominant (Ferdinands et al. 2005).

Major floods can open up opportunities for invasion, but we
found no evidence that natural flooding alone was sufficient for
environmental weeds to invade and become dominant. Riparian
zones are often highly invaded (Lawes and Grice 2010), but we
found little support for widespread invasion in the absence of
post-European anthropogenic disturbance. Riparian zones are
frequently highly modified by human activity, including through
altered flow and fire regimes, grazing, nutrient addition and
clearing of vegetation to the edge of the riparian corridor
(Richardson et al. 2007; Loo et al. 2009). This confluence of
disturbance regimes can favour alien grasses. For example,
guinea grass and signal grass (Urochloa decumbens (Stapf)
R.D.Webster) can dominate in eastern Australia, especially
where clearing has provided a high-light understorey and large
invasion front (Robbins 2009).

Fire

Evidence of fire-assisted invasion of land not subject to
anthropogenic disturbance was elusive. For example, no evidence
was found that fire enhanced the invasion of a central
Queensland woodland by buffel grass (Fensham et al. 2013).
A study of buffel grass invasion in a Sonoran desert ecosystem
in the USA reached the same conclusion (Olsson et al. 2012).
However there is widespread evidence that, once established,
invading grasses can alter the existing fire regime to their own
advantage (grass-fire positive feedback cycle; D’Antonio and
Vitousek 1992; Brooks et al. 2010; Miller et al. 2010). Some
invasions result in fires becoming more intense and more
frequent (e.g. gamba grass (Rossiter et al. 2003); perennial
veldtgrass (Baird 1977); buffel grass (Butler and Fairfax 2003;
Miller et al. 2010). The altered fire regimes in savannas and
open woodlands can increase shrub and tree mortality and
prevent recruitment, so that the vegetation structure shifts
towards open grasslands dominated by alien species (Rossiter
et al. 2003;Miller et al. 2010). The fire-generated transition from
savanna woodland to gamba grassland can occur within a decade
(Brooks et al. 2010). This transition can be assisted by increased
nitrogen losses during fires (Rossiter-Rachor et al. 2009) and
other invasion-related changes in soil nutrients andwater required
by native species (Rossiter-Rachor et al. 2009), resulting in the
crossing of an ‘abiotic threshold’ beyond which ecosystem
function is very different (Brooks et al. 2010).

Managing the conservation challenge

As a group, alien grasses have clearly been outstandingly
successful invaders in Australia. Environmental impacts are
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already substantial and will increase further. This situation is by
no means unique to Australia, given temperate grass invaders in
North and South America (Mack 1989), and buffel grass
in southern USA and northern Mexico (Arriaga et al. 2004).
However, significant environmental impacts are not inevitable.
For example, few grasses have been identified as important
environmental invaders in analogous environments in Africa
(Rahlao et al. 2009; Foxcroft et al. 2010), although they are
becoming increasingly prevalent (Milton 2004). Here, we
identify broad management responses that are required to
mitigate the current and future environmental impacts of invasive
grasses in Australia, for conservation outcomes and more
generally. These derive from our three main hypotheses for
invasion success: ecological novelty, colonisation and propagule
pressure, and changes in natural disturbance regimes.

Sources of ecological novelty

High-impact alien species have many ecological novelties
when compared with native flora, both intentionally sought
and unintended ones. However, more empirical work is
needed to determine to what extent such novelty is responsible
for those species invading and becoming dominant without the
assistance of anthropogenic disturbance. In some cases this
may help identify management solutions, such as maintaining
forest cover to counter the advantage many high-impact species
have under high light (Amor and Stevens 1976; Robbins 2009).

It appears that the ecological novelties enabling grass species
to invade in the absence of anthropogenic disturbance are rare
among the entire global pool of grass species. Of the relatively
few species (17) that met our criteria for high impact in Australia,
a number could only do so in relatively limited situations. Also,
many environments such as low-light habitats, heavy clay soils
and nutrient-poor soils remain relatively uninvaded, despite
often significant efforts to source species worldwide that could
invade and dominate there (Cook and Dias 2006).

One potentially important source for ecological novelty is
new cultivars of existing species, or the hybridisation of cultivars
that are already present in Australia (Friedel et al. 2006).
Australian legislation does not prevent importation of cultivars
of species already in Australia (Spafford-Jacob et al. 2004), and
this loophole needs to be closed. For example, introduction of
‘Frio’, a frost-tolerant buffel grass cultivar bred in the United
States (Hussey and Burson 2005), could expose new areas within
Australia to unacceptable risk of invasion. Furthermore, future
potential high-impact species may already be naturalised in
Australia, for instance ornamentals imported by nursery and
garden industries, but have so far lacked the opportunity to
invade suitable areas, or else have long residence times.
Continued vigilance is required to recognise such species in
time for preventative actions to be taken.

Colonisation and propagule pressure

The rates of naturalisations are not increasing in Australia for
the flora overall (Dodd et al. 2015), and both importation
(‘colonisation pressure’) and naturalisation rates are approaching
historical lows at least for tropical grasses (van Klinken et al.
2015a). It therefore appears that existing quarantine restrictions
are effective, provided no new entry pathways arise, and

existing regulations and efforts are not weakened. Even in the
absence of strongly supported predictors of high-impact grass
species (van Klinken et al. 2013), existing pre-border weed risk
assessment (e.g. Pheloung et al. 1999; Auld 2012) are providing
a strong barrier to introduction of any new species without
detailed examination.

High propagule pressure is an important means by which
some high-impact species invade and dominate environmental
reserves. This pressure can potentially be reduced through
carefully-timed herbicide application, fire and/or grazing
management practices (Friedel et al. 2011) but, inevitably,
these will also introduce new disturbance regimes and may
only be applicable to relatively small areas. Biological control
offers the prospect of reducing propagule pressure over large
areas without altering disturbance regimes. In South Africa
biological control has been used successfully to reduce seed
production without affecting the value of highly invasive but
beneficial woody weeds (Van Wilgen et al. 2001). No releases
of bio-control agents have been made against the current high-
impact grasses in Australia (Julien and Griffiths 1998).

Disturbance regimes

Our review shows that very few grass species have the ability
to invade and dominate under natural disturbance regimes in
Australia. Managing disturbance therefore becomes the critical
tool for managing invasions. Once alien grasses become
dominant, the process will often be difficult to reverse.
Monitoring for early signs of invasion, and interpreting them
in the context of current and historical disturbance regimes,
may give time to alter disturbance regimes in conservation
lands before this happens.

Disturbance regimes have changed dramatically across most
of Australia since European settlement, and continue to do so
(Moore 1970; Mack 1989;White 1997; Dyer et al. 2001; Groves
andWhalley 2002; Russell-Smith et al. 2003; Clarke et al. 2005;
Diamond 2005; Lindsay and Cunningham 2011), but we still
have only a rudimentary understanding as to how disturbance
regimes in the most susceptible habitats can be managed to
minimise or reduce invasion and dominance by alien grasses.
Large-scale disturbance regimes offer both opportunities
and threats for managing invasive grasses for conservation
outcomes. Paradoxically, imposing anthropogenic disturbance
regimes, such as strategic grazing, within conservation reserves
may help suppress high impact environmental alien grasses
(Popay and Field 1996; Friedel et al. 2011). Prescriptions for
optimal fire regimes continue to be refined in different parts of
Australia in response to competing land uses (Russell-Smith
et al. 2009; Friedel et al. 2014) and major ongoing changes in
water management and flow regimes are expected in Australia’s
largest catchment, the Murray-Darling Basin (Pittock and
Connell 2010) and elsewhere. However, implications for grass
invasions need to be better integrated into land management
recommendations and prescriptions.

The challenge remains to identify ways that natural resource
management regimes can be shaped to minimise the success and
impact of invasive grasses. A distinction can be made between
structural and functional responses, that is, the mechanical
manipulation of ecosystem structure v. the manipulation of
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interactions anddynamics of ecosystems. Structural intervention is
less likely than functional intervention to be sustainable (e.g.
removing and replacing undesirable species v. altering the
disturbance regime to favour desirable species) (King and
Hobbs 2006). Similarly a distinction can be made between
biotic and abiotic thresholds of degradation which present
barriers to ecosystem recovery, abiotic thresholds (e.g. soil
erosion) potentially posing the greater obstacle. This framework
was applied to tropical savannas invaded by gamba grass and
perennial mission grass (Brooks et al. 2010). It was concluded
that biotic changes had occurred, both structural (biomass
increase) and functional (fire-mediated nitrogen loss), but that
abiotic changes (soil erosion and sealing) generally had not.
Removal of the alien grasses from less-impacted areas might
therefore initiate recovery, and manipulation of fire regimes
might slow the degradation process. Hawaiian pili grasslands
(Heteropogon contortus (L.) P.Beauv. ex Roem. and Schult.)
were successfully returned to pili grass dominance after
invasion by buffel grass in an experiment that combined
removal of buffel grass with seeding of H. contortus, watering
and fire (Daehler and Goergen 2005). In Australia perennial
veldtgrass abundance decreased following fire exclusion
(Baird 1977).

Conclusions

Globally, the management of existing high-impact alien grass
species for conservation outcomes presents major challenges
because available management options are not always
effective or feasible at the scales required (Chambers and
Wisdom 2009; Brooks et al. 2010; Grice et al. 2012). Our
investigation of alien grasses in Australia suggests that despite
over a century of systematic introduction and redistribution of
alien grass species, and naturalisation of 339 of them, very few
(we have identified 17) are capable of invading and becoming
dominant under natural disturbance regimes and of those
most can only do so under a limited set of circumstances.
Designing and maintaining appropriate disturbance regimes,
through ongoing study, monitoring and adaptive management
(Foxcroft and McGeoch 2011) will be critical for these species.

Wide-scale management of most high-impact species
has remained intractable and new tools and approaches are
required. Management options include the related objectives
of counteracting the ecological novelties that confer advantage
on alien species (for example, through increasing forest cover
levels), reducing propagule pressure (for example, through
timing of fire management activities) and creating disturbance
regimes that favour the native community or disadvantage
alien grasses. To date most attention has been on restoration
(Daehler andGoergen 2005; Tjelmeland et al. 2008;Brooks et al.
2010); however, beyond localised asset protection, it remains
unrealistic for extensive and remote conservation lands, and
may also not in itself lead to the stable recovery of ecosystems
(Reid et al. 2009). In these cases, disturbance management, bio-
control and possibly the application of new genetic approaches
such as CRISPR-based gene drive technology (Webber et al.
2015) offer the greatest hope. There will also be circumstances
where the economic, social or environmental cost of interventions
is so great as to be impractical or undesirable, in which case the

invaded environment becomes the ‘new normal’. The decision to
intervene will depend on the values held for the invaded
environment, and the benefits and costs of intervention.

Where high-impact invasive grasses are of commercial value,
the social and economic dimensions of proposed management
cannot be ignored (Marshall et al. 2011). For example broad
scale solutions like bio-control could impact livelihoods of
individuals and communities, even if conservation outcomes
are desirable. In the case of buffel grass, an Australian study
has shown that diverse stakeholderswere able to agree broadly on
positive and negative impacts, and objectives and tools for
management, for production and conservation lands (Friedel
et al. 2011), leaving room for optimism.

There are opportunities to devise policies that support
management objectives for invasive alien grasses (Grice et al.
2012). Any policy development would require consultation
with all stakeholders. Goals would need to apply to a range of
spatial scales, and to take into account regional differences
in biophysical and socioeconomic attributes and the benefits
and costs to all stakeholders. Although some policy might
be legislated, other measures could include codes of practice,
insurancemechanisms and certification.Wheremultiple varieties
of a species occur, new varieties should not be developed or
distributed and, if some varieties are more problematic than
others, control should focus on the most detrimental (Grice
et al. 2012).

High-impact weed species are ‘low probability but high
consequence’ and as such are difficult to study as a group, and
may defy generalisation. A more explicit focus on what allows
‘high-impact species’ to cause unaided harm to our most
important natural environments is needed. Causes of impact
remains relatively unexplored within the broader discipline of
invasion biology, but are where new management approaches
are likely to be found.
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