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Abstract
For naturalised invasive weeds there is a recognised need both to identify priority areas for
research and weed control or mitigation efforts, and to improve our understanding of their
impacts. In this study I focused on an invasive African pasture grass Urochloa mutica para grass
in the Mary River wetlands, located in the wet-dry tropics of northern Australia. I addressed the
need to clarify research and weed management priorities by creating a habitat suitability model
(HSM) for para grass and used the output from the HSM in a simple model of spread. Predictions
from the spread model, based on habitat suitability and proximity to existing populations of para
grass, were used to estimate the relative risk of invasion for different wetland habitats. Two
habitat suitability modelling approaches (generalised linear modelling and Bayesian inference)
were compared to provide a more robust insight into the effect of analytical approach on
assessment of risk of invasion. Spread modelling was also used to explore the effect of alternative
management responses to estimates of the relative susceptibility to para grass invasion.
In adopting this approach I recognised that the models developed represented a trade-off between
reality, generality and precision. In this study the trade-off is between ecological precision (e.g.
patch scale effects of local variation in environmental variables) and the utility of landscape-scale
models of habitat suitability. I contend that the benefits of being able to assess invasion risk and
hence weed research and management priorities at the landscape scale, offsets the limitations
associated with the precision of the predictions. Both the habitat suitability and spread modelling
were implemented within a GIS to facilitate spatially explicit modelling at the landscape scale.
Following the assessment of the relative susceptibility of wetlands habitats to para grass invasion,
I quantified the current impact of para grass on wetland habitats using plot-based flora survey to
assess changes in floristic composition in response to varying para grass density. Survey plots
(n=374) were placed along 55 kilometres of transects were sampled in mid-wet season between
2001 and 2003. The results were used to measure current impacts on floristic composition and
infer landscape-scale effects of para grass invasion in the absence of management intervention.
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The study showed (1) para grass has invaded large areas of the wetlands and severely reduced
habitat diversity in many of these areas (2) there is potential for much larger, currently intact,
areas to be invaded in the future (3) the areas at greatest risk of invasion play an important role in
the conservation of several key species in Northern Australia (4) current land and weed
management practices favour cattle production and will compromise habitat conservation goals
unless this imbalance is redressed (5) geographic information systems have an important role to
play in the development of decision support tools to support adaptive management of natural
resources. However, their potential is constrained by their limited capacity to readily perform
statistically robust and ecologically meaningful modelling.
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Chapter 1: Introduction and background to the study

1.1: Introduction
Environmental weeds are recognised globally as major threats to biodiversity (e.g. Mack et al.
2000; Rejmanek 2000) because they threaten ecosystem structure and function (Adair and
Groves 1998; Low 1999). Research on invasive alien plants has consequently been motivated
by the need to mitigate their negative effects on natural systems (Higgins and Richardson
1996). Despite the research undertaken, in most cases we have a poor understanding of the
impact of and mechanisms facilitating invasion. This limits the ability to predict invasion
pathways and future impact and severely limits the ability to mitigate or control weed
invasions (Ewel et al. 1999; Byers et al. 2002). Biodiversity values will be compromised as a
result of invasions by environmental weeds in the absence of effective mitigation or control
(Adair and Groves 1998).
Australia’s geographic isolation has not prevented entry of a large number of invasive plant
species (Nairn 2001), many of which are now recognised nationally as threats to the
conservation of biodiversity. Despite this, the impact of environmental weeds on the natural
environment has not been extensively studied in Australia. More often than not, knowledge
of the impact is based on casual observation or is assumed and rarely quantified (Adair and
Groves 1998).
In this study I focus on a single invasive grass species, Urochloa mutica (Forssk.) Nguyen,
commonly called para grass, present in wetland environments across northern Australia.
Although recognised as an environmental and agricultural weed with the potential to have a
negative impact on biodiversity, the impact of para grass on the wetland ecosystems has never
been assessed in northern Australia. Available evidence, based mainly on casual observations
and anecdote suggests that para grass is capable of excluding native vegetation and forming
dense monocultures (Smith 2002) which reduce habitat heterogeneity in the areas it invades.
Flora and fauna diversity has been found to be positively associated with habitat
heterogeneity in a variety of habitats, both terrestrial (e.g. MacArthur and MacArthur 1961)
and aquatic (Abele 1974; Bronmark 1985). If it can be shown that para grass reduces habitat
diversity, ecological theory, such as the habitat diversity hypothesis (Williams 1964; Connor
and McCoy 1979), suggests that the high levels of biodiversity supported by the wetlands will
be reduced. Maintaining the high diversity of vertebrate fauna that is associated with the
wetlands is of particular concern.
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Northern Australia, with many of its landscapes structurally intact (Woinarski and Dawson
2002), presents a unique opportunity to mitigate the potential impacts associated with
invasion by para grass and other environmental weeds before they become intractable.
Realising this opportunity will require an improved understanding of the correlates of para
grass distribution, models capable of predicting invasion patterns and an ability to assess
potential impacts on the environment over a range of spatial scales.
The goal of this study is to contribute to improved habitat conservation in the Mary River
wetlands by informing weed management programs which aim to mitigate the adverse effects
of invasive grasses and weeds. I approached this task by addressing the following key
questions:
1. What are the broad-scale environmental correlates of para grass distribution?
2. What components of the wetlands are most susceptible to invasion?
3. What impact does para grass have on the local species composition and relative
abundance of wetland flora at invaded sites?
4. What are the biodiversity conservation implications of para grass invasion?
5. How can plant invasion processes be slowed?
I propose ways in which our improved understanding of the factors associated with the
invasion process and its impacts can be used to design management interventions that will
mitigate the effects of para grass in the wetlands.

1.2: Background
1.2.1: Why worry about invasive species?
1:2.1.1: Global perspective
In a preliminary investigation of the impact of biological invasions worldwide, Pimentel et al.
(2002) examined the damage caused by alien plants, animals and microbes in Australia,
Brazil, the British Isles, India, South Africa and the United States. They reported that more
than 120,000 non-native plants, animals and microbes have entered and become established in
these nations. An estimated 20-30% of these species have become pests and caused major
environmental problems. More than US$314 billion is spent per year in these regions
attempting to control or mitigate the impacts of such invasive species (Groves 2002). This
figure is undoubtedly an under-estimate of the true costs of biological invasions, as damage to
ecosystem processes is not included in these costs.
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An examination of the types of invasive organisms and their impact (reviewed by Groves
2002) showed plants are numerically dominant in estimates of numbers of alien species
(Table 1.1). It is for this reason and the severity of the environmental impacts caused by
some of these plants that invasive plant species are listed as one of the major threats to the
conservation of biodiversity across nearly all biogeographical regions (e.g. Groves and Willis
1999; Mack et al. 2000; Pimentel 2002). The process of invasion has accelerated
considerably in recent times: due to advances in transport technology, the ongoing deliberate
introduction of foreign plant species and the increasing exploitation of natural areas (Adair
and Groves 1998; van Dreische and van Driesche 2000; Mack and Erneberg 2002). There is
an urgent need to better understand the impact of and the mechanisms for effectively
controlling plant invasions if management of this major threat to biodiversity is to be
improved.
Table 1.1: Relative contribution of different biota to total alien species (modified from Pimentel 2002).
Australia
Brazil
British Isles
India
South Africa
United States
Category
1

2681

11605

26000

18000

8750

25000

Mammals

20

25

17

30

16

20

Birds

70

3

47

4

8

97

Reptiles/

20

NA

48

NA

24

53

29

76

12

300

20

138

150

NA

1000

1100

NA

4500

87

99

95

92

99

83

Plants

Amphibians
Fish (f/w)2
Arthropods

% Plants

3

1: Groves 2002; 2: freshwater; 3: (Number plant taxa / Total number alien taxa)x100.

1:2.1.2: Invasive alien plants: An Australian perspective
As already pointed out, Australia’s geographic isolation has not prevented the entry of a large
number of invasive plant species. Groves (2002) reported that the number of introduced
plants was estimated to be comparable to the number of native species - approximately 25,000
each: 2681 of these have become naturalised in native habitats and many have become major
environmental weeds.
In spite of having border quarantine inspection deemed to be one of the most efficient
anywhere in the world and policies that inhibit the easy entry of animal and plant material,
Australia continues to record exotic pest and disease incursions each year. In the last 25 years
at least 400 previously unreported plant and animal pests and diseases have been recorded in
Australia. The ratio between plant incursions and the combined incursions of animal pests and
disease has been approximately 10:1 in favour of plants (Nairn 2001).
4

Formal recognition at the national level of the potential for weeds to affect the sustainability
of Australia’s productive capacity and conservation of natural resources took the form of a
National Weeds Strategy (ANZECC & ARMCANZ 1999). The document outlined a
strategic approach to weed problems of national significance. It recognised the importance of
weeds as factors in land and water degradation, acknowledged the role of primary industries
in the invasion of natural ecosystems, proposed that weed management be an essential part of
sustainable natural resource management and argued that prevention and early intervention
through environmental management are the most cost effective techniques in combating the
numerous problems caused by weeds. The strategy also identifies weed problems as a major
threat to Australia’s biodiversity.
Despite recognising the threats posed by environmental weeds, and the urgent need for
strategic and coordinated action, remarkably few studies have measured the impact on either
biodiversity or ecological function, or the processes that contribute to weed invasion (Adair
and Groves 1998).

1.2.1.3: Alien grass species in Australia
Exotic grasses are recognised as an insidious and serious problem in Australia. Humphries et
al. (1991) noted that invasions can be inconspicuous and the mechanisms by which they alter
ecosystem structure and function are gradual, resulting in the process being easily overlooked.
Aggressively competitive, they are found in almost all terrestrial and aquatic habitats across
Australia and are an intractable problem (Humphries et al. 1991). Humphries et al. (1991)
compiled a list of Australia’s worst environmental weeds. One third of 18 species listed were
deliberately introduced pasture grasses and four of these (Urochloa mutica, Echinochloa
polystachya, Glyceria maxima, Hymenachne amplexicaulis) are species that thrive in shallow
water and regularly inundated grasslands.
Exotic grasses have been linked to a range of changes in Australian ecosystem structure and
function including: reduced species diversity, altered habitat structure (Bunn et al. 1998),
reduced resources for fauna (Northern Hairy-nosed wombat - Low 1997; magpie goose Whitehead and Dawson 2000), altered nutrient status of soils (Baruch 1996) and altered fire
regimes (Rossiter et al. 2003). There is also evidence that C4 plants, such as para grass, make
little contribution to aquatic food webs, despite local dominance of some wetland systems
(Clapcott and Bunn 2003).
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The majority of exotic grasses brought into Australia are related to pastoral activities. Their
use is contentious because they may provide economic benefit to the pastoral industry, but
many have a negative impact on natural ecosystems and result in costs to other landowners
with other non-pastoral objectives.

1.2.1.4: A northern Australian perspective: wetlands and invasive plant species
The widespread occurrence of weeds in wetlands of northern Australia contrasts with the
generally low occurrence of weeds in this region. The negative effect of weeds on wetlands
in northern Australia has been immense and there is substantial potential for further
degradation (Douglas et al. 1998). Fourteen of the worst 18 environmental weeds in
Australia (Humphries et al. 1991) invade wetlands and 11 of these are present in tropical
wetlands (Douglas et al. 1998).
Lonsdale (1994) estimated that between 1947 and 1985, 463 exotic grasses and legumes in at
least 2033 accessions were intentionally introduced to northern Australia to support the
pastoral industry. Of these introductions, only 21 species (5%) were subsequently rated as
useful, while 60 (13%) were listed as weeds. Seventeen of the useful species were also
recognised as weeds, leaving a mere four species (<1%) that were useful without being
weeds. Low (1997) subsequently suggested that there is evidence that three of these four
species identified as useful and not listed as weeds, have in fact become weeds in Queensland.
The single remaining useful species, Centrosema pascuorum (the centro cultivars), have also
been recorded spreading into native bushland from areas of cultivation (C. Wilson, pers.
comm.).
Management to combat or control the unwanted spread of exotic pasture grasses is listed as a
specific priority in at least 23 of the 34 National Park management plans now in effect in the
Northern Territory (J. Woinarski, pers. comm.).
In northern Australia wetlands are prime grazing land and some grasses and legumes have
been introduced specifically to populate these seasonally inundated areas. Introduced semiaquatic grasses planted for pasture in tropical wetlands have proved capable of escaping the
target areas and infesting neighbouring wetlands and associated waterways. Deeper water
species include Hymenachne amplexicaulis olive hymenachne and Echinochloa polystachya
aleman grass that can both dramatically reduce open water habitat, cause increased
sedimentation in waterways and lead to infilling of channels (Humphries et al. 1991). Para
grass has been extensively introduced to the shallower parts of wetlands across northern
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Australia. All of these species are capable of forming dense monocultures that exclude native
vegetation (Smith 2002) and with their range of depth tolerance have the potential to invade
large areas of the wetlands.
While the threats posed to wetlands by invasive plant species have long been recognised
(Miller and Wilson 1995; Cook et al. 1996; Douglas et al. 1998), at the time of this study
there was limited understanding of the environmental features controlling plant invasions and
their impacts on invaded habitats.
The ability to mitigate the threats posed by environmental weeds through effective
management is compromised by this lack of understanding of plant invasions and has also
contributed to the failure of some natural resource management agencies to formally
recognise the threat posed by invasive plants to biodiversity conservation. For example, the
1999 list of recommended plant species for improved pastures and fodder production
(Cameron and Lemke 1999) lists 33 grasses and legumes. The published evidence suggests
that 20 (60%) of these species are environmental weeds or regarded as having high potential
for weediness. There is clearly a need for analytical and predictive tools to help evaluate the
potential risk posed by exotic grasses, particularly in the absence of legislation to enforce the
effective evaluation of exotic species prior to trials or use as pasture (J. Woinarski , pers.
comm.).

1.2.1.5: Para grass
Despite the repeated observation that para grass has the potential to have a negative impact on
biodiversity (Whitehead et al. 1990; Clarkson 1991; Humphries et al. 1991; Miller and
Wilson 1995), there are few published studies on the impact of para grass on flora and fauna
in northern Australia. Studies to date have examined the effects of para grass on the fuel
loads provided by wetland vegetation (Douglas and O'Connor 2004), its impact on the
composition of aquatic macroinvertebrates communities (Douglas and O'Connor 2003) and
the potential negative impact on food webs (Clapcott and Bunn 2003).
This lack of quantitative data related to impacts of para grass on the wetland environments
has been used to support arguments that this species is not an environmental weed and does
not pose a threat to wetland ecosystems (e.g. Cameron and Lemcke 1988; Cameron and
Lemke 1996; Cameron 2001). Para grass is not listed as a weed under Northern Territory
weeds legislation and continues to be planted in many wetlands in the Northern Territory.
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1.2.1.6: Legislation relating to weeds
The Australian Quarantine and Inspection Service (AQIS) is the federal agency responsible
for carrying out plant quarantine policy. Substantial changes have occurred in these policies
in recent years, for example adopting the weed risk assessment (WRA) procedure (Pheloung
et al. 1999) for species not already listed as ‘permitted’. Such changes reflect an increased
awareness of the potential impacts of exotic plants on natural ecosystems and agricultural
production and improvements in quarantine procedures worldwide (Walton 2001). It is
significant that many of the grassy weeds now present in northern Australia (see Lonsdale
1994) would have not have been permitted entry under the WRA system (J. Clarkson, pers.
comm.).
Despite these improvements there are a number of concerns relating to Australia’s quarantine
policy. One of these is the potential for conflict between ‘free trade’ and quarantine
objectives. For example, Australia is a founding member of the World Trade Organization
(WTO) formed in 1995, on the fundamental principle that member nations dismantle their
tariffs. As a member of the WTO, Australia is a signatory to the Application of Sanitary and
Phytosanitary Measures (SPS Agreement). The agreement gives governments the right to
impose quarantine measures based on scientific assessments of biosecurity risks. Members
are under an obligation not to use quarantine measures as unjustified trade barriers and other
members are able to appeal to the WTO if they believe this has occurred. Low (1999) cites an
example of where such an appeal occurred: In 1975 Australia enacted a ban on uncooked
salmon imports from Canada because of the associated disease risk. This ban, put in place 20
years before the WTO came into existence, was appealed by Canada in 1997 and the appeal
upheld by the WTO (Financial Review 6th May 1998). The WTO ruled that the ban was an
“unjustifiable trade barrier” on the basis that this policy was inconsistent with other imports,
such as aquarium fish and bait from Canada. In 1975, aquarium fish and bait were not viewed
as a threat to Australia’s farmed fish industry, in particular salmon fisheries.
The salmon example also highlights a further problem noted by Nairn (2001), in reviewing
Australia’s biosecurity record, that quarantine decisions must take greater account of
environmental considerations and this responsibility should be reflected in quarantine
legislation. This is particularly important given the potential conflict between economic
imperatives such as trade and importation of exotic plants and animals by industry.
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If the risk to natural ecosystems posed by the importation of exotic plants is not recognised
formally they will continue to degrade natural ecosystems and there will be an increased need
to be able to assess the risk posed by these species.

1.2.1.7: Legislation relating to exotic grasses
Elements of the existing legislative framework relating to exotic pasture species in the
Northern Territory include the Pastoral Land Act, Weeds Management Act and the Territory
Parks and Wildlife Conservation Act. At the Federal level the Environment Protection and
Biodiversity Conservation Act is most important. However, this legislation provides no
prescription for the use and management of exotic grasses (J. Woinarski, pers. comm.).

1.3: Assessing the ecological impacts of invasive species
Several authors have noted that despite a long history of studying invasions, there is a
lamentable lack of data on impacts. Furthermore, few generalisations about invasion impacts
and the species likely to be invaders have been forthcoming (Higgins and Richardson 1996;
Parker et al. 1999; Williams and West 2000). Parker et al. (1999) suggest that these
shortcomings may be due to the absence of a standard framework for assessing the impact of
invasive species and a failure to connect ecological theory with measures of impact. In
proposing a standard framework they developed the following equation to estimate impacts:

I=RxAxE
where overall impact (I), is defined as the product of the range size (R in m2) of the invasive
species, its average abundance or biomass per unit area (A/m2), and the effect per individual
unit of biomass of the invader (E). Parker et al. (1999) suggest that at a landscape scale these
three factors determine the impact of an invasive species. They concede that while the
equation is conceptually simple, it may in practice be a complex task to collect data for the
three components, combine them in an ecologically appropriate way and apply them to
management responses. Nonetheless, their equation does provide a useful conceptual model
to assess invasion impacts in a consistent and comparable way.
In the absence of such a standard approach, most studies have reported only one of these three
factors, effect (E), to represent impact (Byers et al. 2002). As invasion effect is measured at
the local scale, most commonly using plots, it is difficult to generalise these results to larger
scales and to account for spatial and temporal variation in impact. Given the extent of the
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invasive plant problem worldwide (e.g. Mack et al. 2000; van Dreische and van Driesche
2000), the lack of accepted framework compromises efforts in control or mitigation.
There is a need for studies that include estimates of range and population density if we are to
improve our understanding of the impacts of weeds invasions, the factors related to invasion
success and how to optimally use scarce resources available for invasive species research and
management.

1.3.1: Modelling plant invasions
1.3.1.1: Why model the spread of invasive species?
In attempting to improve our understanding of weed impacts and the invasion process it is
typically not feasible or advisable to simply employ the methods used for measuring impact at
the local scale over regional or landscape scales. The magnitude of threat posed by invasive
plants worldwide also precludes relying solely on small scale, empirical studies of weed
impact. There is a need for approaches that are more strategic.
The rapid development of spatial technologies, especially geographic information systems
(GIS) and remote sensing (RS) has greatly assisted the development of models that explicitly
incorporate the relationship between an organism and its environment over a range of spatial
scales (Bridgewater 1993). Used in conjunction with ecological understanding these spatial
technologies and spatial modelling are being increasingly utilised in plant invasion research,
as they enable studies at a variety of spatial scales and, through the generation of landscape
scale models, a strategic approach to invasive species.

What to model?
Effectively avoiding, controlling or mitigating the negative effects of invasive plants relies on
being able to identify which species might be invasive, which habitats are susceptible to
invasion and the nature of the impact where invasion occurs. Models of plant spread provide
one way to answer such questions. A variety of modelling techniques has been used.
Higgins and Richardson (1996) in reviewing models of alien plant spread suggest that, until
recently, the emphasis has been on describing the attributes of invasive species and the
environments they invade through case studies. Their review of models of alien plant spread
concluded that both plant autecology and environmental circumstances influence invasions.
Neither in isolation accurately identifies invaders or the probability of successful invasion.
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They argue that an improved ability to identify invasive species and the invasion process
relies on understanding the interaction between these two elements, which most modelling
has not taken into account to date. Parker et al. (1999) described this as a failure to connect
ecological theory with measures of impact. Recognition of the importance of this interaction
is not new; Johnstone (1986) referred to this interaction as the “invasion window” concept,
which emphasises the importance of spatial and temporal variability in resource or habitat
availability in determining invasion success.
Spatial technologies provide the tools for developing models that allow analysis of the
relationship between spatial heterogeneity in the environment and the invasion process. They
offer an ideal environment for modelling impact over a variety of spatial scales using the
assessment framework summarised by the equation: I = RxAxE, proposed by Parker et al.
(1999).

1.3.2: A conceptual model of plant invasion
In addressing the key questions outlined above a simple conceptual model of para grass
invasion was used (Figure 1.1). The conceptual model provided the framework within which
to identify the project’s information needs and develop analytical methods to answer the key
questions.
Plant invasion has been conceptualised as a series of “barriers” that an invading organism has
to overcome to successfully establish itself in an ecosystem (Richardson et al. 2000b).
Habitat suitability represents one set of “barriers” in an environment and has been the focus of
considerable study on the patterns of distribution of native plants (e.g. Austin 1987) and to a
lesser degree invasive species (e.g. Meekins and McCarthy 2001).
More recently, the way in which invasive plants disperse through the environment and
colonise suitable habitat has been recognised as an important determinant of invasion
patterns. This concept has been described as ‘propagule pressure’ (Rouget and Richardson
2003b) and relates to both the number of propagules and proximity to sites of initial
introduction. Propagule pressure is an important component in modelling spread, because
there is evidence propagule pressure (in some instances) may modify or overcome barriers,
particularly biotic resistance (D'Antonio et al. 2001a). As most invasive species modify the
environment they invade, e.g. giant sensitive plant Mimosa pigra transforms grassland to
dense shrubland excluding most native flora and fauna (Cook et al. 1996; ARMCANZ et al.
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2001), a feedback loop connects the changes in distribution / abundance of the invasive
species to the composition of flora and fauna and structure of the landscape.

Autecology

Invasion pattern
location
areal cover
persistence

Plant-environment
interaction

Abiological
geology
hydrology

Biological
flora
fauna

Anthropogenic
effects

Heterogeneous
landscape

feedback

Figure 1.1: A conceptual model of plant invasion. The areas within a landscape that a plant can occupy and its
relative abundance in these areas are constrained by both the autecology of the species and the
availability of environmental resources which are patchily distributed through the landscape.
Anthropogenic influences and the invasion process itself (via feedback loop) may modify the
distribution or availability of these resources. The patchy distribution of resources and the autecology
of an invasive species mean that some parts of the landscape are more susceptible to invasion than
others. By modelling the relationship between current distribution patterns of the invasive species and
environmental resources (e.g. soils, hydrology, vegetation), habitat suitability for the target species
can be inferred. This can then be used to estimate the relative susceptibility to invasion of different
habitats.

1.3.3: A framework for modelling plant invasion
Using the conceptual model (Figure 1.1) to identify the information required and the
relationships to be modelled, an framework was developed to link the conceptual model to
key questions and guide the design, implementation and analysis of data collection and
modelling (Figure 1.2).
Even the most basic model of the spread of an invasive plant must incorporate at least three
key parameters: (1) present or prior distribution of the invasive species; (2) a measure of
environmental suitability for the species in the area thought susceptible to invasion or of
management interest, and consequent probability of entry and/or persistence; and (3) patterns
of dispersal.
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In this study pre-existing mapping of para grass distribution together with flora survey
provided a current distribution map. In addition to updating the para grass distribution map,
plot-based field survey allowed the impact of para grass invasion the composition of wetland
flora to be measured at the local scale. Spatial phenomenological modelling (Higgins and
Richardson 1996) was used to simulate the role of environmental conditions in controlling the
distribution of an invasive plant and to identify areas susceptible to para grass invasion. This
was approached as an exercise in modelling habitat suitability. Invasion patterns were
modelled using a spatially explicit, cell-based modelling procedure. This procedure was
based on the influence of habitat suitability, proximity to existing invaded habitats, the limited
available autecological knowledge of para grass and assumptions about its mode of dispersal.
In generating data on the potential invasion pathways and allowing potential impacts at
invaded sites to be estimated (using field survey data), modelling also facilitates the
development of an adaptive management strategy. For example, modelling can be used to
generate explicit and therefore more readily testable hypotheses about proposed management
interventions. The use of an adaptive approach facilitates management actions being
initiated despite incomplete knowledge and, by establishing management interventions as
experiments, also add to knowledge of the wetland ecosystem and the invasion process so that
more effective interventions can be designed in the future.
1.3.3.1: Susceptibility versus risk: terminology used in this study

This study assesesses the risk posed by para grass to biodiversity conservation in the Mary
River wetlands. Risk in this study is a measure of the likelihood of para grass invasion and its
consequences/impact on stated objectives. In this Mary River wetlands, one of the primary
objectives is the maintenance and conservation of wildlife communities and necessary
ecological processes (Department of Lands Planning and Environment 2001). This is to be
achieved through the retention, protection and rehabilitation of natural terrestrial and aquatic
habitats through a reserve system and also through private landholder cooperation with land
management agencies to maintain wildlife and ecological processes.
In assessing the risk posed by para grass to biodiversity conservation I first identified the
relative susceptibility of wetland habitats to invasion by creating a habitat suitability model
for para grass and a simple model of spread (Chapters 3 and 4). Secondly, I examined the
response of floristic composition to varying para grass densities using flora surveys (Chapter
5).
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Figure 1.2 (opposite page). Relationship between conceptual and operational framework for modelling plant invasion. The invasion process and its impact can be conceptualised as a series of
connected events: dispersal, colonisation, survival; the probability of these events determined by the availability and distribution of suitable habitat. To improve understanding of
the correlates of invasion success and the impacts of the invasion, data needs to be gathered at a variety of spatial scales. Data collected at local or patch scale are used to estimate
impact and abundance and landscape scale can measure the areal extent of the invasion. This information can be used to model future invasion trajectories. By combining future
invasion trajectories with measures of impact of the invasion of flora and fauna, the potential impacts of future invasion can be inferred. An estimate of current and future impacts
of plant invasions facilitates a more strategic response to the threat posed by invasive plants to biodiversity conservation.
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1.4: What will this project contribute to the understanding
and management of invasive plants?
This project will contribute to knowledge and understanding of the impact and invasion
patterns of alien invasive species, together with tools to assist strategic management of these
species, as follows:
•

An improved understanding of the broad scale environmental correlates of para grass
distribution.

•

A quantitative assessment of the effects of para grass on the flora of the Mary River
wetlands at the local scale.

•

A spatially explicit model of future invasion patterns incorporating the effects of
habitat suitability, propagule pressure and proximity to existing sites of invasion.

•

An assessment of the relative susceptibility of different wetland habitats and
vertebrate fauna to para grass invasion.

•

An improved understanding of the biodiversity conservation implications of para
grass invasion in the Mary River wetlands.

•

The predictive models developed will facilitate forecasting of environmental impact,
a valuable part of framing research, management and legislative responses to
invasive plants.

•

A risk assessment modelling approach that can be readily applied to other invasive
species.
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1.5: Outline of Chapters
Chapter 2: The Mary River wetlands
The Mary River catchment and, more specifically, the study area (Mary River wetlands) are
described and the current literature relating to para grass reviewed. Issues causing concern in
the catchment are examined and the role of this project in relation to these issues explained.
Other literature related to the issues identified for the Mary River wetlands or common to
wetlands in northern Australia are also reviewed where not already discussed in Ch.1.

Chapter 3: Modelling the broad scale environmental correlates of para grass
distribution
Chapter 3 sets out the procedure used to generate the habitat suitability models (HSM) used
to determine the broad scale environmental correlates of para grass distribution and the
results of this modelling. Identifying habitats with which para grass is commonly associated
provided correlative evidence of habitat preferences and represented the first step in
identifying the susceptibility of habitats to para grass invasion. The habitat suitability model
also provided an impedance surface, used to constrain patterns of dispersal, in development
of the models of para grass spread (Chapter 4).

Chapter 4: Modelling the future spread of para grass
Chapter 4 builds on the results from the previous chapter. The updated knowledge of the
distribution of para grass and its habitat preferences derived from the habitat suitability
modelling are used to predict patterns of future spread. Modelling spread provides a
spatially-explicit and therefore more realistic assessment of the probability of para grass
invasion. An ability to model the likely spread of para grass is important because probability
of invasion is determined not only by the suitability of the habitat but the proximity to
existing populations of para grass.
The modelling of para grass spread was performed using a GIS thereby allowing predictions
to explicitly take into account the distribution of the invading population and susceptible
habitat. Results of this spread modelling are a refinement of the predictions about risk for
particular vegetation types, their ecologically important features and the species associated
with habitats made in the previous chapter using habitat suitability alone. The spread
modelling approach also permitted the exploration of the possible impact of different weed
management scenarios. This model allows conservation goals for the Mary River wetlands
to be refined and weed management options for the control of para grass to be explored
through simulation.
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Chapter 5: Quantifying the impact of para grass on wetland habitats
Chapter 5 presents an analysis of the impact of para grass invasion on the composition of
vegetation communities at the local scale based on field surveys undertaken between 2001
and 2004. The findings are used in combination with the results from the habitat suitability
modelling (Chapter 3) and spread modelling (Chapter 4) to discuss the current and potential
future impacts of para grass on the flora of Mary River wetlands and the implications for
wetland fauna.

Chapter 6: Responding to the threats posed by para grass and other invasive plants
Chapter 6 discusses the implications of the results discussed in the preceding chapters and
the findings of a linked project examining the effects of para grass invasion on the vertebrate
fauna, for biodiversity conservation in the Mary River wetlands and similar environments
across northern Australia.
Recommendations are made for the need for ongoing, strategic, broad scale monitoring
capable of being incorporated within a GIS. Experimental studies to formally test the
hypotheses generated by this correlative study and modelling study of the factors controlling
para grass invasion are also recommended.
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Chapter 2: The Mary River wetlands

2.1: Introduction
The Mary River wetlands are an ideal site for the examination of questions relating to the
risk posed by invasive plants in environments subject to multiple use. In the Mary River
wetlands these include pastoral, recreational, conservation and indigenous cultural activities.
The wetlands have been the focus of a number of ecological and biophysical studies with the
result that the flora and fauna of the catchment and the some of the processes that threaten
the wetlands have been documented.
The significance of the focus on invasive plants in the present study is best understood by
understanding the range of management issues faced by landholders and natural resource
managers in the wetlands. This chapter provides a description of the wetlands and an
overview of the conservation issues that have arisen as a result of habitat modification
associated with a variety of threatening processes, including the introduction of exotic
pasture species by the pastoral industry. The ecology of para grass and its impact on other
wetland environments are reviewed and the reasons for selecting para grass as the focus of
this study are discussed.

2.2: The study area
2.2.1: The environment
The Mary River is one of several large seasonal rivers that drain northward into Van Diemen
Gulf in the Northern Territory, Australia. The Mary River basin is located approximately 75
km east of Darwin. The Mary River basin contains one of several seasonally inundated
coastal floodplains found in the Northern Territory and these floodplains include Australia’s
largest relatively unmodified wetlands (Whitehead et al. 1990). The Mary River seasonal
wetland system is approximately 1300km2 in area.
Unlike rivers in neighbouring catchments the Mary River does not reach the sea as a single
discrete channel. Until the 1940’s the river divided into a disconnected series of multiple
channels or billabongs, discharge was diffuse and a large part of the peak wet season flow
evaporated from the plains surface. Since the 1940’s this situation changed as a result of the
rapid headwaters extension of Sampan and Tommycut Creeks. By 1992, Sampan Creek had
connected with the freshwater Mary River system at Shady Camp and is now the systems
major, but not sole, outlet to the sea (Woodroffe and Mulrennan 1993) (Figure 2.1).
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During the wet season much of the water volume carried by the river flows over levees and
along channels, inundating the floodplain and filling backswamps at the floodplain –
woodland margin. Waters also enter the floodplain through a number of minor creeks
(Whitehead et al. 1990).
The annually inundated coastal floodplains of the Northern Territory are a geologically
recent environment created when rapid rises in sea levels since the last ice age (early
Holocene) caused marine incursions into river valleys, creating a series of large, shallow
estuaries. When sea levels stabilised around 6,000 years ago, a process of coastal
propagation was initiated as sediments of predominantly marine origin filled the estuaries.
For a time mangrove communities dominated these sites but intertidal environments were
progressively eliminated by vertical accretion driven in part by the accumulation of alluvial
sediments (Woodroffe and Mulrennan 1993). While large areas of the floodplains lie below
the current high tide levels, saltwater incursion was, and continues to be, inhibited by low
coastal cheniers and river levees. Freshwater wetlands began replacing the mangrove forests
about 4,000 years ago becoming extensive perhaps as recently as 2,000 years ago
(Woodroffe and Mulrennan 1993). Freshwater communities similar to the contemporary
plant associations probably became established behind these barriers as little as 1,000 years
ago (Russell-Smith 1985).

2.2.2: Climate & rainfall
The Mary River catchment lies within the monsoonal (wet-dry) tropics of northern Australia.
The wet season between December and April is when most of the rainfall occurs whereas the
longer winter dry-season from May to November has almost no rainfall (Figure 2.3). The
mean annual rainfall for Darwin, the nearest site with long-term rainfall data (1869-2002), is
1617 mm (Bureau of Meteorology, unpublished data). Annual rainfall was measured based
on measures between July-June across years as the annual wet season is spread over two
calendar years.
The annual wet season is a reliable occurrence (McAlpine 1976). However the total amount
and the timing of the onset and cessation of the rainfall are variable (Taylor and Tulloch
1985). Inter-annual variability in rainfall pattern is also high with 77% of years being
significantly different to the two most frequent patterns of rainfall (Taylor and Tulloch
1985). This inter-year variability in rainfall patterns is reflected in variability in rates and
levels of inundation in the seasonal wetlands.
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In the decades prior to the current study there has been an upward trend in annual rainfall
(Figure 2.4) (Bureau of Meteorology, unpublished data) and a corresponding increase in the
number of years in each decade in which rainfall was significantly higher i.e. greater than the
95% confidence interval (1676 mm) for mean annual rainfall 1869-2002 (Figure 2.5). In the
decade prior to the study, seven of the 10 years had annual rainfall totals which were
significantly higher than average.
Annual rainfall does not perfectly reflect the hydrological regime of the wetlands e.g. intense
rainfall over a short period of time may produce severe flooding but not produce an above
average rainfall year. The trends noted and the anticipated above average rainfall in 20032004 (Figure 2.6) must be taken into account when interpreting the factors underlying
current para grass distribution patterns. In the current study this was done by altering the
depth surface used in habitat suitability modelling to reflect variation in mid-season depth as
a result of rainfall.
2.2.2.1: Seasonal cycle and changes in vegetation

The intense seasonality (Figure 2.3) produces equivalent change in the character of the
freshwater wetland habitats. During the hot wet season (December to April) the plains are
inundated to depths of up to several meters (e.g. Whitehead and Tschirner 1990) as runoff
accumulates from the whole catchment (Water Resources Division 1986). The plains then
support lush emergent, semi-aquatic and submerged aquatic vegetation (Wilson et al. 1991)
the pattern of which is controlled principally by water depth and its persistence (Finlayson
1993).
During the cooler dry season (May to November) much of the plains area dries to a fragile
layer of dead or senescent vegetation over dried, black, cracking clays. By the late dry
season (October) most of the floodplains have dried out and water is restricted to remnant
pools and permanent billabongs. At this time the proportion of floodplain retaining water
may be less than 0.1% of the wet season area (Whitehead 1998).
Temperatures are high throughout the year (mean daily maximum temperature is 34oC), but
increase at the end of the dry season between September and December, when evaporation is
also highest. Ambient temperatures are uniformly high, with mean daily minima rarely
falling below 20oC and the mean daily maxima exceeding 30oC even in the coolest month of
July (Figure 2.3). Day length varies by only 1.4 hrs throughout the year (McAlpine 1976).
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Figure 2.1: Location of the Mary River wetlands. The wetlands are located in the Northern Territory
approximately 90km east of Darwin. They represent one of a number of coastal wetlands between
Darwin and Arnhem Land to the east. The study area, located in the northern part of the Mary River
catchment is approximately 115,000 hectares and recognised nationally for the high levels of
biodiversity it supports.

23

Ja

Ju
l
Au
g
Se
p
O
ct
N
ov
D
ec

450
400
350
300
250
200
150
100
50
0

Monthly rainfall (mm)

35
30
25
20
15
10
5
0

n
Fe
b
M
ar
Ap
r
M
ay
Ju
n

Temperature (oC)

Figure 2.2: Rainfall isohyets (mm) in the Northern Territory of Australia. There is a strong rainfall gradient from
the seasonally wet northern coast to the arid interior in which rainfall is erratic and relatively
aseasonal. Based on standard 30 year climatology (1961-1990). The location of the Mary River
wetlands is indicated by with an arrow. Source: Commonwealth of Australia, Bureau of
Meteorology.

Figure 2.3: Patterns of rainfall and temperature for Darwin, the nearest site to the study area with long-term
weather data (Derived from Australian Bureau of Meteorology data from Darwin Airport 19412002).
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Figure 2.4: Mean annual rainfall for Darwin summarised for each decade. At this temporal scale rainfall
displays an upward trend for the decades preceding the study. (Derived from Australian Bureau of
Meteorology data from Darwin 1870-2000).
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Figure 2.5: Number of years in each decade where annual rainfall was higher than mean annual rainfall i.e.
greater than the upper 95% confidence interval (1676mm). Higher than average rainfall years
exhibit an upward trend that is more pronounced in the last 30 years. (Derived from Australian
Bureau of Meteorology data from Darwin 1870-2000).
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Figure 2.6: (a) Northern Territory cumulative rainfall (mm) and deciles (b) September 2003 – February 2004.
Rainfall for the 2003-2004 wet season to February 2004 has been above average. Total rainfall for
the study area (see arrow) has been between 1200-1600 mm. Source: Commonwealth of Australia,
Bureau of Meteorology.
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2.2.3: Wetland flora
The wetlands are topologically uniform, elevation across much of their area being less than
three metres above the Australian Height Datum. Despite this uniform low relief, the
vegetation composition exhibits marked variation in relation to micro topographic changes,
principally through effects on hydrology (Wilson et al. 1991). Wilson et al. (1991)
identified 323 plant species from their broad scale study of the floodplains of major river
systems of the Northern Territory, 164 of which were commonly found. A recent survey of
the Mary River wetlands (Bach and Hosking 2002) found 115 species, 79 of which were
common in sample plots.
Wilson et al. (1991) identified three distinct plant community groups based on salinity and
inundation patterns: saline/semi-saline, wet freshwater and dry freshwater. These categories
were used by Cowie et al. (2000). Saline/semi-saline communities generally develop on the
seaward-side of the floodplains, adjacent to tidal creeks or tidally inundated salt flats. These
areas tend to have shallow water 20 centimetres deep or less. They overlie saline muds and
may during seasonal inundation, or following high tides, experience brackish conditions
(Cowie et al. 2000). Grassland species and to a lesser degree sedges typically dominate
these communities. Species, listed in order of increasing salinity tolerance, include:
Leptochloa fusca, Paspalum vaginatum, Sporobolus virginicus, Schoenoplectus litoralis and
Xerochloa imberbis. These communities are generally devoid of paperbark forest or
woodland unless they are salt water intruded areas adjacent to Melaleuca woodland (Wilson
et al. 1991; Cowie et al. 2000).
Dry freshwater community groups mostly occupy the more elevated areas of the floodplain
inundated for relatively short periods around the peak of the wet season. Water depth in
these communities average 10 centimetres and low levels of salinity were noted for these
communities (Bach and Hosking 2002). Common species include Cyperus scariosus,
Imperata cylindrinca, Dichanthium sericeum, Malachra faciata, Eleocharis spiralis and
Echinochloa elliptica (Cowie et al. 2000).
Wet freshwater communities occur at lower elevations, such as flood basins, low lying
depressions, floodplain billabongs and backwater swamps. All sites have low salinity. These
areas are generally inundated for several months of the dry season, sometimes for most of
the year, and they represent the wettest parts of the floodplain. Common taxa in these
communities include: Echinochloa polystachya, Leersia hexandra, Oryza spp., Eleocharis
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spp., Phragmities vallatoria, Pseudoraphis spinescens, and Urochloa mutica. In deeper
water Melaleuca leucadendra, Eleocharis sphacelata, Hymenachne acutigluma, Leersia
hexandra, Actinoscirpus grossus, Pistia stratiotes and Nelumbo nucifera are also common.
The shallowest freshwater sites, those that dry out first, are typically dominated by grasses
such as Oryza meridionalis, Pseudoraphis spinescens and the sedges Eleocharis dulcis and
Eleocharis (Beatrice Hill entity) (Cowie et al. 2000).

2.2.4: Susceptibility of wetlands to plant invasions
Wetland environments have been identified as particularly vulnerable to alien plant
invasions. Mimosa pigra, Salvinia molesta and Urochloa mutica para grass have been listed
as the key threatening species (Cowie and Werner 1992).
The observation that wetland habitats tend to be species-poor and nutrient rich in comparison
with the surrounding savannas may contribute to this vulnerability (Taylor and Dunlop
1985). Another explanation is the high proportion of annual plants in wetland communities
in the Northern Territory. In the Magela Creek wetlands approximately 72% of the species
are annuals (Finlayson et al. 1990) and in the Alligator Rivers region Taylor and Dunlop
(1985) found 60-80% of the herbaceous floodplain communities to be annuals.
An annual life history strategy is well suited to habitats prone to year to year variation, such
as flooding followed by drought. However, this strategy, where species die-off during the
dry season and re-establish from seed the following wet season, may also provide an
“invasion window” (sensu Johnstone 1986) for invasive perennial plants such as Mimosa or
para grass.

2.2.5: Multiple-use and conservation of biodiversity in the Mary
River wetlands
The Mary River wetlands are one of 10 wetlands in the Top End Coastal bioregion
(Thackway and Cresswell 1996) listed in the Directory of Important Wetlands in Australia
(Whitehead and Chatto 1996). The wetlands have long been regarded as unusually
productive for wildlife (Frith and Davies 1961). Their conservation significance is not a
result of the incidence of rare or endangered plants and animals, but the year-round habitat
they provide for large populations of a diverse vertebrate fauna (Whitehead and Chatto
1996). This depends on a complex mosaic of wetland habitats which range from ephemeral
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to permanent swamps (Whitehead et al. 1990). Para grass has the potential to significantly
reduce the complexity of this mosaic by displacing heterogenous assemblages of native flora
with monocultures. There is currently no program in place to monitor or control the spread
of para grass in the wetlands.
Maintenance of habitat quality and diversity in the wetlands is complicated by the fact that,
in addition to their importance in biodiversity conservation, the Mary River wetlands are an
important cultural and socio-economic resource (Department of Infrastructure Planning and
Environment 1998). The wetlands are a multiple-use environment and support pastoral,
tourism and recreational activities as well as providing an important resource for the local
barramundi fishery. All users or stakeholders rely on the maintenance of wetland ecosystem
processes to derive income, support recreation or to achieve conservation goals. However,
some of these activities have the potential to affect ecosystem processes negatively through
habitat modification. The introduction of exotic pasture grasses is one of the processes that
most threatens the present structure of habitats (Whitehead et al. 1990; Jonauskas 1994).
The prospect of intensified use of the catchment’s resources, particularly pastoral activity,
led to community concerns regarding impacts on other important industry sectors,
particularly tourism and fisheries, and the maintenance of conservation values (Jonauskas
1994). In response to these concerns the Northern Territory Government supported a
community and industry-based group to develop a catchment management plan. The plan
was released in 1998 and revised in 2001. The plan identified nine key resource
management issues (Table 2.1) and outlined responses in the form of management objectives
for each issue. The issues accorded highest priority were saltwater intrusion, the
maintenance of the quality of aquatic habitats, and weeds. Improved pastures were cited as
a potentially threatening process for a number of these resource management issues.
The catchment management plan (Department of Lands Planning and Environment 2001),
lists as one of its objectives the maintenance and conservation of wildlife communities and
ecological processes. This is to be achieved through the retention, protection and
rehabilitation of natural terrestrial and aquatic habitats through a reserve system. Private
landholder cooperation with land management agencies to maintain wildlife and ecological
processes is also recommended. These aims are part of a larger goal to ensure that no
species is lost from the catchment and large populations of the dominant flora and fauna will
be sustained. Clearly, this goal will be difficult to achieve given the current limited
understanding of the ecology of the wetlands, the number of threatening processes and the
potential impact of these threatening processes on the wetland ecosystem.
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The effective management of exotic pasture species in the wetlands represents a key
component in the response to a number of the management issues identified in the catchment
management plan.
This project seeks to contribute knowledge and decision support tools necessary to help
specify the threat posed by para grass, identify species and systems that are at particular risk.
This project also suggests changes to current land management practices or other
management interventions that will contribute to improved management of invasive grasses.
This information will contribute to improved habitat conservation in the wetlands and the
maintenance of dominant flora and fauna.

2.3: Para grass
Urochloa mutica (Forssk.) Nguyen, Poaceae (Figure 2.7), is a member of a pan tropical
genus with about 120 species. Australia has approximately 18 native species and 10
introduced species in this genus. The genus was broadened recently to include many
species previously included in Brachiaria. Urochloa mutica is the only member of the genus
found in Northern Territory floodplains (Cowie et al. 2000). The synonymns for U. mutica
include: Brachiaria mutica (Forssk.) Stapf, Panicum muticum Forssk., P. purpurascens
Raddi, P. barbinode Trin., P. guadeloupense Steudel, Brachiaria purpurascens Henr..
Common names include para grass, California grass, buffalo grass, Mauritius grass and
signal grass.

2.3.1: Description
Para grass is a vigorous perennial grass growing to approximately 2 metres tall. The stems
are dense and softly hairy with the stems rooting at the nodes. Leaves and sheaths are
generally hairy with leaf blades to 30cm long. It spreads vegetatively and rapidly from
stolon fragments which have been spread intentionally as a pasture species and by animals
and floodwaters (Smith 2002).

2.3.2: Habitat/ecology
Para grass is reported to tolerate a range of habitats in the wet and dry sub-tropics. It is
noted as being an ideal perennial pasture grass for wet areas in the tropics and subtropics,
suitable for swamps and floodplains in coastal regions. It withstands both drought and
prolonged flooding or waterlogging, but makes little growth during dry weather. It is very
frost sensitive. Para grass tolerates brackish water and is relatively shade tolerant (Smith
1995) although Bunn et al. (1998) report that shading can have a negative effect on para
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grass biomass. Para grass produces profuse flower heads, although seed viability is poor,
with some strains in Australia recording about 20% germination. Strains introduced to the
Northern Territory are known to set viable seed (Cameron 2001). In the highly seasonal
wet-dry tropics, rainfall patterns mostly restrict the distribution of para grass to floodplain
areas or wetter areas off the floodplain.
Table 2.1: Key management issues identified by the Mary River integrated catchment management plan
(Department of Infrastructure Planning and Environment 1998). Issues identified by stakeholders as
the most important are underlined. Achieving sustainable use of the wetlands and nature
conservation goals is clearly dependent on the success of the management response to the issues that
threaten to degrade the wetland environment - salt water intrusion, weeds, fire management, grazing
and feral animals.

Management
issue
Saltwater
intrusion
Weeds

1

Aquatic
habitat
Fire
Grazing

Pastures

Nature
conservation

The visitor
experience

Feral pests

Description of issue
Saltwater intrusion occurs where freshwater environments become saline through the
incursion of tidal waters. This has resulted from the breakdown of coastal cheniers and the
development of tidal channels.
Weeds reduce the productivity of the land, increase production costs and reduce fishery,
recreation and conservation values. The floristic monocultures caused by weeds reduce
biodiversity and often create a refuge for feral animals.
Fishery resources are dependent on the health of aquatic habitats and ecosystems.
Saltwater intrusion, intensive grazing, improved pastures and feral pigs have all been
identified as possible threats to aquatic habitat.
Effective fire management is required to minimise losses due to uncontrolled fires and to
ensure the strategic use of fire achieves land management objectives.
Effective management of grazing is important to the long-term sustainability and
profitability of the pastoral activities and the maintenance of habitat for wildlife
conservation. Where grazing occurs on native pastures strategic fencing, removing cattle
from floodplains during the wet season and use of stocking rates consistent with safe
carrying capacity are needed to prevent overgrazing and maintenance of conservation
values.
Improved pastures (exotic grasses) are a key part of increased productivity for the pastoral
industry. They increase floodplain carrying capacity and live weight gain and are used to
rehabilitate degraded lands. These pastures can also reduce habitat diversity and have a
negative impact on the natural values of the floodplain through the displacement of native
vegetation.
Sustainable land use depends on the maintenance, natural values, and processes operating
at the local and regional scales. The conservation of individual species of flora and fauna
will result from the protection and informed and adaptive management of a selection of
habitats at broad spatial scales.
The quality of the visitor experience is closely linked to the health of the ecosystems in the
catchment and depends on the maintenance of wildlife and fish habitats and the features
that comprise the natural environment. Habitats such as freshwater billabongs, rainforests,
riparian forests, paper bark swamps, and native grasslands require careful management
both inside and outside the nature conservation reserves.
Feral animals damage pasture and crops, degrade wildlife habitats, kill native wildlife,
accelerate the spread of weeds, degrade the landscape and complicate the control of exotic
diseases in livestock. Feral pigs are the predominant feral animals in the wetlands.

1: Para grass is not officially recognised as a weed in the management plan despite fitting the definition
used in the report. It is recognised as a pasture grass that may reduce habitat diversity.
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Figure 2.7: Para grass Urochloa mutica. Native to tropical South America and Africa, now a pan tropical weed.
Introduced to Australia in the late 1800’s for bank stabilisation and pasture. Recognised as an
environmental weed of Queensland, New South Wales, Western Australia and the Northern Territory
(Florida Exotic Pest Plant Council 1997).

Figure 2.8: Para grass infestation on the Mary River Conservation Reserve . It is a highly invasive grass that
spreads vigorously, is capable of excluding native species and forming dense monotypic stands of
vegetation. The picture above shows the reduced species diversity associated with areas successfully
invaded by para grass and the dominant vertebrate species (cattle) associated with this habitat. Photo:
K. Ferdinands.

32

2.3.3: Ecological significance
Para grass has been introduced in most tropical and subtropical regions of the world as a
fodder grass. It is considered one of the world’s worst environmental weeds and is reported
as an agricultural pest of 23 crops in 34 countries (Holm et al. 1977). Para grass competes
aggressively with other plants, with fast growth, high productivity, and allelopathic abilities
that allow it to form dense monocultures (Chou 1977; CAIP 2003). Para grass forms dense
monocultures by layering from trailing stems and is capable of overgrowing most
understorey vegetation in its habitat. In Hawaii it has been observed to form monocultures
in forest openings and marshes, displacing native plants and destroying bird habitats
(Motooka et al. unpublished). Motooka et al. (in press) also note that it interferes with
stream flow and poses a nuisance to marine navigation when rafts of the grass float out to
sea. In Florida para grass is listed as a Category 1 invasive plant; a species that is invading
and disrupting native plant communities in that region. This definition does not rely on the
economic severity or geographic range of the problem, but on the documented ecological
damage caused (Florida Exotic Pest Plant Council 1997). Williams and Baruch (2000) in
reviewing the impacts of African grasses in the America’s found that the grasses had escaped
from cultivated pastures and revegetated rangeland sites and invaded natural areas at
alarming rates. Invaded ecosystems exhibited marked reductions in species diversity and
differed markedly from adjacent non-invaded areas in structure and function.
In Australia para grass has been linked to the following impacts: the modification of creek
habitat and altered fish population characteristics (Arthington et al. 1983); altered channel
morphology and hydrology (Bunn et al. 1998); altered aquatic food webs (Clapcott and
Bunn 2003) and increased fuel load capable of altering fire regimes (Douglas and O'Connor
2004). Wilson et al. (1991) noted that para grass can potentially invade much of the
widespread Oryza grassland communities in floodplain ecosystems and dominate a site to
the exclusion of most native species. There is evidence that para grass spreads rapidly using
stoloniferous growth and from stolon fragments spread intentionally as a pasture species or
by birds (Smith 2002). Highly invasive, it is capable of excluding native flora resulting in
reduced floristic diversity and wetland habitat modification.
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Para grass is recognised in the national weeds strategy as a “threat to wildfowl habitats,
shallow wetlands and streams in tropical and temperate Australia” (ANZECC & ARMCANZ
1999, p.31). It is listed in the top 200 most invasive weeds in Queensland (Batianoff and
Butler 2002) but is not a declared weed in that state, probably because of its value to the
pastoral industry.

2.3.4: Why target para grass for this study?
A number of introduced plants have been identified as environmental weeds in the wetlands
of the Northern Territory. Those identified as posing the greatest environmental threat are
mimosa – a prickly shrub; Salvinia molesta – a free floating aquatic fern; Aleman grass
Echinochloa polystachya and olive hymenachne Hymenachne amplexicaulis - tall, aquatic
perennial grasses introduced as a pasture species; and para grass Urochloa mutica (Cowie et
al. 2000).
Mimosa and olive hymenachne are declared as weeds of national significance and are
declared weeds in the Northern Territory under the Weeds Management Act (Northern
Territory Government 2001). Olive hymenachne is listed as a Type A weed - to be
eradicated – with the exception of several catchments, including the Mary River, where it is
used as a pasture grass. Olive hymenachne continues to be legally planted in the Northern
territory both as a pasture species and to control mimosa re-establishment after herbicide
application. This exclusion appears to be in conflict with the weeds of national significance
strategic plan (ARMCANZ et al. 2000) for this species. Mimosa is listed as a Class E
declared weed, managed under an approved strategy; this classification recognises that it is
unlikely that this species is capable of being eradicated. Salvinia molesta has not been
reported from the Mary River wetlands. Aleman grass is not a declared weed in the
Northern Territory and currently has a limited distribution in the Mary River wetlands. It is
not widely used as a pasture species. In contrast, para grass is not a declared weed,
continues to be widely used as a pasture grass and to control Mimosa re-establishment after
herbicide application. It has, with limited human assistance, spread through approximately
2,500 hectares of the Mary River wetland.
Para grass was selected as the target species for this study because (a) it is not declared as a
weed in the Northern territory; (b) as a result, it has not been subject to any form of control
in the Mary River wetlands; (c) the available evidence, based mainly on casual observation,
suggested it was a major threat to the structure and functioning of the Mary River wetland
ecosystem. While mimosa and olive hymenachne also represent threat to wetland
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environments across the Northern Territory, there was, and is, a greater urgency to provide
the data and decision support tools that would more robustly determine the threats posed by
para grass and contribute to the development of a management response.

2.3.5: History of para grass use in Australia
Para grass was introduced into Queensland, Australia in 1849 as a pasture species and its
first commercial planting in 1884 was for erosion control (Cameron and Kelly 1970). It has
since been widely planted on the eastern coastal plains of Queensland. Introduced into the
Northern Territory from Queensland in 1910 it has been used in floodplain environments
across the northern parts of the Northern Territory. Para grass, together with native
hymenachne (Hymenachne acutigluma) has made a significant contribution to pastoral
production in the Northern Territory in the last 50 years (Cameron and Lemke 1996).
High palatability, greater nutritional value and greater carrying capacity is cited (e.g. Anning
and Hyde 1987; Cameron 2001) as justification for the use of para grass in place of native
pastures. A review of the literature indicates these conclusions appear to have been based on
a very limited number of published comparisons of the performance of native versus exotic
pastures (Schofield 1945; Wesley-Smith 1972). These conclusions appear to have been
accepted without critical evaluation.
Para grass was introduced to the Mary River wetlands in the 1940’s. This planting was
concentrated in, but not restricted to, the coastal plains. In the Mary River para grass is the
primary early-mid dry season forage on the lower coastal plain, while native hymenachne
provides late dry season forage on the upper coastal plain. Para grass has also been used to
suppress the germination of mimosa in areas where it has been controlled and to stabilise
earthworks, especially small dams throughout the wetlands used to provide water for cattle
and for fire fighting.
While cultivation has clearly contributed to the current distribution of para grass in the
wetlands, there is evidence from the Mary River (Liddle and Sterling 1992; Whitehead 1998)
and other floodplain environments (Clarkson 1991; Knerr 1996) that it is capable of invading
and establishing itself over large areas remote from points of introduction.
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2.4: Distribution of field sites and para grass within the
wetlands
Field survey was used in this study to achieve several goals: to update and/or create
distribution maps for para grass and other environmental weeds; to quantify para grass
impact on community composition of wetland flora; to collect data for the creation of new
spatial datasets and to ground-truth environmental predictor datasets used to generate a
habitat suitability model.
The distribution of survey sites varied depending on the goal for which data were being
collected; site selection procedures and locations of sites are outlined in the relevant
chapters. With the exception of tidal and upland areas, most habitats present in the wetlands
were sampled to permit comparisons of invaded and uninvaded habitats to be made at a scale
relevant to the management of a wetland environment subject to multiple-use.

Figure 2.9: Para grass distribution in the Mary River wetlands in 2003. The largest para grass populations (red
dots) are found in the northern coastal plains, where the majority of planting has occurred since the
1940’s. As in other floodplain environments in northern Australia, para grass in the Mary River
wetlands has demonstrated an ability to invade areas distant from sites of introduction.
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When this study commenced in 1999 para grass was estimated to cover approximately 2500
hectares of the wetlands, with the most substantial populations located in the northern coastal
plains (Figure 2.9). Para grass was planted extensively in this area in the 1980’s after the
Brucellosis and Tuberculosis and Eradication Campaign (BTEC) program dramatically
reduced buffalo numbers in the wetlands. The BTEC program was an extensive culling
program that ran from 1979 to 1997 to protect the meat export industry by reducing the risk
of brucellosis and tuberculosis which is present in feral buffalo by dramatically reducing
numbers (Department of Environment and Heritage 2004).

2.6: Datasets used in this study
To examine the relationship between the distribution of para grass and a variety of
environmental variables a number of datasets were assembled within a geographic
information system. The datasets included: mid-wet season depth (Figures 2.10 & 2.11),
vegetation (Figure 2.12), waterbodies (Figure 2.13a), landsystems (Figure 2.13b), landuse
(Figure 2.14a), inundation duration (Figure 2.14b), geomorphology (Figure 2.15), distance
from original point of introduction for para grass (Figure 2.16), current para grass
distribution (Figure 2.17). These datasets are described in the captions accompanying the
figures below and where created as part of this study are described in detail below.

2.6.1: Depth and inundation duration
Depth and length of inundation are primary determinants of the distribution of wetland flora
(Finlayson 1993; Rea and Ganf 1994a; Rea and Ganf 1994b). In the absence of a depth
surface for the study area, point based measures of depth were made over four wet seasons
and geostatistical modelling used to derive a depth surface. The inundation duration surface
was derived from vegetation mapping and elevation data (Lynch 1996) and
geomorphological data (Woodroffe and Mulrennan 1993).

2.6.1.1: Modelling mid-wet season depth
A geostatistical approach was used to interpolate a continuous surface from the depth sample
points. Geostatistical approaches use methods that incorporate spatial autocorrelation
(Armstrong 1998). This approach was used because it allowed the inherent spatial
autocorrelation in the dataset to be used to make predictions about depth at locations not
sampled and to quantify the uncertainty associated with these predictions.
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To derive the depth surface 743 depth measures were made each February (mid wet season)
between 2001-2004 (Figure 2.10). Depth varied between 2 cm and >300cm. For each depth
measure the dominant vegetation surrounding the sample point was recorded. Sampling was
stratified across vegetation types throughout the study area. However, given the size of the
study area and the limited accessibility of some habitats it was impossible collect depth
measures across the entire wetlands (Figure 2.9). Vegetation types identified during depth
sampling were compared with vegetation types in the vegetation dataset (Figure 2.12) and
showed a high level of consistency between field observations and mapped vegetation
groups. The depth data (points) were intersected with the vegetation dataset and the mean
depth for each vegetation type was calculated. In the few instances where the number of
sample points was poor for a given vegetation type, depth data from previous studies
(Wilson et al. 1990; Lynch 1996; Cowie et al. 2000) were used to estimate mid wet season
depth.
Because the spatial distribution of depth sampling points was unevenly distributed through
the study area, preliminary geostatistical techniques produced a surface with low accuracy
away from the sampling points, in particular the north east corner of the wetlands. As depth
is a primary determinant of the type of wetland flora distribution, it was assumed that mean
depth values calculated for each vegetation type could be extrapolated to unsampled
populations of the same vegetation type. Based on this assumption, 750 extra points were
added and mean depth assigned to each point based on the vegetation type intersected by the
random points.
Geostatistical modelling was performed using the Geostatistical Analyst in ArcGIS
(Johnston et al. 2001). Ordinary kriging was used because it is a variant which assumes
local trends are important and accounts for local fluctuations of the mean by assuming
stationarity in the data only over the local neighbourhood (Goovaerts 1997).
A number of depth grids (cell size 100m) were fitted to the depth data using ordinary kriging
and a spherical model and a variety of lag, bin sizes and neighbourhood
sizes/shapes/sampling rules (see Johnston et al. 2001). Because of the marked differences in
depth in the river and creek channels and the floodplain areas, depth values (actual and extra
points added) were separated into two datasets and two sets of depth models were created.
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Figure 2.10: Depth sampling points. Between 2001-2004 depth was sampled at 743 points throughout the
wetlands. Depth was measured in mid wet season (February). Sampling locations were selected to
obtain a range of depth measures from a representative sample of vegetation types throughout the
wetlands; this stratification ensured a wide range of depths was sampled.

Model selection was based on cross validation of observed versus predicted (model based)
depth values. This was done by sequentially omitting one data point at a time and predicting
using the remaining data. The differences between the observed and predicted values were
used to calculate a number of statistical measures of prediction error: mean error, root mean
square (RMS), average standard error, mean standardised error and RMS-standardised
(RMSS). The prediction surfaces from the selected models were combined using the map
calculator in ArcView.
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A model that makes accurate predictions is expected to have a mean error of close to zero,
suggesting over- and under-estimates negate each other and have a root mean square
standardised (RMSS) of close to 1 (Goovaerts 1997; Johnston et al. 2001). Using ordinary
kriging and with model selection based on this criteria, the following models were selected.

Floodplain depth model
The semivariogram model type was spherical, with a lag of 2,500m, a bin size of 12 and an
elliptical neighbourhood (800x500m), divided into four sectors from which a maximum of
three and at least two depth points in each sector had to be selected (i.e. in some instances a
depth point outside the ellipse would be used); constant trend was removed. The mean error
for the floodplain model was –0.04 and RMSS was 1.06.

Creeks and rivers model
The semivariogram model type was spherical, with a lag of 1,000m, a bin size of 15 and an
elliptical neighbourhood 200x100m, divided into four sectors from which a maximum of
three and at least two depth points in each sector had to be selected. The mean error for the
creeks and rivers model was –0.009 and RMSS was 0.9558.
The depth surface created by combining the predicted depth surfaces from the above models
(Figure 2.11) was compared with mid wet season depths observed in previous studies and
other datasets used in this study (e.g. geomorphology). The results suggested that the surface
provides a reasonable representation of depth variation across the floodplain at the landscape
scale.

2.6.1.2: Inundation duration
Inundation patterns within a wetland are recognised as a primary determinant of the structure
and distribution of wetland vegetation (Finlayson 1993; Rea and Ganf 1994a). Inundation
patterns are expected to an important factor in determining which areas of the wetland are
susceptible to para grass invasion. It was therefore considered important that inundation
patterns be included in the habitat suitability undertaken in this study.
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Figure 2.11: Modelled mid-wet season depth. Mid-wet season depths provide an indication of the maximum
depth to which different areas of the wetland are inundated. The depth surface was interpolated
using ordinary kriging and a spherical model and was based on 743 February depth samples collected
between 2001-2004. An additional 750 random points were included whose value was derived from
analysis of mean depth in different vegetation communities using the depth data collected between
2001-2004. River and creek channels were modelled separately to the remaining floodplain and
models combined to produce the above figure.

The aim was create a surface showing variation in inundation duration in the Mary River
wetlands. Ideally, this would have been based on a hydrological model, but in the absence of
gauging points away from the main waterways I used published material and inundation
pattern surrogates, namely vegetation composition, to infer inundation pattern.
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The inundation surface was created by adding extra attributes (i.e. inundation duration score)
to each vegetation community (Lynch 1996) and then creating a new surface based on these
attributes. The vegetation map was chosen because of the recognised relationship between
wetland vegetation, water depth and duration of inundation (Rea and Ganf 1994a; Rea and
Ganf 1994b). The reclassification into seven inundation categories was made on the basis of
height above sea level (AHD), geomorphology of the wetlands (Woodroofe and Mulrennan
1992), descriptions of wetland vegetation communities (Wilson et al. 1990; Lynch 1996,
Cowie et al 2000) and wetland vegetation and depth survey data (this study). Using
information from these sources, each vegetation community was assigned an inundation
score between 0-7 (Table 2.2, Figure 2.14b); categories 0-6 represent increasing duration of
inundation; category 7 was used to separate freshwater and areas subject to tidal influence.
Micro-topographic variation will produce a range of drainage patterns; it is therefore
expected that there will be some variation in inundation patterns within the categories
identified. A detailed list of vegetation communities versus inundation score is contained in
Appendix 2.1.

Table 2.2: Categories for the inundation surface. Based on geomorphological and vegetation survey data
wetland vegetation was reclassified into eight inundation categories to allow the relationship between
inundation patterns and para grass distribution to be explored.

Inundation
category

Description

0

Not inundated

1

Levees adjacent to paleochannels, creeks, chenier ridges, alluvial upland areas;
wet < 5months of the year.
~2.4 – 3.1m AHD not flooded for extensive periods

2

Fringing floodplain, dominant vegetation Cyperus scariosus sedgeland, Pseudoraphis
spinescens grassland /herbland,
~2.2 - 2.7m AHD not flooded for extensive periods

3

Grassland, grassland sedgeland, often dominated by Oryza spp. and Eleocharis spp.;
some salt intrusion areas.
<2.0 m AHD

4

Deeper water/ slower draining grassland, grassland sedgeland often dominated by
Hymenachne acutigluma.
< 2.0m AHD

5

Melaleuca forest/woodland with grassland /sedgeland understorey
wet 8-10 months of the year

6

Permanently inundated; billabongs, deep drainage and open water

7

Tidal
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2.6.2: Wetland vegetation
2.6.2.1: Description of the wetland vegetation dataset
The vegetation communities were delineated from colour infra-red aerial photographs and
rectified LANDSAT imagery at 1:50,000 scale (Lynch 1996). Vegetation descriptions were
derived from previous surveys (Whitehead et al. 1990; Wilson et al. 1991) with vegetation
mapping derived from satellite imagery (TM) and aerial photography and ground-truthed
using field survey. The vegetation map identifies 46 vegetation communities (Figure 2.12).

2.6.2.2: Oryza in the Mary River wetlands
A key species in the wetland ecosystem of the Mary River is Oryza meridionalis, commonly
known as wild rice. A closely related species, O. rufipogon, is also found in the wetlands.
The reliable taxonomic separation of O. meridionalis and O. rufipogon has been described as
problematic (Cowie et al. 2000) and the common solution in previous field studies has been
to adopt one species name for the entire study area. For example, Wilson et al. (1991),
Lynch (1996) and Whitehead (1998) used O. rufipogon; Bach and Hosking (2002) used O.
meridionalis. Hybridisation between these species has been noted (Cowie et al. 2000) which
contributes to the problem of identification.
Observations made during the present study and taxonomic advice (Penny Wurm, pers.
comm.) suggests that both species and/or hybrids may be present in the wetlands. In this
study Oryza spp. is used to describe grassland containing either/or both species. Where
necessary I refer to the species individually.
The observational evidence combined with depth measures in this study suggest that O.
meridionalis is the species more susceptible to para grass invasion because it occupies
shallower parts of the wetlands. Both Oryza spp. identified by Lynch (1997) were classified
as O. rufipogon. As a result, there is the potential to over-estimate the areas susceptible to
para grass invasion. This occurs because all Oryza spp. grassland communities within the
wetlands were assigned a single probability of presence, rather than reflecting habitat
association differences between O. rufipogon and O. meridionalis communities. The
inclusion of depth in the habitat suitability model compensates for the possible overestimation of the extent to which Oryza spp. was identified as susceptible to invasion. The
habitat suitability modelling procedure, by using multiple environmental datasets, took into
account such habitat differences. For example it identified differences in susceptibility
between shallow and deep water Oryza spp. habitat. Deeper water Oryza spp. habitat, which
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I hypothesise is O. rufipogon, was classified as unsuitable for para grass, while the shallower
water habitats, presumably O. meridionalis, were identified as having high habitat suitability.

Figure 2.12: (a) The vegetation dataset mapped 46 different wetland vegetation types, as identified by Lynch
(1996); (b) wetland areas subject to saline inundation/intrusion (white areas within wetlands
boundary) were not included in habitat suitability modelling. Only halophytic species were observed
in these areas.
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Figure 2.13: (a) Waterbodies: The Mary River wetlands were mapped using seven waterbody categories. Areas
subject to inundation i.e. subject to seasonal flooding represents ~96% of the floodplain area. The
dataset is derived from AUSLIG 250K topographic mapping. (b) Land systems. The two dominant
land systems are seasonally flooded coastal plains dominated by grassland and sedgeland which are
relatively well drained, but flooded to 30-60 cm for 3-6 months; and swamps dominated by
Melaleuca spp. forest or woodland flooded to 1-2 m or more for 4-6 months and poorly drained
(Williams et al. 1969).
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Figure 2.14: (a) Land use in the wetlands is comprised almost entirely of pastoral and freehold land leases.
Grazing occurs on both of these tenure types. Conservation lands in the northern part of the wetlands
are also grazed (on agistment). (b) Inundation duration. Inundation duration was estimated based on
available topographic, geomorphological and vegetation survey data. The depth of flooding
combined with inundation duration is thought to be a primary determinant of wetland vegetation
community structure. Inundation duration represents a re-classification of the vegetation dataset to
allow the association between this variable and para grass distribution to be explored in the absence
of a comprehensive hydrological model.
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Figure 2.15: Floodplain geomorphology. The floodplain area is divided into three broad geomorphological
provinces: a coastal plain, developed mainly as a result of nearshore processes; a paleoestuarine plain
formed by combination of tidal and fluvial processes, but presently only affected by fluvial
processes; and an alluvial plain, upstream of the paleoestuarine plain. Within these provinces a
series of morphological units can be identified (Woodroffe and Mulrennan 1993).
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Figure 2.16: Distance from original point of introduction. Anecdotal evidence suggests that para grass was first
introduced to the Mary River wetlands in the 1940s in the northwest corner of the coastal plains (red
dots). A distance surface was created using these putative points of introduction to examine the
influence of distance to original introduction points on current distribution patterns of para grass.
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Figure 2.17: Distribution of para grass (red dots) based on survey and ad hoc observations within the wetlands in
February 2004. Points were derived from systematic aerial survey (1997) of the northern coastal
area, previous weed surveys and new para grass locations identified using field survey undertaken
during this study (2000-2003, n=408) as well as opportunistic mapping of para grass populations
observed during field surveys (n=967). All sample points were geo-referenced using a hand held
GPS with a mean positional accuracy of +/-10m.
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2.6.3: Mapping para grass distribution
In 1993/94 para grass distribution in the northern floodplain was mapped by the Parks and
Wildlife Service Northern Territory (PWSNT) using field survey (PWSNT, unpublished
data). In 1997 an aerial survey of the conservation areas within the Mary River catchment
was undertaken (PWSNT, unpublished data). Weed maps for the Northern Territory
compiled by the PWSNT provided location data for para grass outside these areas. All
records were point-based and recorded presence only. All points within the study area were
combined into a single GIS point dataset and visited to (a) determine continued presence and
(b) look for evidence of spread i.e. para grass presence in new locations.
Field survey results that contained para grass records of wetland flora (Chapter 6) and any
populations of para grass encountered during fieldwork and away from survey sites (n=967)
in the wetlands were geo-referenced using a hand-held GPS. These new records were
combined with verified data from previous mapping to produce a map showing current
distribution (Figure 2.17).

2.6.4: Dataset preparation
Prior to analysis all datasets were projected (WGS84 AMG Zone 52S) and converted to grids
(cell size 20m). This cell size matched that used in the modelling of para grass spread
(Chapter 4), and flora survey to measure the impact of para grass invasion at the local scale
(Chapter 6). The ability to link results from the different chapters provided by the adoption
of a common resolution, allowed the operational model (Chapter 1, Figure 1.2) to be applied
when discussing the current and potential future impacts of para grass on wetland flora and
fauna.
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Chapter 3: Modelling the broad-scale environmental
correlates of para grass distribution

3.1: Introduction
Successful management of invasive weeds requires active attempts to prevent new
introductions, vigilant detection of nascent populations and persistent efforts to remove or
mitigate the impacts of the worst invaders (Mack et al. 2000; Rejmanek 2000; Wittenberg
and Cock 2001). Where introduction has already occurred, the detection, monitoring and
control of nascent populations becomes a priority (Moody and Mack 1988; Wittenberg and
Cock 2001). Early detection of the presence of an invasive organism can make the
difference between the feasibility of offensive strategies (i.e. eradication) or being forced to
use defensive strategies (i.e. mitigation) and the associated long-term environmental and
financial costs. It has been demonstrated that a failure to detect and control nascent
populations can result in negative ecological (e.g. Cook et al. 1996; Groves 2002) and
economic (Higgins et al. 1997; van Wilgen et al. 2001) consequences.
The Australian National Weeds Strategy, which addressed the need to provide mechanisms
to reduce the impact of weeds on Australia’s natural ecosystems, recognises early
intervention among its objectives:
“To ensure the early detection of and rapid action against new weed problems.”
(ANZECC & ARMCANZ 1999 , Objective 1.2).
While this objective is intended to relate to newly established weeds, the intent applies
equally to established weed populations spreading via satellite infestations.
One way in which the monitoring and management of weed invasions can be improved is the
identification of high-risk habitats that are particularly susceptible to invasion. The
identification of susceptible habitats allows monitoring, research and management efforts to
be focused in these areas, resulting in an improved probability of detection of outbreaks and
understanding of the invasion process.
In this chapter the role that habitat suitability models for invasive plant species can play in
identifying habitats is examined by deriving such a model for para grass.
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3.1.1: Current approaches to modelling the risk posed by
environmental weeds
The risk that a species will become invasive is a function of many factors including the
properties of the species, the environment it is released in, and the way it is introduced to the
new environment (Smith et al. 1999). However, most of the literature on predicting the risk
posed by exotic species focuses mostly on the characteristics of the plant, less on the
importance of the environment and very rarely on the method of introduction (Higgins and
Richardson 1996; Smith et al. 1999). It has been suggested that the development of a
predictive framework for exotic plant invasions has been compromised as a result (see
reviews by Higgins and Richardson 1996; Parker et al. 1999).

3.1.1.1: Models of plant invasions
In reviewing the ways in which plant invasions have been modelled, Higgins and Richardson
(1996) identified three categories: simple demographic models, spatial-phenomenological
models and spatial-mechanistic models. Models in this review and the current study are
defined as a formal structural and predictive representation of the environment and not
simply conceptual models. Higgins and Richardson’s (1996) categorisation was based on
data requirements, the degree to which input data represented ecological processes and the
underlying assumptions of the models.

3.1.1.1.1: Simple demographic models
Demographic models are used to predict the size of future populations. Demographic
parameters assumed to be important determinants of population growth are estimated and
combined using a mathematical model to estimate population dynamics. In situations where
population growth is the primary determinant of invasion success it has been argued that
simple demographic models may be adequate forecasting tools (Hengeveld 1989).
A variety of demographic models has been developed for modelling population growth. In
some instances these approaches have been applied to forecasting plant invasions. The most
basic demographic model is the exponential model that assumes exponential population
growth, where the rate of increase is determined solely by r, which integrates fecundity,
survival and development rate. Higgins and Richardson (1996) note that constraints on
ability to adequately estimate r for plants from empirical data often inhibit the application of
demographic models (Williamson 1989). Exponential models assume that population
growth is not limited by resource availability over relevant spatial and temporal scales.
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More complex demographic models (e.g. logistic models) include a measure of
environmental carrying capacity, and so assume a limit on population growth. Variations on
this general approach include logistic difference models which treat both time and population
variables as discrete rather than continuous variables. Exponential, logistic and logistic
difference models all assume that environmental conditions are constant and that there is no
variance in the behaviour of individuals within the population (Higgins and Richardson
1996). Stochastic models attempt to take environmental variation into account and represent
the most realistic of the demographic models. They attempt to incorporate random variation
in model parameters into estimates of population behaviour.
Several criticisms have been made regarding the efficacy of demographic models in
predicting invasions. First, reviews of the demographic features of invasive plants have
failed to identify a clear profile of a successful invader (e.g. Crawley 1986). This suggests
that demography is not the only or dominant determinant of invasion success and subsequent
invasion patterns. Second, plant demography may change in new environments, invalidating
empirical estimates of population parameters collected in the plant’s native environment
(Lonsdale 1988).

3.1.1.1.2: Spatial-phenomenological models
Spatial-phenomenological models focus on the use of empirical measures of areas currently
occupied by a plant species to predict future patterns of occupation. These models are
referred to as phenomenological models because they invoke no ecological mechanism to
explain the pattern of distribution observed. Spatial phenomenological models may be
entirely descriptive and based on no hypotheses about the ecological or other mechanisms
driving invasion. In some instances habitat suitability may be inferred from measures of
association (e.g. Aspinall 1992; Debeljak et al. 2001; Hirzel et al. 2002).
Regression models (e.g. Lonsdale 1993), geometrical models (Moody and Mack 1988) and
Markov models (Hobbs 1983; Callaway and Davis 1993), Bayesian inference (Hill et al.
1997), provide examples of some of the spatial phenomenological approaches that have been
applied to modelling plant distributions.
The advantage of spatial-phenomenological models is that they can be applied in the absence
of a detailed understanding of the ecology of the plant being studied. When such models are
used to make predictions the critical assumption is that the conditions that influenced the
observed pattern of distribution will remain the same and have the same influence into the
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future. This core assumption may be questionable where an invasive species has yet to
occupy its full range. Inferences may be weak or biased where a plant has occupied only a
part of the environmental niche it is capable of occupying. A disadvantage of the spatialphenomenological modelling approach is that one’s understanding of the processes
underlying the invasion process may not be enhanced (Higgins and Richardson 1996).

3.1.1.1.3: Spatial-mechanistic models
In contrast to spatial-phenomenological models, spatial-mechanistic models invoke an
understanding of ecological processes, based on empirical data and robust theory, to predict
plant spread. Reaction-diffusion models (Holmes 1993), some metapopulation models,
cellular automata (Wilson and Nisbet 1997) and other cell-based spread models (Higgins and
Richardson 1998; Rouget and Richardson 2003b) are among the approaches that depend on
theory about the patterns of spread and/or relevant empirical data.
Reaction-diffusion models have enjoyed moderate success in the prediction of animal
(Hengeveld 1994) and plant invasions (Skellam 1951; Holmes 1993). Reaction–diffusion
models use partial differential equations to allow the incorporation of changes in population
density in both space and time. Reaction-diffusion models have been criticised because the
complexity of the mathematics underlying these models makes them difficult to modify to
incorporate factors such as environmental stochasticity (Holmes et al. 1994), long distance
dispersal events (Hengeveld 1994) and the effects of environmental heterogeneity (Johnstone
1992). Mathematical tractability demands a wide array of simplifying assumptions (Higgins
and Richardson 1996).
Metapopulation models have been extensively used to model animal population growth or
decline (Hanski 1989; Brook and Kikkawa 1998; Akcakaya 2000; Hirzel et al. 2002; Sachot
2002), but less frequently in modelling plant populations (e.g. Auld and Coote 1980;
Goldwasser et al. 1994). Metapopulation models overcome some of the deficiencies of
reaction-diffusion models. They incorporate, to varying degrees, environmental
stochasticity, variable dispersal events, variation in demography within different age groups
and variable growth in response to habitat heterogeneity. However, these improvements
typically require extensive empirical demographic data and a detailed understanding of the
ecology of the species being modelled. A further constraint is that metapopulations may be
difficult to delineate and where metapopulations do not correspond to patterns of
environmental heterogeneity, scaling artefacts may occur. Scaling artefacts are important
because it is known that the statistical relationships between variables may change at
different scales, or level of aggregation. These effects have long been recognised as a
55

problem in applied spatial analysis and are known as the modifiable areal unit problem or
MAUP (Gehlke and Biehl 1934). The MAUP states that if the spatial units (e.g.
metapopulations) in a study were specified differently, we might observe different patterns
of relationships and this has important implications for the interpretation of results from areal
data (Green and Flowerdew 1996).
Cellular automata models overcome the problem of delineating metapopulations by
modelling the state of individuals (represented as cells) in response to a variety of
demographic, environmental and spatial parameters. Cellular automata have been widely
used in plant ecological applications, but to a lesser degree for modelling plant spread (see
review by Balzter et al. 1998).
Higgins and Richardson (1996) conclude that in the light of the various limitations of the
modelling approaches reviewed it is the assumptions or knowledge of the ecology of a
plant’s spread and the study’s objectives that determine the most appropriate modelling
technique. They suggest that models which take into account the interaction between
autecological characteristics of a plant plus the spatial and temporal availability of
environmental resources are likely to be the most effective at predicting patterns and impacts
of invasions. However, they also recognised that in most cases the data required for such
models will be unavailable.

3.1.2: Modelling weed invasions in Australia
In Australia the modelling emphasis has been on assessing the risk posed by alien plants yet
to be introduced (e.g. Pheloung et al. 1999) and on control of high profile invasive species
like mimosa (Schultz and Barrow 1995; Paynter and Flannagan 2002). Until relatively
recently there have been few studies estimating the risk posed by naturalised invasive species
or attempts to model the ongoing invasion process (Bass 1990; Crossman 2002) . This
pattern has contributed to the repeated observation of our limited understanding of the
impacts of invasive plants in Australian ecosystems (Adair and Groves 1998; Williams and
West 2000; Byers et al. 2002). Poor understanding of impacts has in turn limited our ability
to respond strategically to the threats posed by invasive plant species.
In reviewing computer-based approaches used for weed risk assessment (WRA) (Kriticos
and Randall) (2001) defined WRA as assessing the risk posed by a plant which has already
been, or may in the future be introduced to new territory. They identify WRA as a subset of
pest risk assessment, which focuses on the life history traits associated with other known
weeds or ‘weedy’ behaviour (e.g. Pheloung et al. 1999). In distinguishing weed and pest
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risk assessment, Kriticos and Randall (2001) suggest that a realistic assessment of the risk
posed by an exotic plant must take into account the suitability of new environments and
describe a number of modelling approaches that attempt to predict habitat suitability.
Despite the acknowledgement of the importance of habitat suitability in assessing risk, the
modelling approaches that the authors conclude are most appropriate for WRA operate
optimally at the continental or sub-continental scale and rely almost exclusively on climatic
variables to predict areas at risk of invasion.
In this study, I argue that while the continental scale may be appropriate for assessing threats
to biosecurity and hence management of introductions or releases, it is less informative for
understanding the invasion process or effectively managing naturalised exotic plants. For
plants already present in the environment an assessment of the risk to different habitats at the
regional or landscape scale is required. This is because the resolution of model outputs
based on climatic variables is too coarse to properly account for local variation in habitat
suitability due to soils, topography, vegetation and land use. Local variation of the physical
environment in space and time has been noted as a significant issue in weed risk assessment
(e.g. White and Schwartz 1998). One method to assess the vulnerability of different parts of
the landscape to invasion is to measure the relationship between current distribution and
environmental variables at the regional or landscape scale.
A second consideration in predicting risk based on knowledge of species distribution in their
native environments is that invasive species often behave differently in new environments.
For example, seed production in Mimosa in Australia is much higher than observed in its
native range (Lonsdale 1988). In the absence of predators, parasites, and competitors, some
invasive plants may be able to exist in habitats they are excluded from in their native range.
As such, comparing climatic conditions of a plants’ native or known distribution with those
in Australia may provide an inaccurate assessment of the risk of introduction or, if already
naturalised, their potential distribution.
It has even been postulated that given the base rate effect - the small (0.1%) probability of
introduced plants becoming environmental weeds - screening plants prior to introduction is
likely to be highly inaccurate. The focus should, in some circumstances, be on identifying
potential invasive species from among those species which are naturalised (Smith et al.
1999). For such an approach to be feasible it must be assumed that it is possible to detect
invading populations early enough to allow eradication of species that become
environmental weeds. However, there is evidence to suggest this is unlikely to occur (Adair
and Groves 1998; ANZECC & ARMCANZ 1999; Mack et al. 2000). Smith and Lonsdale
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(1999) note that even risk assessment systems with low accuracy are useful given that the
losses due to allowing a pest to enter the country are eight times those due to excluding a
harmless organism.
Clearly there is an important role to be played by weed risk assessment systems aimed at
both prevention of introduction as well as those that provide decision support in the control
or mitigation of the effects of already naturalised invasive weeds.
For naturalised environmental weeds, models are required which allow a variety of factors
operating over a range of scales, from the local to the landscape to be taken into account
when assessing the relative risk of different habitats to invasion. Examples of such
modelling approaches include generalised linear models (Austin et al. 1990), generalised
additive models (Austin and Meyers 1996), and regression tree analysis (O'Connor et al.
1996). These approaches provide a phenomenological modelling approach, that when
applied to plant invasions, represents a means of assessing the susceptibility of different
habitats to invasion and the identification of invasion pathways. The advantage of these
methods over the continental or sub-continental scale WRA models (Kriticos and Randall
2001) which rely on climatic variables is that they can be used to make predictions of
relative risk at the scale most relevant to biodiversity conservation and weed management
i.e. the local and landscape scale.
An ability to identify habitats susceptible to invasion improves the ability to prevent new
invasions and more effectively detect nascent populations where control measures fail or are
absent.

3.1.2.1: Assessing invasion risk in northern Australia
In northern Australia, detecting nascent populations and/or monitoring their growth is often a
difficult task given the remote, vast, sparsely populated and often difficult to access
environments in which weed invasions are occurring.

Such environments highlight the

importance of attempting to keep out weedy species rather than manage them post
introduction.
In the absence of WRA procedures to exclude invasive alien plants, a large number of
species now recognised as environmental weeds have been introduced to the Northern
Territory. In sparsely populated landscapes such as those in the Northern Territory, an
ability to predict which parts of a landscape are more susceptible to an invasive species and
directing limited monitoring and research resources to these areas will improve
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understanding of the invasion process and improve the prospects of detection and the success
of mitigation efforts.
This study, in modelling the relationship between para grass distribution and a variety of
environmental variables sought to identify and describe areas within the wetlands that were
susceptible to invasion. Measures of relative susceptibility allow conservation and
management goals to be prioritised through the identification of both possible invasion
pathways and high-risk habitats and species. Identifying the habitat preferences of para
grass represents the first of several related steps to quantify current and potential future
impacts of para grass invasion on the biodiversity of the Mary River wetland.

3.1.2.2: Selecting a model of plant spread for para grass
There is no single appropriate way to model plant invasions and selection of an appropriate
modelling technique will be determined by the study’s objectives, the extent to which the
ecology of the species is known and understanding of the processes which determine
invasion success or failure (Higgins 1998).
In this study the objective was to identify habitats at high risk of para grass invasion and the
current and future implications for wetland flora and fauna. The conceptual model of para
grass invasion assumed that: (a) the extent to which different wetland habitats had been
invaded to date provided a measure of habitat suitability which could be used to model future
susceptibility to invasion; (b) that spread was primarily by stoloniferous growth from the
edges of existing populations; and consequently (c) susceptibility to invasion is primarily
determined by the interaction of habitat suitability and proximity to existing populations of
para grass.
No detailed demographic data existed for para grass and an understanding of the processes
that determine both invasion successes and the ecology of the wetlands were and are limited.
Given these data constraints, demographic and spatial mechanistic models were unsuitable
for predicting para grass spread. Spatial-phenomenological modelling of habitat suitability
combined with a simple mechanistic model of para grass spread (sensu Higgins and
Richardson 1996) provided an approach that allowed the objectives of this study to be met.
I used habitat suitability modelling to identify areas susceptible to para grass. Two habitat
suitability modelling techniques were used to examine the relationship between para grass
distribution and a variety of broad scale environmental variables. The results provide
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insights into the relative risk of para grass invasion for different habitats within the Mary
River wetlands and permit some evaluation of the habitat suitability techniques employed
and their utility for predicting the risk of invasion.
In this chapter I model the relationship between para grass distribution and a variety of
environmental parameters that had been measured across the wetlands. Habitat suitability
was inferred using a Bayesian habitat suitability modelling technique (sensu Aspinall 1992)
as well as a generalised linear modelling technique (sensu Austin 1992; Austin 2002). Both
approaches have been used to model the distribution of a variety of phenomena that are
described with presence/absence data. Both techniques allowed multivariate modelling of
habitat suitability at the landscape scale. The landscape scale was adopted because it is the
scale at which the processes related to ecological sustainability operate (Forman 1995) and
land management at the study site occurs. Moreover, it is a scale that is often neglected in
ecological research on invasive species (Parker et al. 1999).
The comparison of the results from two different HSM methods reflects the conclusion
drawn by Higgins (1998) that there is probably no single ‘best’ way to model plant
invasions. It is also addresses the observation by Guisan and Zimmerman (2000) that there
exists in the habitat distribution modelling literature a lack of comparative papers. By
presenting the results from both HSM approaches the respective predictive capacity and
advantages of each approach can be discussed.
In this chapter I report and contrast the results from the two habitat suitability modelling
techniques for para grass and describe the environmental niche occupied by para grass in the
Mary River wetlands. Finally, I discuss the implications of these findings for the relative
susceptibility of wetland habitats to para grass invasion.

3.2: Methods
3.2.1: Datasets
The relationship between para grass distribution and six predictor datasets were analysed
using the Bayesian and generalised linear modelling techniques. All datasets were
incorporated into a geographic information system. Datasets were selected on the basis of
relevant scales and extent and the potential importance of the variables they captured in
controlling para grass distribution. Additional datasets were created or derived from existing
datasets during the course of this study. All datasets and their derivation (where applicable)
are described in Chapter 2.
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The datasets used were: wetland vegetation (1:50K) (Figure 2.12), waterbodies (1:250K:
Figure 2.11a), landsystems (1:50K: Figure 2.13b), inundation duration (1:50K: Figure
2.14b), land use (1:50K: Figure 2.14a), geomorphology (1:50K: Figure 2.15), mid wet
season depth (Figure 2.11). Distance of current para grass populations from the estimated
initial point of introduction (Figure 2.16) was also used to examine the possible effects of
history of introduction.
The depth surface was interpolated using geo-referenced depth measures collected each
February in the years 2001-2004. The map of current para grass distribution (Figure 2.7) was
based on previous aerial and ground surveys undertaken by government agencies. These
data were verified and where necessary updated from field survey observations during this
study. The methodology used to derive the depth and para grass distribution maps is
described below.

3.2.3: Data Analysis
Habitat suitability modelling utilised data on the distribution of para grass and a range of
environmental datasets (termed predictor datasets). The Bayesian modelling was performed
using an Arcview extension developed by Aspinall (1992) and implemented within a GIS.
The generalised linear modelling (GLM) and model selection was performed using the
statistical software R Version 1.6.1 (Venables and Smith 2002).
Both modelling approaches assume that the current distribution of para grass is indicative of
all the habitats it is capable of invading within the range over which habitat suitability is
modelled. This assumption cannot be proven, and will always be problematic for invasive
species management where the aim is often to prevent the species occupying all areas it is
capable of colonising. It is possible that predicted ranges will be underestimated where the
assumption is incorrect. The length of time that para grass has occupied the floodplain (~50
years) and the large range of habitats it has invaded (26 of the 46 vegetation communities),
suggests that the assumption is valid in this case or that the risk of gross under-estimation of
potential range is low.
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3.2.3.1: Bayesian habitat suitability modelling
The analysis was carried out in seven steps, following the procedure outlined by Aspinall
(1992):
1. Para grass distribution classes were identified (presence and random).
2. The frequency of association between variables in each predictor dataset and the two
classes identified above were calculated. The relative frequencies were the
conditional probabilities for discriminating between presence of para grass and
random points. Specifically, the conditional probabilities were calculated from the
area of overlap between the categories in the target distribution and each of the
classes in the predictor dataset.
3. Conditional probabilities for presence were calculated as the proportion of total area
of presence (i.e. total area of cells occupied by para grass) for each class in the
predictor dataset. Conditional probabilities for the random dataset were calculated
as the proportion of the study area in each class of the predictor dataset.
4. The association of classes in the predictor datasets with para grass distribution
classes (presence of para grass versus random cells) was tested through analysis of
frequencies (cell count), using the chi-square test.
5. The statistical significance of each class in each predictor dataset for discriminating
between para grass distribution classes was tested using the Z– test.
6. An initial assumption of equal probability of presence/absence was made. That is, a
priori probabilities were set at 0.5.
7. Environmental predictor datasets were selected based on the above analyses.
Conditional probabilities for each variable in each predictor dataset that showed
significant association with para grass distribution classes were combined using
Bayes’ theorem.
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Output from the habitat suitability model is a surface (grid) with cell values, expressed as a
percentage (0–100), estimating the probability of para grass being present (or absent) given
the combination of environmental variables characterising that cell. Cell size for the analysis
was 20m.

3.2.3.2: Identifying habitats susceptible to para grass invasion using the
Bayesian habitat suitability model
Sites deemed susceptible to invasion were those with a probability of para grass presence of
greater than 60% based on the predictions of the Bayesian or the GLM approach. This lower
limit for the identification of susceptible habitats was adopted to reflect a risk-averse
approach to weed management (i.e. an approach that minimises the failure to detect satellite
infestations and tolerating a 40% probability of false positives). This risk averse criterion is
justifiable using both theoretical (e.g. Moody and Mack 1988) and practical models of weed
management (e.g. Wittenberg and Cock 2001).
To determine the relative susceptibility of different wetland habitats to invasion by para
grass, the areas deemed susceptible to invasion were intersected with the wetland vegetation
dataset. The total area of each vegetation community, within these susceptible areas, was
then calculated. The vegetation dataset was selected because plants, as well as being an
important component of biodiversity, reflect the physical environment, are the primary
environmental feature at risk from many of the threatening processes within the wetlands,
and are relatively amenable to measurement. Additionally, measurements based on
vegetation have considerable potential to be efficient indicators of the response of
biodiversity within an environment to land use (Landsberg and Crowley 2004).

3.2.3.3: Generalised linear modelling of habitat suitability
While the Bayesian modelling procedure outlined above allows the relative strength of
association between para grass distribution and predictor datasets and their component parts
to be evaluated it does not provide an aggregated measure of fit to the data, or a measure of
the variance not captured by the model. This is a long-standing problem of modelling
carried out within GIS (e.g. Fotheringham and Wegener 2000). In the absence of techniques
for comparing models and selecting a minimal adequate model, it is difficult to discuss how
well the model represents the dataset or to compare and make choices between alternative
models.
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A variety of statistical modelling techniques have been developed to address this issue in
ecology. In the current study I replicated the habitat suitability exercise using one such
technique - generalised linear modelling (Nelder and Wedderburn 1972). Generalised linear
models (GLMs) allow the extension of linear models to data with error distributions other
than normal (Gaussian) as typically occurs with ecological data (Crawley 2002; Johnson and
Omland 2004). GLMs have been widely used in the analysis of ecological datasets (e.g.
Austin and Meyers 1996; Guisan and Zimmermann 2000; Hettrich and Rosenzweig 2003).
Habitat suitability was modelled using binary regression, with the response variable being
para grass distribution (presence/random within 20m cells) and followed the statistical
modelling procedures outlined by Crawley (2002). The error structure of the dataset was
assumed to be approximated by a subset of the binomial distribution - the Bernoulli
distribution, and a complementary log-log link function was used relate the GLM predictions
to the response variable. The contrasts option was set to ‘treatment’. This option aliases the
overall mean and the first level within a given variable becomes the first parameter (Crawley
2002).
Multiple candidate models were created using this technique and the minimal adequate
model selected from this set using Akaike’s Information Criterion (AIC) scores (Akaike
1973). All analyses were performed with the statistical software package R (Version 1.6.1)
(Venables and Smith 2002).

3.2.3.3.1: Model formulation
In this chapter a variety of candidate models were constructed and used to explore the
relationship between para grass distribution and the environmental predictor variables
described above. Candidate models were designed to explore hypotheses about which
environmental variables were most strongly associated with para grass distribution. These
models ranged from a maximal model, i.e. all environmental variables and all interactions
for which data was available, through to models with a single environmental variable.
The candidate models (Table 3.5) reflected available published and observational evidence
that suggested the variables could singly, or in combination, be important determinants of
para grass distribution. For example, hydrology is a primary determinant of the distribution
patterns of plants in a wetland environment (Finlayson 1993; Rea and Ganf 1994a; Cowie et
al. 2000). The candidate models were used to examine the degree to which hydrological
variables (depth, inundation) as well as other environmental (vegetation, geomorphology,
waterbodies, land systems) and anthropogenic (distance from point of introduction) variables
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influence para grass distribution. As was the case with the Bayesian approach, areas known
to be saline or subject to saltwater intrusion were excluded from analyses.

3.2.3.3.2: Model fitting
Given the range of models from maximal through to single variable and the non-orthogonal
nature of the dataset, the model fitting procedure was to fit the maximal model (i.e. one with
all the variables included) and then remove parameters from the maximal model and
examine the effects on model performance (Crawley 2002)(see Model Selection below for
details). This approach was selected because the variation attributed to a parameter in the
model will be lower when removed from a maximal model than it will be when fitted on its
own (i.e. added to a null model) (Crawley 2002). Despite this approach caution is warranted
in interpreting the significance of parameters in the models tested given the non-orthogonal
nature of the dataset and the highly correlated nature of parameters in wetland environments.

3.2.3.3.3: Model selection
The object of statistical modelling is to identify a minimal adequate model from a set of
candidate models that could be used to describe a given dataset (Burnham and Anderson
2002; Crawley 2002).
The basic underlying approach can be represented by four points:
•

Given the data

•

And given the model

•

What values of the model parameters

•

Make the observed data most likely

This approach aims to select a minimal adequate model and is underpinned by the method of
maximum likelihood and the use of Akaike’s Information Criterion (AIC) scores (Akaike
1973) to select a minimal adequate habitat suitability model from a set of candidate models.

Akaike Information Criterion scores
Model performance was measured using Akaike’s Information Criterion (Akaike 1973).
AIC scores are part an information theoretic paradigm that provides an inferential statistical
modelling strategy and the means to evaluate the performance (fit) of candidate models.
The information theoretic paradigm builds on two important advances in the statistical
analysis of ecological data. First, the Kullback-Liebler (K-L) information (or “distance”)
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statistic that provides a measure of the ‘distance’ between conceptual reality (the data) and
the approximating model expressed as a measure of the information lost when the model is
used to represent reality. Second, Akaike (1973) found a formal relationship between K-L
information (a dominant paradigm in information and coding theory) and maximum
likelihood (the dominant paradigm in statistics). The finding made it possible to combine
estimation (e.g. maximum likelihood or least squares) and model selection within a single
theoretical framework (Burnham and Anderson 2001).
Akaike’s approach allows the best model in a candidate set to be determined by comparing
AIC scores. The best model is the one with the lowest score, suggesting lowest information
loss. It is important to note that the AIC assumes that these models are ecologically
meaningful and identifies the best model within the candidate models.
AIC can be expressed as:

where

2

K is the number of estimable variables in the model, including the intercept and σ .
Generalisations of the AIC have been developed for instances where the number of variables
in the model (K) are large relative to sample size (n) – n/K < 40. This measure (AICc) is
recommended in preference to AIC (Caley 2002) even in instances where sample size is
large.
AICc can be expressed as:

AICc scores were re-scaled as simple differences to allow ranking of candidate models,

Δi = AICci - minAICc
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Models with a Δi within 1-2 of the best model have substantial support. Models with Δi
within 3-7 of the best model have considerably less support and models with Δi > 10 have
little or no support (Burnham and Anderson 2001).

Model simplification
A posteriori model simplification was performed to reduce the number of levels in the model
identified using AICc. The procedure followed (Crawley 2002), however, AICc scores were
used instead of analysis of deviance. Model simplification reduces the number of levels in
the model by combining levels, where ecological justification can be found, which do not
appear to be adding to the predictive power of the model. Model summary results were used
to identify such parameters in the best model. Parameters within model variables were
collapsed and these “simplified” variables were substituted in the model. The simplified
variables were then removed sequentially and original variables substituted. Model
performance using these different combinations of simplified and original variables was used
to select a minimal adequate model for para grass distribution.

Interpreting the results of the final GLM HSM
The minimal adequate model was used to predict the incidence of para grass for each
category within a model variable in order to examine the relationship between para grass
distribution and the individual variables. The output from these predictions is an incidence
value ranging between zero and one; reflecting the original response variable which was
present (1) and absent (0). A predicted incidence value of one suggests a para grass will
always being present and zero para grass always being absent. I inferred from these results
that incidence scores closer to one indicate high habitat suitability and susceptibility to para
grass invasion and vice versa. Susceptible habitats were classified as those where predicted
incidence was greater than 0.6.

Implementing the GLM HSM in the GIS
A summary of the minimal adequate model was generated using the R software package
(Venables and Smith 2002). The model summary provides an estimate of the intercept and
the value for each parameter in the minimal adequate model. These parameter estimates
were used to reclassify within the GIS environmental datasets used in the model.
For factor variables parameter estimates were substituted for corresponding cell values in the
grid-based dataset used in the minimal adequate model. Where the variable was continuous
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(e.g. depth) a single parameter estimate was substituted for every cell value in the dataset.
For the intercept a new grid was created with a single cell value across all cells.
To create a habitat suitability surface (with cell values ranging between zero and one),
analogous to the Bayesian probability surface, the intercept and parameter estimates were
combined as follows using the Raster Calculator in ArcMap 8.2:
Z = Intercept.PE + vegetation.PE + geomorphology.PE + inundation.PE +
waterbodies.PE + Landsystems.PE * Depth.PE
Where,
Z = the predicted value of any grid cell in study area
PE = the parameter estimate for each variable.

The link function used in the GLM-based, minimal adequate model was complementary loglog; as such, to transform the predicted values from the above equation to the same scale as
the original response variable (1-0), the following equation was applied, again using the
Raster Calculator:

p=1-Exp(-Exp(z))
The output from this equation was a prediction of para grass incidence along the scale zero
to one for each cell in the study area. A similar approach for implementing a GLM model in
a GIS is noted by Guisan and Zimmerman (2000). As applied to the Bayesian HSM results,
susceptible habitats were identified as those where predicted incidence was greater than 0.6.
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3.3: Results
3.3.1: Association between para grass and predictor datasets Bayesian Habitat Suitability Model
Bayesian habitat suitability modelling showed a statistically significant association with six
of the seven para grass distribution predictor datasets examined. These were land use, land
systems, vegetation, depth, inundation duration and geomorphology (Table 3.1). This
suggests that these datasets could be useful in predicting the distribution of para grass. The
Chi square test assumption that the expected frequency is greater than five in 80% of cells
was met for all predictor datasets. Variables within each of these predictor datasets that
contributed to these results are summarised in Table 3.2 and reviewed below.
Para grass distribution showed a significant positive association with areas subject to
inundation and a significant negative association with swamp habitats (i.e. habitats that
remain wet for most of, if not the entire year). In the landuse dataset, para grass showed a
significant positive association with both pastoral and conservation leasehold areas within
the wetlands. This result may reflect the previous pastoral land use prior to the declaration
of the conservation reserve and highlights the subsequent failure to control para grass spread
in the conservation reserve. The observed significant negative association with Crown Lease
Perpetual leasehold areas may in part be due to the limited survey of the eastern side of the
lower wetlands; but may also reflect habitat differences between these areas. Grazing occurs
on both pastoral and Crown Lease Perpetual leaseholds.
In the land systems dataset, para grass showed a significant positive association with plains
on aquic vertisols (mostly reducing clayey soils with little organic material, typical of
regions with a distinct wet-dry season) and the low swampy coastal floodplains on aquic
vertisols supporting herbaceous vegetation. Floodplain swamps and depressions on aquic
vertisols showed a significant negative association. The dominant vegetation community in
this land system unit was closed Melaleuca cajuputi forest. Wet season depths that often
exceeded 2m (K. Ferdinands, unpublished data) may explain this finding. A high degree of
shading, known to limit para grass distribution (Bunn et al. 1998), may also inhibit invasion
despite proximity to long-established para grass populations.
Seven wetland vegetation communities showed a significant association with para grass
distribution (Table 3.2). Oryza spp. grassland, Cyperus scariosus sedgeland and Melaleuca
cajuputi open woodland with grassland / sedgeland understorey dominated by wild rice and
Eleocharis spp. all showed a significant positive association with para grass distribution.
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Hymenachne acutigluma grassland, Melaleuca cajuputi / viridiflora woodland, mixed
herbland grassland and Pseudoraphis spinescens grassland showed significant negative
association.
Four floodplain geomorphology attributes showed significant association with para grass
distribution; the only positive association was with the lower coastal plain. The upper coastal
plain, open water and levees all showed a negative association. The lower coastal plain is
generally at an elevation of less than 2.0m AHD (Australian Height Datum) and is lower
than the upper coastal plain (2.0-2.2 AHD). The lower coastal plain is dominated by grasses
and sedges and remains wet for several months beyond the wet season (December - April).
In contrast, the upper coastal plain, also in the coastal plain, is dominated by sedges and is
rarely inundated for long periods during the wet season (Woodroffe and Mulrennan 1993).
Levees, which in most cases flank paleochannels, represent some of the highest ground on
the floodplain. Levees can be 60-80 cm above the surrounding plains and are typically
inundated for very short periods during floods (Woodroffe and Mulrennan 1993). The
negative association suggests that these areas are not inundated long enough to support para
grass populations.
Open water / backwater swamp areas are located in the southern half of the floodplain
(Paleoestuarine plain). They often receive minor runoff from small creeks and are found at
the margins of the paleoestuarine plain. Elevation in these areas is lower than most areas of
the floodplain, which dry out for only a month or two in the dry season (Woodroffe and
Mulrennan 1993). This result suggests the depth (130->200cm, Keith Ferdinands,
unpublished data.) and long inundation period (>5 months) may prevent para grass invading
these areas.
The inundation duration results showed a similar pattern to those found for geomorphology.
A significant positive association was observed for areas that experience an intermediate
duration of (4-5 months) inundation and a significant negative association with areas that
experience a short inundation (1-3 months) or long inundation (5-6 months). It should be
noted that inundation has been estimated based on data and descriptions from other studies
and is not based on long-term empirical data.
The mid-wet season depth results are consistent with, and may explain some the findings
observed for, geomorphology and inundation duration. Para grass distribution showed a
significant association with 6 of these depth categories (Table 3.2). The shallower parts of
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the wetland (16-30 cm) showed a significant positive association, but measures of strength of
association (z-scores) suggest that there is an over-representation of para grass (presence
versus random) in the 30-60 cm range. Areas of the wetland where modelled depth
exceeded 60cm showed a significant negative association. This is consistent with field
survey measures of depth where mean mid-wet season depth at sites containing para grass
was 61 cm (n=99, sd 34.02) (Keith Ferdinand’s, unpublished data).

3.3.2: Bayesian Habitat suitability model
For large areas of the wetlands the predicted probability of para grass presence is very low,
being dominated by low to very low suitability habitats (Figure 3.1). I infer from this that
these habitats are unlikely to be invaded by para grass. However, approximately 12,000
hectares (~10%) of the wetland showed a moderate to very high (60-100%) probability of
para grass presence due to the presence of moderate to high suitability habitats. These
habitats are identified as those susceptible to para grass invasion.
Based on the modelled depth surface, mean depth in these susceptible habitats ranged
between 16 and 122 cm with a mean of 49.75 cm (sd 21.51). Twenty-five wetland
vegetation communities are represented in these susceptible areas, but the area is dominated
(99%) by only seven vegetation communities (Table 3.3). For all of the remaining 18
vegetation communities <1 ha in each was identified as being susceptible to para grass
invasion.
Based on measures of the areal extent of habitats susceptible to para grass invasion, Cyperus
scariosus sedgeland was identified as being at greatest risk of invasion. However, sections
of this habitat have moderate levels of soil salinity (Wilson et al. 1991; Lynch 1996; Cowie
et al. 2000) which suggests it is unlikely that para grass can survive in these areas (Bach and
Hosking 2002). Therefore, the susceptible area within this habitat is likely to be less than the
5,623 ha identified. Field observations (Keith Ferdinands, unpublished data) and the
monitoring results of Bach and Hosking (2002) support this contention.
.
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Table 3.1: Association between para grass presence and the predictor variables class.
Predictor
Waterbodies
Landuse
Land systems
Vegetation
Geomorphology
Inundation duration
Depth

χ2

df

Significance

11.350
35.699
72.014
560.112
328.754
226.109
192.417

6
3
10
45
19
7
7

<0.1
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

Table 3.2: Results of z-tests showing statistical significance for predictor dataset attributes. Negative z-scores
indicate a significant negative association with this predictor dataset attribute.
Predictor dataset/
Attribute
Waterbodies

z-score

Significance

Subject to inundation
Swamp
Landuse

50.000
-7.853

<0.01
<0.01

Pastoral
Conservation Reserve
Crown Lease Perpetual
Land systems

71.179
19.901
-30.796

<0.01
<0.01
<0.01

Seasonally flooded coastal plain
Low swampy coastal plains
Swamp
Vegetation

82.810
33.720
-26.652

<0.01
<0.01
<0.01

Oryza spp. grassland
Cyperus scariosus sedgeland
Hymenachne acutigluma grassland
Melaleuca cajuputi / viridiflora woodland with Oryza spp. & I
spp. grassland / sedgeland
Mixed herbland / grassland
Melaleuca cajuputi open woodland with mixed grassland
understorey
Pseudoraphis spinescens grassland
Geomorphology

224.169
26.635
-10.602

<0.01
<0.01
<0.01
<0.01

1.693
-2.836

<0.01

Lower coastal plain
Upper coastal plain
Open water
Levee
Inundation duration

228.603
-0.7946
-4.442
-10.178

<0.01
<0.01
<0.01
<0.01

4-5 months
1-3 months
5-6 months
Depth (cm)

180.702
-5.270
-11.098

<0.01
<0.01
<0.01

16-30
31-45
46-60
61-75
76-100
101-150

5.194
76.365
79.711
-18.747
-22.395
-11.098

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

-0.235
-1.951

<0.01
<0.01

**P<0.01
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Given the salinity levels in parts of the Cyperus scariosus habitat, it appears that Oryza spp.,
either as grasslands or as a dominant understorey species in Melaleuca cajuputi
woodland/forest (total area across vegetation communities of 6275 ha) is the wetland
vegetation type most susceptible to para grass invasion. The availability of a soil salinity
dataset would improve the ability to model para grass distribution in relation to wetland
vegetation
The results suggest that there is no simple 1:1 relationship between, for example, a
vegetation type and the distribution of para grass. Instead it is the combined effects of a
variety of abiotic and biotic variables, for example depth, vegetation, inundation, that appear
to provide a more reliable prediction of the habitats susceptible to para grass invasion. These
results highlight the need to incorporate a variety of environmental measures into the habitat
suitability model if risk to be accurately assessed and the limitations of vector datasets, such
as the vegetation dataset, which assume homogeneity within a polygon boundary and the
varying spatial resolution of the datasets.
Table 3.3:

Vegetation communities with probability of para grass presence >60%, based on results of the
habitat suitability model. Approximately 44% of the area identified as susceptible to invasion is
dominated by, or contains Oryza spp. as a dominant understorey species; these communities are
marked with a star (*).

Community

26
7
10
6

Description

Melaleuca cajuputi / viridiflora open
woodland *
Cyperus scariosus sedgeland
Oryza spp. spp. grassland *
Mixed herbland / grassland *

Area
(ha)

Percentage
vegetation
community

887

100

5623
4330
883

85
53
29

27

Melaleuca cajuputi / viridiflora
woodland with mixed grassland
sedgeland understorey*

175

8

16

Fringing floodplain dominated by
Pseudoraphis spinecens

249

7

8

Hymenachne acutigluma / Leersia
hexandra grassland

660

5

Total

12807

Total Oryza
spp. habitat

6275

11% wetlands
44% susceptible
habitat

73

Figure 3.1: Output from the Bayesian habitat suitability modelling. Conditional probabilities (expressed as a
percentage) were calculated using waterbodies, landsystems, inundation duration, landuse,
geomorphology, and mid-wet season depth. Red areas represent habitats with a high probability of
para grass being present. Blue areas represent habitats where the probability of para grass presence
is low. White areas within the wetlands are areas excluded from analyses because they are subject to
tidal influence (northern half) or because conditional probabilities could not be calculated for these
areas because para grass was not present in relevant categories in at least one of the datasets used in
the habitat suitability modelling (southern half).

74

3.3.3: A GLM derived minimal adequate model of habitat suitability
3.3.3.1: Results of AICc model selection
Thirteen models were fitted and a best model selected using Akaike’s Information Criterion
(AICc). Rankings for single and multi-variable models are presented separately to highlight
the relative importance of individual model variables in explaining para grass distribution.
The model selected using AICc was then subjected to model simplification.
Model 7 the model containing all variables, was the model that had the most support (Table
3.4a). This result suggests that despite the variable explanatory power of the variables (e.g.
single variable model results), each contributes to model performance; the model explained
~76% of the deviance in the distribution dataset.
Models with a re-scaled AICc (ΔAICc) of less than 10 are interpreted as having some
support. None of the other multi-variable models received any support, based on AICc.
For levels within variables that showed significant the results are summarised in Table 3.5.
A significant result indicates that a level within a variable is significantly different from the
mean parameter estimate for the first level in that variable. The sign indicates whether a
parameter estimate for a level was greater than that for the first level; a negative sign
indicating it was less.

3.3.3.1.1: Model simplification
The variables in Model 7 were subjected to posteriori model simplification (Table 3.4b) and
five new variables generated (Table 3b); depth could not be simplified as it was a continuous
variable. To test whether the inclusion of simplified variables improved model performance
Model 7 and five new models (Table 3.4c) were compared using AICc.
AICc scores suggest that a model (Model 10) with a combination of original variables
(vegetation, depth and geomorphology) simplified variables (inun5, water4, land2)
represented the most parsimonious model of para grass distribution. This model performed
better than Model 7, the best model prior to model simplification, suggesting model
simplification was warranted, for some variables. Model 10 is accepted as the minimal
adequate model and was used to predict para grass incidence in the results below.
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Table 3.4a: AIC comparison of the candidate model performance. Single parameter models were fitted and separate AIC comparisons made to allow comparisons with the Bayesian habitat
suitability modelling. Because of the non-orthogonal nature of the data, these single parameter models may over-estimate the deviance explained. ΔAICc scores are the AICc

scores re-scaled using the lowest score obtained. Scores with an ΔAICc of less than 2 have strong support, scores greater then 10 have very little support.
Df

ΔAICc

Rank

1266.2

Percent
deviance
explained
45.86

1651

0

1

3

1930.4

17.46

1685

594.49

3

~ geomorphology

15

1362.3

41.75

1673

50.65

2

4

~ inundation

9

1830.5

21.73

1679

506.73

4

5

~ landsystems

7

2016.5

13.78

1681

688.66

5

6

~ waterbodies

7

2223.8

4.91

1680

897.95

6

~ vegetation + depth + geomorph + inundation + waterbodies + landsystems

68

568.02

75.71

1619

0

1

8

~ vegetation+ depth+ geomorphology + inundation+ waterbodies

65

594.32

74.59

1624

15.46

3

9

~ vegetation+ depth+ geomorphology + inundation+ landsystems

59

595.61

74.53

1625

14.59

2

10

~ vegetation+ depth+ geomorphology + inundation

52

630.2

73.05

1630

38.41

4

39

673.49

71.20

1637

66.74

5

38

1023.1

56.25

1650

388.93

6

3

1009.7

56.83

1685

453.527

7

KA

Residual
deviance

~ vegetation

37

2

~ depth

3

Model No.

Model

1

Para

7

11
12
13

Para

~ vegetation+ depth+ geomorphology
~ vegetation+ depth
1

~ vegetation+depth+geomorphology+inundation+depth:inundation

Null deviance: 2338.68 on 1258 degrees of freedom. KA : no. of parameters - includes the estimation of an over-dispersion parameter.
* the ‘:’ symbol denotes and interaction between depth and inundation.
1: the interaction between depth and inundation was explored because of the known importance of this interaction in determining wetland flora composition (Rea and Ganf 1994b).
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Table 3.4b: New variables created using model simplification. The variables within the best model selected using AICc were simplified by collapsing the levels within variables.
Variables showing similar parameter estimates were combined to reduce the number of factors in the model.

Original Variable
vegetation
depth
geomorphology
inundation
waterbodies
landsystems

Number of levels
37
1*
15
9
7
7

New variable

Number of levels

veg2
depth
geo
inun5
water4
land2

19
1*
2
5
4
2

* continuous data
Table 3.4c: Comparison of simplified models using AICc. Five models, using different combinations of the original variables and variables where levels had been collapsed, were compared
using AICc to investigate whether posteriori model simplification was justified. The results suggest that a more parsimonious model can be derived using the model simplification
process, but, that this process does not work for all variables. ΔAICc scores are the AICc scores re-scaled using the lowest score obtained. Scores with an ΔAICc of less

than 2 have strong support, scores greater then 10 have very little support.
Model No.

Model

KA

Residual
deviance

Percent
deviance
explained

Df

ΔAICc

Rank

1

Para ~ vegetation + depth + geomorph + inundation + waterbodies + landsystems

68

568.02

75.11

1619

14.88

4

2

Pres.abs ~ veg2 + depth + geo2 + inun5 + water2 + land2

33

663.2

71.64

1654

35.62

5

3

Pres.abs ~ vegetation + depth + geo2 + inun5 + water2 + land2

50

653.58

72.05

1637

61.76

6

4

Pres.abs ~ vegetation + depth + geomorph + inun5 + water2 + land2

60

570.43

75.61

1627

0

1

5

Pres.abs ~ vegetation + depth + geomorph + inundation + water2 + land2

63

569.51

75.64

1624

5.54

2

6

Pres.abs ~ vegetation + depth + geomorph + inundation + waterbodies + land2

66

568.01

75.71

1621

10.53

3

Null deviance: 2338.68 on 1258 degrees of freedom. KA : no. of parameters - includes the estimation of an over-dispersion parameter.
* the ‘:’ symbol denotes and interaction between depth and inundation.
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Table 3.5: Factors showing statistically significant association with para grass distribution based on single
parameter generalised linear modelling results. A comparison with the results from the Bayesian
HSM showed some results showed the same pattern of association (+), others showed a significant
relationship opposite to that found using the Bayesian method (-) and some factors that were
significant using the GLM method were not significant using the Bayesian approach (#). Significant
results not detected using the Bayesian method are underlined.

Model

z-value

p

Bayesian (v)
GLM

Waterbodies
No levels showed a significant result

-

-

-3.695
4.48
-11.194

<0.001

-

<0.001
<0.001

+
+

4.598
4.150
2.814

<0.001
<0.001
0.005
0.001

+
+
+

0.006
0.001

+

3.29
2.702

0.007

-

Eleocharis dulcis /Eleocharis sphacelata sedgeland
Open water
Geomorphology

2.770
3.046

0.028
0.002

#
#

Lower coastal plain
Upper coastal plain
Open water
Levee

3.730
-5.545
ns
-7.475

<0.001
<0.001

+
+

<0.001

+

Saline mudflats

-3.894
-3.236
-6.521
-5.354

<0.001

#

0.001
<0.001
<0.001

#
#
#

Land systems
Seasonally flooded coastal plain
Low swampy coastal plains
Swamps
Vegetation
Oryza spp. grassland
Cyperus scariosus sedgeland
Hymenachne acutigluma grassland
Melaleuca cajuputi / viridiflora woodland with Oryza
spp. & Eleocharis spp. grassland / sedgeland
Mixed herbland / grassland
Melaleuca cajuputi open woodland with mixed
grassland understorey
Pseudoraphis spinescens grassland

Inland saline basin
Lower costal plain Melaleuca
Upper floodplain

3.672
2.770

Inundation duration
4-5 months
1-3 months
5-6 months

2.187
ns
ns

0.029

+

Rarely inundated

-1.701

0.089

#

Depth

-2.339

0.019

+
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3.3.3.2: Identifying what characteristics make wetland habitats susceptible to para
grass invasion using the GLM derived HSM

Using the minimal adequate model, predictions of the incidence
of para grass were made for each of the variables in the model.
Predictions were made using all variables in the minimal

Outliers
95% CI

adequate model and median value, the inter-quartile range and
outliers identified for each level within a given variable e.g.
Oryza spp. grasslands within the vegetation variable. Making
predictions for each variable allowed a more detailed

Inter-quartile
range
Median

examination of the relationship between para grass distribution
and the environmental parameters examined. Further, such
predictions permitted a comparison with the Bayesian HSM results.
As was the case with the Bayesian approach, habitats where the predicted probability
(incidence) was greater than 0.6 were identified as those susceptible to para grass invasion.
It should be noted the predictions for each category within a variable incorporate the
combined effects of all variables on the probability of para grass being present (incidence).
It is the influence of other environmental variables that contributes to the high variation in
predicted incidence values within model variables. For example, inundation may vary within
a vegetation type with the result that the model predicts that only some parts of a vegetation
type are susceptible to para grass invasion.

Vegetation
Para grass is present in a wide variety of vegetation communities in the wetlands. However,
in most instances the model’s predictions suggest that habitat suitability and associated
susceptibility to para grass invasion is low for most vegetation types (Figure 3.2). However,
for two vegetation communities the high median predicted incidence of para grass (>0.6)
suggests that these communities are susceptible to para grass invasion. The results indicate
that the number of observations of para grass in this habitat is much greater than would be
expected based on chance alone. The vegetation communities at highest risk of para grass
invasion, based on the model predictions, are the Oryza spp. grasslands (#10, median
incidence = 0.984). Cyperus scariosus sedgeland (#7, incidence = 0.865) were also
identified as susceptible to para grass invasion. Two Melaleuca cajuputi woodland
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communities (#26 & #27: median incidence = 0.573, 0.587) were close to being identified
as susceptible to para grass invasion.
The observed distribution of para grass within this habitat (K. Ferdinands, pers obs), suggest
it is only the areas where this habitat abuts Oryza spp. grasslands that may be susceptible to
para grass invasion. The physical attributes of this habitat (e.g. depth, inundation patterns)
may contribute to the susceptibility of this habitat.

Geomorphology
Two morphological units (#7: lower coastal plain, incidence=0.988 & #1: open water,
incidence=0.956) were identified as susceptible to para grass invasion (Figure 3.3). The
strong positive association with the lower coastal plain is consistent with the above findings
for vegetation as Oryza spp. grasslands dominate large areas of this morphological unit. The
open water results, like the Cyperus scariosus sedgeland results, is likely to be a result of the
presence of para grass on the edges of this habitat and reflects the high number of paleochannels (classified as open water) in this unit. While para grass appears incapable of
invading most palaeo-channels due to high water depth (see results Chapter 5), the
narrowness of these channels (1-2m), and the ability of para grass to invade the edges of
these channels, probably explains this result. This result may also reflect the spatial scale of
the vegetation dataset (1:50K).

Inundation
The model predictions suggest that areas of the wetland inundated for 4-5 months of the year
(#3) are highly susceptible (incidence: 0.99) to para grass invasion (Figure 3.4). This reflects
the fact that almost all the observations of para grass have been found within wetland
habitats experiencing this hydrological regime.

Landsystems
Two landsystems (#1: seasonally flooded coastal plains; #I2: and low swampy coastal
plains) were identified as being susceptible to para grass invasion. Together these two
landsystems represent most of the wetlands; thus the predictive value of this variable is
limited and is reflected in both the deviance explained by the single variable model (Table
3.6) and the inter-quartile range (Figure 3.5).
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Depth
Depths of between 30-90 cm are identified as susceptible to para grass invasion (#,1,2,3;
Figure 3.6). The predictions suggest that para grass is capable of surviving across a wide
range of depths in the wetland and depth alone is a relatively poor predictor of para grass
distribution. This result, also found using the Bayesian approach, contradicts earlier
agronomic reports that it would not survive in wet season depths of greater than 45cm
(Cameron 1998).
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Figure 3.2: Box plot of predicted incidence of para grass versus vegetation communities. Vegetation communities where the predicted incidence is greater than 0.6 are identified as being
susceptible to para grass invasion. Based on the predictions of the minimal adequate model most vegetation communities have a low susceptibility to para grass invasion. Two
communities (7: Cyperus scariosus sedgelands; 10 Oryza spp. grasslands) were identified as being susceptible to para grass invasion and two Melaleuca woodland communities ( 26
&27 Melaleuca cajuputi /viridiflora woodlands) were borderline.
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Figure 3.3: Box plot of predicted incidence of para grass versus geomorphological units. Two units (#7: lower coastal
plain, #1: open water) were identified as being susceptible to para grass invasion.

Figure 3.4: Box plot of predicted incidence of para grass versus inundation duration. An inundation period estimated to
be 4-5 months (#3) was the only inundation period identified as being susceptible to para grass invasion.
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Figure 3.5: Box plot of predicted incidence of para grass versus landsystems. Two landsystems (#1: seasonally
flooded coastal plains; #l2: low swampy coastal plains) were identified as being susceptible to para grass
invasion. Parameter “5” is swamps; parameter “l” is tidal flats and dunes.

Waterbodies
The model selection results suggest that waterbodies are a very poor predictor of para grass
distribution, however, the variable does add some explanatory power to the final model.
Two categories of waterbodies, areas subject to inundation and saline coastal flats, have a
predicted incidence value suggesting these habitats are susceptible to para grass invasion. That
para grass is associated with seasonally inundated parts of the wetlands has no has little predictive
value but is consistent with previous studies (Bach and Hosking 2002) and observational
evidence. The finding that para grass is strongly associated with saline coastal flats is an artefact
of the spatial scale (1:250K) of the waterbodies dataset. Para grass is found in areas adjacent to
the saline coastal flats, however salinity levels on the flats themselves preclude colonising of these
areas. This result highlights the limitations of using 1:250K topographic datasets with data
collected in the field using GPS where the habitat is small in relation to the rest of the study area.
The result is that a small number of para grass points in the distribution dataset are enough, given
the small area of the habitat, to bias the parameter estimates.
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Figure 3.6: (a) Relationship between para grass incidence and depth, based on single variable model prediction.
(b) Median predicted incidence of para grass versus depth, classified into 10 equal interval categories of
30cm. Wetland habitats where modelled depth is between ~30-90 cm in mid wet season have a higher
susceptibility than very shallow (0-30cm) or deeper water habitats (>90cm). However, para grass is
capable of surviving across a wide range of depths.
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Figure 3.7: Median predicted incidence of para grass versus waterbodies. Two wetland categories (#2: subject to
inundation and #3: saline coastal flats) were identified as being susceptible to para grass invasion. The
subject to inundation category covers most of the wetlands and has limited value as a predictor of para grass
distribution. The saline coastal flats result is clearly an artefact of para grasses ability to colonise areas
adjacent to the coastal flats, and highlights the limitations of using 1:250K datasets intersected with data
collected using ground-based surveys. Parameter “W” comprises waterbodies which have deep waters and
remain inundated year round (lakes, swamps, water courses); parameter “4” is mangroves.

3.3.3.3: Identifying susceptible wetland habitat using the GLM habitat suitability model

In contrast with the Bayesian HSM results, the GLM-based HSM results suggest that a larger
proportion of the wetlands, approximately 24,000 hectares (~20%) (Table 3.6) are susceptible to
para grass invasion. This estimate of susceptible area is approximately 11,000ha (9%) larger than
that estimated using the Bayesian habitat suitability model.
The GLM derived HSM identified all of the same habitats identified as susceptible using the
Bayesian approach, but, the estimates of the proportion of each of these habitats susceptible to
invasion was, in almost all instances, greater using the GLM HSM. Despite the GLM HSM
identifying a larger area of the wetlands as being susceptible to para grass invasion, the
predictions were consistent with the mapped distribution of para grass and observed small-scale
variation within the susceptible habitats.
Thirty-two vegetation communities were identified as being susceptible to para grass invasion
(predicted incidence >0.6). The Bayesian HSM identified 25 vegetation communities.
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All of the communities identified as susceptible using the Bayesian HSM were identified using the
GLM approach. Thirteen of these communities (Table 3.6) accounted for 99% of the areas
identified as susceptible to para grass invasion. For the remaining 19 vegetation communities the
area susceptible was less than 1% of the total wetland area identified as susceptible. Six
communities not identified as most susceptible to invasion (Communities: #11, 9, 25, 24, 45)
using the Bayesian HSM, were identified using the GLM HSM; these communities accounted for
approximately 50% of the increase in susceptible wetland area identified. Three of the additional
vegetation communities contained or were dominated by Oryza spp.. The addition of Eleocharis
dulcis sedgelands (#9) to the list of habitats susceptible to para grass invasion is also noteworthy
because, like Oryza spp., it plays a key role in wetland food webs.
It is important to note that while habitats susceptible to para grass invasion are described in this
chapter in terms of the vegetation communities present in these areas, it is not vegetation alone
which determines the susceptibility of these habitats. Rather, it is the interaction of all the
environmental variables contained in the HSM that determine predicted para grass incidence. The
vegetation dataset was used as the basis for the results and discussion because they provide a
simple and comparatively high spatial granularity means of describing the types of habitats
susceptible to para grass invasion. Additionally, the types of vegetation present in different parts
of the wetlands reflect the interaction of a variety of different environmental factors.
Using predictions from the minimal adequate model the types of wetland flora at greatest risk
within these communities were identified using descriptions of their relative dominance within a
given vegetation community. The area of each community identified as susceptible and the
percentage this represented of each community within the wetlands was calculated; the latter
measure highlighting whether susceptibility was uniform across a given vegetation community.
Low percentage scores suggesting susceptibility within vegetation communities was not uniform.
Within the vegetation communities identified as susceptible to para grass invasion there was
marked variation in the percentage of a vegetation community susceptible. Vegetation
communities where a high percentage (>50% of community) of the area of habitat was identified
as being susceptible to para grass invasion included, Oryza spp. grasslands, Melaleuca cajuputi /
viridiflora open woodland. These communities are identified as those having the highest
susceptibility to para grass invasion. Cyperus scarious sedgeland was also identified as
susceptible to invasion, however this result is believed to be an artefact of the proximity to Oryza
spp. grasslands (see 3.3.2) and the spatial resolution of the other environmental predictor datasets.
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Table 3.6: Areas of vegetation communities within parts of the wetlands identified as susceptible to para grass
invasion sorted by the percentage of each community susceptible to invasion, based on GLM HSM. Thirty
two vegetation communities were identified as being susceptible to para grass invasion; the 13 communities
listed below account for 99% of this susceptible area. Communities marked with a star (*) have Oryza
spp. as the dominant taxa or a major component of the understorey.

Community

Description

Area
(ha)

Percentage
vegetation
community

7

Cyperus scariosus sedgeland

6170

93

10

Oryza spp. spp. grassland *

5243

64

26

Melaleuca cajuputi / viridiflora open
woodland *

455

51

27

Melaleuca cajuputi / viridiflora woodland
with mixed grassland sedgeland
understorey*

997

48

11

Oryza spp. Grassland with dominating
patches of Eleocharis dulcis *

1798

41

16

Fringing floodplain dominated by
Pseudoraphis spinecens

1358

41

6

Mixed herbland / grassland *

745

41

9

Eleocharis dulcis sedgeland

469

38

25

Melaleuca cajuputi open forest/woodland
with mixed grassland understorey*

1220

32

8

Hymenachne acutigluma / Leersia
hexandra grassland

3841

29

24

Melaleuca cajuputi closed/open forest
with mixed grassland understorey.*

846

10

22

Melaleuca cajuputi / viridiflora occasional
woodland with a grassland /scrubland
understorey

256

7

45

Open water

317

4

Total susceptible
area

23715

20% total
wetlands

Total Oryza spp.
habitat

15 600

47% habitats
with Oryza spp.
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Figure 3.8: Output from the GLM habitat suitability modelling. Predicted incidence of para grass calculated based on
results from the minimal adequate model. Red areas represent habitats with a high probability of para grass
being present. Blue areas represent habitats where the probability of para grass presence is low. White
areas within the wetlands are areas excluded from analyses because they are either subject to tidal influence
(northern half) or because incidence values could not be calculated for these areas because had never been
para recorded in these areas (southern half).
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In Chapter 2 the possibility that two distinct species of Oryza are present in the wetlands was
discussed. The finding that 50% of the Oryza spp. habitat was susceptible to para grass invasion
may reflect the presence of two species. The available evidence suggests that it may be Oryza
meridionalis, occurring in shallower parts of the wetlands, primarily the coastal plains, which is
susceptible to invasion. The second species, Oryza rufipogon is more commonly found in the
deeper water habitats, in either the closed Melaleuca spp. woodlands/forests and/or the deeper
water grassland habitats in the southern half of the wetlands.
Cyperus scariosus sedgelands were also contained in this high susceptibility category, however,
this result is probably an artefact of the spatial scale of the datasets used in the HSM. This result
is probably due to the fact that Oryza spp. grassland habitat often abuts Cyperus scariosus
sedgelands in the coastal plains and the spatial scale of the datasets (1:50K – 1:250K) used to
create the HSM, being lower than that obtained using GPS to map para grass distribution. Field
observations (K. Ferdinands, pers. obs.) and the soil salinity levels recorded in much of this
habitat (Bach and Hosking 2002), suggest that the areas of Cyperus scariosus susceptible to para
grass invasion has been over-estimated.
Vegetation communities identified as being moderately susceptible (25-50% of community
identified as susceptible) included Melaleuca cajuputi / viridiflora woodland with mixed
grassland sedgeland understorey, Oryza spp. grassland with dominating patches of Eleocharis
dulcis, Fringing floodplain dominated by Pseudoraphis spinecens, Eleocharis dulcis sedgeland,
Melaleuca cajuputi open forest/woodland with mixed grassland understorey and Hymenachne
acutigluma / Leersia hexandra grassland. The GLM HSM results suggest that the smaller
percentage of these communities susceptible to invasion may be related to less “suitable” depth
and inundation patterns in parts of these habitats. The patchy distribution of para grass within
these habitats is consistent with this hypothesis.
Vegetation communities exhibiting the lowest percentage scores (<25%) typically had isolated
patches of para grass associated with them and/or para grass was restricted to specific parts of that
habitat (e.g. the edges of open water habitats on levees). As observed for the moderately
susceptible habitats, unsuitable depth and inundation patterns in large parts of these habitats may
limit the ability of para grass to invade these habitats.
The GLM based results consistently identified larger areas of each susceptible vegetation
community, than that estimated using the Bayesian HSM. The GLM HSM surface identified
some deeper water habitats, not identified using the Bayesian HSM, as susceptible to para grass
invasion. This resulted in an increased proportion (29%) of Hymenachne acutigluma / Leersia
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hexandra grasslands identified as susceptible to invasion. The decision to model depth as a
continuous variable instead of a categorical variable with 10 levels was based on lower AICc
score for a HSM containing depth as a continuous variable.
The repeated finding that Oryza spp. as grassland, or a dominant understorey species, using the
GLM HSM supports the earlier finding from the Bayesian HSM that habitats containing these taxa
are highly susceptible to para grass invasion. Vegetation communities containing Oryza spp.,
marked with a star in Table 3.6, accounted for 47% (11,304 hectares) of the susceptible wetland
habitats.
Melaleuca woodlands / forests represented 15% of the wetland habitats identified as susceptible to
para grass invasion (Table 3.6), however, susceptibility varied markedly between the different
Melaleuca woodland and forest communities. Higher wet season depth and longer periods of
inundation in the closed woodlands and forests (Lynch 1996), combined with denser canopy cover
producing greater shading may underlie these results.
The finding that open water habitats are susceptible to para grass invasion appears inconsistent
with the known habitat preferences of para grass, however, the small percentage of this habitat
identified as susceptible (4%) is consistent with the known presence of para grass on the edges of
this habitat where water depth is lower or where floating mats, sometimes containing para grass,
have formed. Levees are known to occur adjacent to the deeper waters of the waterways and para
grass has been recorded in these areas.
The identification of large areas of Hymenachne acutigluma grasslands (#8) and to a lesser extent
Melaleuca cajuputi closed/open forest with mixed grassland understorey (#24) as susceptible to
para grass invasion was unexpected. Average wet season water depth in both these habitats is
expected to prevent para grass from colonising these areas (K. Ferdinands, pers.obs.). The small
percentage of Melaleuca cajuputi closed/open forest identified as susceptible suggests it may only
be the shallower parts of this habitat which is susceptible to para grass invasion. Modelled depth
results (Figure 2.11) support this explanation. Similarly, the result for Hymenachne acutigluma
grasslands shows that approximately 30% of this habitat is susceptible; variation in depth within
this habitat may explain this result.
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3.3.2: Anthropogenic influences on HSM predictions.
For invasive species, such as para grass that spreads primarily by vegetative propagation it is
expected that the number of points of original introduction will influence the current distribution.
This is particularly relevant where the species was one which was deliberately introduced as a
fodder grass for cattle. Previous studies (e.g. Grice et al. 2000), have highlighted the influence of
historical factors in determining current distributions of invasive plants.
While there are no accurate records of the exact locations and dates para grass was introduced to
the Mary River wetlands, there is anecdotal evidence that para grass was introduced in the
northwest corner of the wetlands in the 1940s. Based on this anecdotal evidence a surface
showing distance from putative points of introduction was created (Figure 2.15) and the
relationship between distance from original point of introduction and current distribution
examined. The distance from point of introduction dataset was not included in the habitat
suitability model described above because it does not relate to habitat suitability per se; it is a
factor which modifies the opportunity for the invasive species to exploit suitable habitat. Instead
it was analysed separately to (a) explore the effect of the history of introduction on para grass
distribution patterns and (b) to highlight the need for habitat topology as well as characteristics to
be explicitly incorporated into assessments of invasion risk.
To explore the effect that history of introduction has on current para grass distribution a single
parameter regression model, using the generalised linear modelling techniques employed for the
GLM HSM was generated. Para grass distribution (presence/random) was the response variable
with distance from point of introduction as a continuous environmental variable.
Clearly current distribution of para grass in the Mary River wetlands is strongly correlated with
distance from the point of putative introduction (Figure 3.9). However, the long tail (Figure 3.9b)
in the predicted incidence of para grass, due to a number of satellite infestations, suggest that (a)
the invasion is not over and (b) further infestations distant from the original point of introduction
can be expected. This finding highlights the importance of including data related to historical
factors (patterns of introduction) and the need to incorporate the distribution of “suitable” habitat
into assessments of invasion risk. The role of both of these factors in limiting para grass
distribution is explored in Chapter 4, where para grass spread is modelled.
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a

b

Figure 3.9: The relationship between para grass distribution and distance from area of introduction. (a) is the predicted
relationship between introduction distance and para grass incidence; where score of 1 suggests high
likelihood of para grass being present in this habitat and 0 the opposite. (b) presence (1) versus random
(0) median introduction distance values. The data and model predictions suggest that beyond 5km from the
area of introduction the presence of para grass is expected to be very low but isolated populations will
occur.
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3.4: Discussion
For naturalised invasive weeds there is a recognised need for tools to identify priority areas for
research and weed control or mitigation efforts (Higgins and Richardson 1996; Zalba et al. 2000;
Groves et al. 2001). This study addressed this need by modelling habitat suitability and used the
results from this analysis to calculate the relative risk of invasion for different habitats. The study
recognises that the models developed represent a trade-off between reality, generality and
precision (Levins 1966). The trade-off is between ecological precision (e.g. patch scale effects of
local variation in environmental variables) and the utility of landscape-scale models of habitat
suitability. The implementation of models at the landscape scale has improved understanding of
the broad-scale factors that influence para grass invasion patterns, and provides a preliminary
assessment of wetland habitats susceptible to para grass invasion.

3.4.1: Bayesian versus GLM habitat suitability modelling
The two analytical approaches explored, Bayesian and generalised linear modelling (GLM),
produced similar results overall. Many of the environmental variables and categories within these
variables were identified as having strong associations with para grass distribution using both
methods. Similarly the wetland habitats, described in terms of dominant vegetation, were also
very similar using both habitat suitability modelling approaches. The major difference between
the two approaches was the total area of each wetland habitat identified as susceptible to para
grass invasion.
The advantage of the Bayesian approach was the ease with which relationships between para grass
distribution and environmental variables, expressed as probabilities, can be generalised to the
entire study area allowing visualisation of results and further spatial analyses of these results. For
example, identifying areas where probability of presence exceeded 60% and then estimating
vegetation composition in these areas at risk of para grass invasion. A limitation of this approach
was the difficulty in quantifying the explanatory power of the habitat suitability model, the
relative importance of individual model parameters and an ability to select a preferred model from
many possible alternatives.
In contrast, the GLM and information theoretic methods approach did not directly allow any
spatial analyses or mapping of habitat suitability predictions. It required the extraction of a data
matrix using a GIS, exporting these results to a statistical package for analysis. The analysis
results could then be used to reclassify the environmental datasets and map calculation within the
GIS and used to produce a HSM surface.
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The advantage of this approach is the ability to produce a spatially explicit HSM with a measure
of model performance using widely used analytical methods.
Given the wider application of GLM (Austin and Meyers 1996; Austin 2002; Buckley et al. 2003;
Hettrich and Rosenzweig 2003) and information theoretic methods (Anderson et al. 2000;
Burnham and Anderson 2002; Griffiths et al. 2003; Johnson and Omland 2004) in ecological
studies and the greater analytical rigour these techniques afford, this approach was chosen over
the Bayesian HSM in discussing the environmental correlates of para grass distribution and hence
the relative susceptibility of different wetland habitats to para grass invasion. The GLM-based
HSM was also used in preference to the Bayesian HSM for spread modelling in Chapter 4.

3.4.2: The environmental niche for para grass
In the Mary River wetlands habitats susceptible to para grass invasion were areas with an
elevation of approximately 2.0 – 2.7 m AHD (Lynch 1996). These areas are at slightly greater
elevation than other parts of the wetlands and as a result tend to drain earlier at the end of the wet
season. These habitats were inundated to a modelled depth of 0-60cm (mean: 49.75cm sd 21.51)
each wet season and may remain inundated for 4-5 months each year. Almost all wetland habitat
identified as susceptible to para grass invasion were found on the lower coastal plain in the
northern half of the wetlands. The greater depth and duration of inundation in the upper coastal
plain (southern half of the area of wetlands subjected to modelling) appear to underlie the lower
susceptibility of this habitat to para grass invasion. This explanation is supported by the patterns
of association found for other predictor variables and published data on wetland vegetation
distribution (Wilson et al. 1991; Cowie et al. 2000) related to patterns of inundation. For
example, vegetation communities known to experience deep wet season flooding and long
inundation periods generally showed a negative association with para grass distribution. The
large areas of Hymenachne acutigluma grasslands identified as susceptible being a possible
exception, although Hymenachne is known to invade shallow water is the absence of grazing or
fire (P. Whitehead, pers. comm.).
The dominant flora in susceptible areas is grassland species (particularly Oryza spp.) and/or
sedges (particularly Cyperus scariosus and Eleocharis dulcis). Oryza spp. may also occur as the
dominant species in grassland or as a common understorey species in open Melaleuca cajuputi
open woodland/forest. The findings suggest para grass is competing with these grass and sedge
species for a similar ecological niche in the wetlands.
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Para grass showed a positive association with areas of intermediate depth and duration of
inundation. In contrast a negative association was found for habitats with very shallow wet
season depth and short period of inundation and areas with much greater depth and a prolonged
periods of inundation.

Rea and Ganf (1994a; 1994b) note that, where water levels fluctuate and

are naturally variable, water regime, as distinct from water depth, is an important determinant of
the distribution of aquatic vegetation. Water regime was defined as an index of the hydrological
past that a plant or habitat had experienced and was a summary of depth and duration of
inundation. A greater understanding of the habitat requirements of para grass could be gained by
collecting further data on temporal variation in depth and duration of inundation in areas which
para grass has invaded.

3.4.2.1: Does the current distribution of para grass accurately reflect the habitats it
is capable of invading?
Where an invasive species has not occupied all suitable habitats within its range there is the
possibility that habitat suitability models may underestimate the variety of habitats the species is
capable of invading. It is acknowledged that this is a possibility in the current study. However,
given the length of time para grass has occupied the wetlands, the relatively large areas occupied
and the diversity of habitats already colonised by para grass within the wetlands, and the field
surveys undertaken during this study, it can be assumed that the current distribution reflects the
variety of habitats para grass is capable of successfully invading. It is consequently justifiable to
extrapolate the results from the modelled survey data used for generating the habitat suitability
model to the entire wetlands.

3.4.2.2: Spatial and temporal variation in habitat suitability
A complex spatial and temporal mosaic underlies the high levels of biodiversity in the Mary River
wetlands. The habitat suitability model captured some of the landscape-scale spatial variation
that is present in the wetlands, but does not reflect all of the spatial and temporal variation known
to occur in this dynamic landscape such as seasonal changes in depth. The habitat suitability
model developed provides a current measure of the patterns of association between para grass and
the environmental parameters examined. Given the spatial and temporal variation in a variety of
biotic and abiotic variables in the wetlands, the predictions of the HSM are expected to vary over
time. As such, the potential for para grass to invade different parts of the wetland may change
from one year to the next. The models presented should be viewed as indicative of wetland
susceptibility to para grass invasion which can be improved over time using an adaptive
management approach.
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In the decade prior to the study seven of the ten years had annual rainfall totals which were
significantly higher than average (Chapter 2). If water regime is a prime determinant of wetland
macrophyte distribution and past water regimes determine current plant distribution in a wetland
(Rea and Ganf 1994a; Rea and Ganf 1994b), then the habitat suitability modelled using the current
distribution of para grass may be an underestimate of its potential range.
Despite these considerations of the dynamic nature of the wetland environment, the predicted
incidence generated in the habitat suitability model output provide an objective estimate of
relative susceptibility at the landscape scale. This information is arguably more important to
effective weed management in the wetlands than a comprehensive understanding of the ecology of
para grass at the local scale. It allows management decisions to be made while further detailed
studies are undertaken to improve understanding of the ecology of para grass and the invasion
process.
The current habitat suitability model and assessment of relative risk of invasion, should be seen as
a first step in an adaptive resource management exercise (sensu Walters 1986), to be implemented
and refined through an iterative process as the model’s predictions are tested and new data are
collected.

3.4.2.3: Anthropogenic changes in wetland water regime
The Mary River wetlands have experienced saltwater intrusion related to tidal incursions since the
1940’s. This has been attributed to the breakdown of coastal cheniers (remnant coastal dunes) and
the subsequent development of tidal channels that have allowed saltwater to enter the freshwater
ecosystem. Over 2,400 ha of wetland were destroyed by saltwater intrusion between 1948 and
1998.
In response, 64 earthen barrages (Figure 3.10) have been constructed to block tidal tributaries of
Tommy Cut Creek since 1988 (Department of Infrastructure Planning and Environment 1998) to
protect of the wetlands on the lower coastal plain. Approximately half of these barrages have
since been abandoned, leaving approximately 30 in operation. These barrages, while requiring
annual maintenance due to wet season flooding and daily tidal action, appear to have controlled
salt water intrusion and there are signs of recovery in previously saltwater intruded areas (Lynch
1996; Bach and Hosking 2002).
The barrages prevent daily incursions of saltwater entering the freshwater wetlands, but may also
slow drainage from the wetlands during the and after the wet season. Observations made during
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this study suggest that these barrages may have altered the hydrology of the wetlands by slowing
drainage after flood events with the result that depth and duration of inundation have increased.
This effect is more marked in the upper coastal plain (south of Shady Camp) that drains via
Sampan Creek. Barrages constructed at and near Shady Camp may have resulted in the upper
coastal plain flooding to a greater depth and remaining inundated for longer periods than occurred
prior to the construction of the barrages (Robert Townsend, pers. comm.). This observation is
supported by the depths measured during field survey and the findings that some areas formerly
occupied by Oryza spp., commonly found in intermediate water depths (Lynch 1996), have been
replaced by Hymenachne acutigluma capable of growing in areas subject to deep and prolonged
inundation. The colonisation of these areas in the narrow region of the wetlands between
Alligator Head and Shady Camp (Figure 3.10) by dense stands of Hymenachne acutigluma may
also be contributing to the slower draw-down observed during the study.
This change in the water regime may explain the failure in this study to locate scattered para grass
populations observed by Whitehead (1998) around the Marrakai region of the wetlands, in areas
Lynch (Lynch 1996) identified as Hymenachne acutigluma grassland.

3.4.3: High susceptibility wetland flora
The areas susceptible to para grass invasion represent a significant portion (20%, ~23,000 ha) of
the wetlands. These susceptible areas contain 32 vegetation communities. However, 99% of the
area susceptible to invasion was comprised of 13 vegetation communities. Grassland
communities dominated the susceptible communities although sedgeland and open Melaleuca
cajuputi/viridiflora woodland habitat was also identified as being susceptible to para grass
invasion. With the exception of Melaleuca cajuputi/viridiflora woodland, all the melaleuca
communities identified as susceptible to para grass invasion contained Oryza spp. in the
understorey. This vegetation community is found at a higher elevation (Lynch 1996) than the
other Melaleuca cajuputi communities and it is possible that they dry out earlier than other parts
of the wetlands.
Other wetland flora identified as susceptible to para grass invasion included fringing floodplain
areas dominated by Pseudoraphis spinescens, mixed herbland grassland, Eleocharis dulcis
sedgelands and Hymenachne acutigluma grasslands.
The water regime taxa experience appears to play a very important role in determining habitat
suitability for para grass, with habitats subject to intermediate flooding depths (16-60cm) and
inundation duration (3-5 months) being most susceptible to invasion.

98

Figure 3.10: Wetland drainage and the barrages built to prevent salt-water intrusion (red circles). The construction of
barrages may have altered the water regime in the wetlands, producing deeper and longer inundation
periods, particularly south of Shady Camp.

The lower susceptibility observed for the Hymenachne acutigluma grasslands and Melaleuca
cajuputi closed forests reflects the greater depth and duration of inundation found in these
habitats. The finding that some parts of these communities are susceptible appears to be a result of
the variability of depth within this habitat.
The habitat suitability model identified large areas of Cyperus scariosus sedgelands as being
susceptible to invasion, however, soil conductivity levels in parts of this habitat, often exceeding
1,000 μS (Lynch 1996; Bach and Hosking 2002), are expected to prevent para grass invading
large areas of this community.
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Predicted susceptibility to invasion was not uniform within vegetation communities suggesting
that vegetation alone may not be a reliable indicator of susceptibility to invasion. This occurs
because other environmental variables, most importantly depth, varied within a given vegetation
community type. The proportion of each community susceptible reflects this variability in other
environmental parameters within a given vegetation community. This result highlighted the need
to incorporate multiple environmental predictor datasets in the habitat suitability modelling.
One wetland taxon, Oryza spp. appears to be at particular risk of para grass invasion, presumably
because its environmental niche is very similar to that of para grass. This finding is consistent
with previous observations (Whitehead 1998; Whitehead 1999; Ferdinands et al. 2001; Douglas
and O'Connor in prep). The life cycle of Oryza spp., which is an annual, may also contribute to
the high susceptibility of habitats where these species are the dominant taxa. Life cycle strategy
may also contribute to the finding of lower susceptibility for grasslands dominated by perennial
taxa such as Hymenachne acutigluma, as noted by Knerr (1996).
Because of the taxonomic difficulties associated with the reliable differentiation of Oryza
meridionalis and Oryza rufipogon it is difficult to predict which of these two species is at greater
risk. However, observations and depth measures suggest that Oryza meridionalis is at greater risk
because it appears to occupy shallower parts of the wetlands.

3.4.4: Potential and realised habitat niches
The habitat suitability modelling techniques discussed in this chapter provide a measure of the
likelihood of para grass being present in a given habitat and this likelihood of occurrence was used
to infer susceptibility to invasion. The approach assumes that all high susceptibility areas are at
equal risk of para grass invasion. In the Mary River wetlands, habitat suitability exhibits both
spatial and temporal variation. While the results presented in this chapter provide a measure of
relative susceptibility to invasion, the distribution of suitable habitats in space and time will
determine whether the invasion susceptibility identified in this chapter is realised, i.e. where high
susceptibility habitats are colonised, new populations survive and spread occurs.
To examine the role that the distribution of susceptible habitat in the wetlands has on estimates of
relative susceptibility to invasion by para grass and invasion patterns, a cell-based, spread
modelling procedure was developed. The habitat suitability model surface was used as an
anisotropic surface through which para grass was ‘grown-out’. This spread modelling procedure
is discussed in Chapter 4.
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3.5: Conclusions
The analyses presented here of the landscape environmental correlates of para grass distribution
have improved our understanding of the habitat requirements of this invasive species. It has also
identified some of the landscape scale variables which may control its distribution. This
knowledge has allowed wetland habitats that are particularly susceptible to invasion to be
identified and the relative risk of all wetland habitats to be estimated.
Thirteen wetland habitats, described using the dominant vegetation, were found to have a
disproportionately high susceptibility to para grass invasion and account for 99% of the areas of
the Mary River wetlands identified as susceptible to invasion. These areas represent
approximately 18% of the total area of the wetlands.
The most susceptible habitats were dominated by grasses and one grass, Oryza spp., appears to be
particularly susceptible to being displaced by para grass. Sixty one per cent of the Oryza spp.
habitat was identified as being susceptible to para grass invasion. Oryza spp. play an important
role in the wetland ecosystem, and the loss or modification of Oryza spp. habitat is expected to
have negative effects of the ability of the wetlands to support the existing high levels of animal
diversity.
Habitat suitability was found to vary within vegetation communities due to variation in other
variables (e.g. land systems, depth within these communities and the vector format (polygon) and
spatial scale of the vegetation data). The results highlight the need for a multivariate approach to
habitat suitability modelling and the need to recognise the inherent limitations associated with
different datasets.
The hydrology of the Mary River has always been different to , many other wetlands in the Top
End, with slower drainage and subsequently longer periods of inundation in some habitats. These
differences in water regime may have been increased due to the construction of barrages for
saltwater intrusion mitigation. The results from this study in the Mary River catchment should be
extrapolated to other wetlands with caution as the water regime in the Mary region may limit
invasion of habitats that in other wetlands could be invaded by para grass.
The habitat suitability model presented provides an indicative rather than definitive measure of the
habitat requirements of para grass. The spatial and temporal variability of the wetlands cause
variability in the habitat suitability and hence susceptibility to invasion. The high number of
above average rainfall years prior to this study provides one example of the potential for temporal
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variation to alter measures of habitat suitability. Given the above average rainfall conditions in
the lead-up to this study, it is possible that the habitat suitability modelling results under-estimate
the size of the areas within the wetlands which are susceptible to invasion.
The ability to rank the susceptibility of different wetland habitats allows conservation objectives
to be clarified and assessments of the current land management practices on stated biodiversity
conservation goals to be evaluated. Both of these issues are discussed in subsequent chapters.
The information from this study allows management goals related to both weed control and
biodiversity conservation to be articulated in a more precise way than that currently contained in
the natural resource management plans for the study area e.g. the Revised Integrated Catchment
Management Plan (Department of Lands Planning and Environment 2001).
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Chapter 4: Modelling the future spread of para grass

4.1: Introduction
Invasive plants are recognised globally as one of the major threats to all ecosystem services
(Simberloff 2001) and because of their potential to cause habitat loss, fragmentation and
modification have collectively been identified as one of the greatest threats to biodiversity (Mack
et al. 2000; Mooney and Hobbs 2000; Richardson et al. 2000a; Sakai et al. 2001). Associated
with this recognition, study of the environmental and economic impacts of invasive species has
increased exponentially over the last two decades (Rejmanek 2001). The ecology of biological
invasions has emerged as a discipline in its own right, but despite this, some very basic questions
remain unanswered (Williams and West 2000; Rejmanek 2001; With 2002). One of the questions
that has received limited theoretical or empirical attention is the role played by landscape
structure, or spatial pattern more generally, and its influence on the spread of invasive species
(Higgins 1998; With 2002).
The lack of published literature on the interaction between landscape structure and plant invasions
also applies to Australia. A number of studies, including invasion biology research (Williams and
West 2000; Groves 2002; Grice 2004) and weed management (Humphries et al. 1991; ANZECC
& ARMCANZ 1999) have identified this deficiency. This gap in knowledge has compromised
understanding of plant invasion processes and their impacts and consequently our ability to
prevent or mitigate the effects of invasive plants. Only recently have these deficiencies begun to
be addressed (ANZECC & ARMCANZ 1999; Mooney and Hobbs 2000).
In Australia, there is also recognition that invasive plants represent a serious threat to biodiversity
conservation, ecosystems services, agricultural production, infrastructure and human health. This
recognition is evidenced by the scientific literature (e.g. Humphries et al. 1991; Lonsdale 1994;
Cook et al. 1996; Groves 2002; Paynter and Flannagan 2002; Smith 2002; Buckley et al. 2004),
policy and planning documents (ANZECC & ARMCANZ 1999) and decision support tools
(Pheloung et al. 1999; Kriticos and Randall 2001; Crossman 2002; Walden and Bayliss 2003;
Ferdinands et al. 2005). These outputs contribute to the “tool-kit” (sensu Williams and West
2000) being developed to address issues related to environmental weeds.
Reviews of issues and approaches to weed management in Australia (Smith et al. 1999; Williams
and West 2000; Groves 2002) have identified deficiencies in our knowledge of plant invasions,
their impacts and the absence of decision support tools required to inform weed management. The
deficiencies include our limited understanding of the ecology, biology and impact of
environmental weeds (Parker et al. 1999; Williams and West 2000; Williamson 2001); with
respect to policy and planning – a lack of coordination / cooperation between different levels of
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government (Williams and West 2000); a failure to act in the early stages of invasions (Groves
2002); and a limited array of decision support tools and existing risk assessment tools whose
predictive power has been over-stated (Parker et al. 1999; Williamson 2001).
Addressing these deficiencies will contribute to improved management of invasive species.
However, some items are required more urgently and are likely to be critical in the management
of invasive species, whereas others, while important, are less critical and can be addressed over a
longer period of time. For example, Simberloff (2003) has argued that while the study of the
population biology of introduced species has elucidated many fundamental questions in ecology
and evolution, the management utility of intensive population biological research in dealing with
introduced species, especially those recently introduced, is often limited. The most effective way
to deal with invasive species, short of keeping them out, is to discover them early and eradicate
populations or minimise spread from populations that cannot be eradicated (Wittenberg and Cock
2001). As such, the absence of detailed population data should not be used as an excuse for
inaction.
A similar issue occurs in relation to improving policy and planning documents and better
coordination between different levels of government and other key stakeholders. While
undoubtedly important, these “tools” are only as good as the information used to formulate
management goals and priorities. Clearly, policy and planning can be limited by the lack of
detailed understanding of invasive species, but without detailed ecological or population dynamics
knowledge it is still possible to provide information to contribute to improved management of
invasive species. It is in this knowledge gap, where the threat posed by invasive species is
broadly recognised but the data to articulate clear conservation and/or management goals is
unavailable, that a variety of decision support tools which do not require a detailed ecological
understanding of invasive species can play an important role. Decision support tools, often in the
form of conceptual and/or quantitative models, can provide a framework for organising ideas,
coping with computationally demanding data management and analysis, articulating assumptions
and making predictions through simulation.
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4.1.1: Applied community ecology and natural resource management
approaches to invasive plants
Applied community ecologists and natural resource managers are interested in invasive plants
because of their actual and potential impact on natural systems and a desire to prevent or mitigate
these effects. However, the specific information requirements of ecologists and natural resource
managers may vary (Parker et al. 1999). A community ecologist interested in invasions typically
seeks measures of impact that elucidate ecosystem function and the factors that inhibit or facilitate
invasion. In contrast, a natural resource manager or policy maker typically needs to be able to
prioritise or rank species and/or habitats threatened by an invasive species in order to decide when
and where available resources will be used. These varying information requirements must be
taken into account when constructing decision support systems.
In identifying which invasive plants are a management priority Parker et al. (1999) suggest that in
addition to the current and potential impact of an invasive species, the feasibility and cost of
control must be included in the decision making process. In response to this need a national postborder weed risk management protocol has been developed (Virtue 2005). As part of this protocol
a decision matrix which summarises both the risk posed by a weed and the feasibility of control is
used to guide management responses. High impact, high feasibility of control species are selected
as a management priority. High impact low feasibility of control species become the focus of
research studies to improve understanding of the invasion process and develop feasible control
techniques (Parker et al. 1999; Virtue et al. 2004).

4.1.2: Weed Risk Assessment (WRA)
Weed risk assessment (WRA) is one type of decision support tool developed to assist with the
management of invasive plants. It has been developed to provide objective estimates of both the
likelihoods and magnitudes of threats posed by non-indigenous plants (weed risk) and draws on
biological and ecological information, the geographical origins of plants and their previous history
of introduction (Groves et al. 2001) and the feasibility of control (Parker et al. 1999; Virtue et al.
2004). Weed risk assessment can be considered a part of the study of invasion ecology and risk
assessment.
Despite the contribution WRA has made to preventing the entry of species, it is acknowledged in
invasion biology and WRA literature that there has not been enough attention paid to habitat-
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specific predictions (Rejmanek 2001). This is of concern because our limited capacity to make
habitat specific predictions has been identified as a key factor constraining our ability to manage
and understand plant invasions (Johnstone 1986; Storrs and Lonsdale 1995; Higgins 1998).

4.1.2.1: WRA within borders
The number of established invasive plants and the rate at which new species are arriving has seen
increased attention focused on weed risk assessment tools designed to support weed management
where prevention of entry has failed. Because the management of established species requires
more detailed data than required for quarantine purposes, a variety of new WRA approaches (e.g.
Auld and Coote 1980; Higgins 1998; Schonegevel 2001; Rouget and Richardson 2003b) has been
developed. These approaches typically operate at a smaller scale e.g. regional or sub-regional, are
spatially-explicit and attempt to take into account the different susceptibility of parts of the
landscape in assessments of the risk posed by a given species. Spatial heterogeneity in the
receiving environment and the ability of an invading species to reach suitable habitat, sometimes
described as propagule pressure, are recognised as key elements in predicting the risks associated
with plant invasions (Williamson 1996; Higgins 1998; Grice et al. 2000; Rouget and Richardson
2003a). Therefore, WRA approaches which explicitly incorporate these elements are expected to
produce more accurate assessments of the risks associated with invasive plants. This improved
accuracy is important if management of established invasive species is to be better informed and
therefore more effective.
There have been, until recently, few studies (Higgins 1998; Grice et al. 2000; Crossman 2002;
Rouget and Richardson 2003b) examining the effects of spatial heterogeneity in the receiving
environment on predictions of invasiveness, the current and potential distribution of invasive
plants or invasion impact. One explanation for this has been the lack of tools such as GIS which
could be used to assess relationships spatially as well as ecologically (Fotheringham and Wegener
2000). For example, Johnstone’s (1986) idea of invasion windows is not new but can be more
easily incorporated into predictive models using the functionality of spatial technologies such as
remote sensing coupled with GIS.
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4.1.3: Invasive species management
Effective management of invasive plants is governed by three overarching objectives:
1. Prevention
2. Early detection / rapid assessment
3. Control/containment/eradication (Rejmanek 2001).
In the case of naturalised invasive species the second two objectives clearly become more
important. The need for early detection and rapid assessment can be applied just as readily to
naturalised invasive species as it can be for species which have only just arrived. For example,
the early detection of outbreaks in new locations is just as important for managing established
invasive population as early detection of the establishment of completely new species.
Making decisions about the type of management response required needs an assessment of risk.
Six commonly accepted factors that need to be considered when assessing the risk posed by an
invasive species include:
•

current and potential extent of the species on or near the site;

•

invasion pathways;

•

current and potential ecological impacts of the species;

•

value of the habitats/areas that the species infests or may infest;

•

difficulty of control;

•

management priorities;
(Wittenberg and Cock 2001).

The spread modelling approach developed in this chapter provides a technique that can be used to
make more informed decisions in relation to all of these factors. It does so by providing a
measure of both the current and potential extent of para grass; identifying habitats and species
within the wetland which have been, or are susceptible to invasion by para grass; and, through
simulations of spread under alternative management scenarios, demonstrates predictions about
the feasibility/difficulty of control. This approach will facilitate the identification and
prioritisation of management and habitat conservation responses in order to achieve the stated
biodiversity conservation goals for Mary River wetlands.
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4.1.4: A decision support tool for assessing the risk posed by para
grass invasion
In this chapter I build on the habitat suitability modelling results from Chapter 3 and model the
potential spread of para grass under a variety of management scenarios. This spread modelling
enabled habitats with a high probability of invasion to be identified taking into account the
distribution of susceptible habitat and the potential impacts of future spread under a variety of
possible management scenarios to be explored. I describe these habitats as ‘high risk’ given the
higher probability of para grass invading these parts of the wetland. High risk habitats are
discussed in terms of dominant vegetation communities, as was the case in Chapter 3.

The

impact of para grass invasion on vegetation community composition is explored in greater detail
in Chapter 5 using the results of field surveys of wetland flora.

4.1.4.1: Modelling the future spread of para grass
Chapter 1 introduced a conceptual model of plant invasions and a framework for identifying the
tasks that this study had to achieve if it was to realise its aim of contributing to strategic
management of invasive plant species in wetland environments. The four main tasks associated
with the approach adopted were:
1. Determining the current distribution of para grass
2. Modelling the habitat preferences of this species
3. Modelling potential spread based on habitat preferences
4. Measuring the impact on wetland flora and fauna
Task 1, mapping the current distribution of para grass, was completed using field surveys and the
results used in Chapter 3. Chapter 3 developed a habitat suitability for para grass; completing task
2. In this chapter, which addresses task 3, a method for modelling the future spread of para grass
was developed which builds on the outcomes of Chapter 3.
The habitat suitability model (HSM) for para grass developed in the previous chapter improved
knowledge of the types of habitat susceptible to para grass invasion in the Mary River wetlands.
However, its utility is reduced by the failure of the habitat suitability model to explicitly take into
account the distribution of para grass in relation to susceptible habitats within the wetlands. Para
grass invasion occurs primarily via vegetative propagation from the edges of existing populations
and the distribution of these habitats will consequently influence the susceptibility of
neighbouring habitats to the future spread of para grass.
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The para grass spread model developed in this chapter used a spatially explicit technique known
as cost-distance or anisotropic modelling (McCoy and Johnston 2001) to incorporate both habitat
suitability and distance from invasion source into predictions of the risk of para grass invasion.
This approach is consistent with the conceptual model outlined in Chapter 1 and to my knowledge
has not been applied to studies of plant invasions previously. This approach is categorised as a
spatially-explicit, phenomenological model (Higgins and Richardson 1996) since cause and effect
relationships are not established between wetland habitats and para grass distribution. Rather, the
relationships identified between para grass distribution and wetland habitats are correlative.
The modelling approach served a number of purposes including:
•

formalising the relationship between habitat suitability and spread in a conceptual model

•

providing a spatially explicit environment for exploring this relationship

•

generating predictions of susceptibility to invasion based on a combination of habitat
susceptibility (derived from the HSM) and proximity to existing sources of invasion
(propagules pressure)

•

identifying potential invasion pathways and barriers to spread

•

providing the means to simulate the impact of different weed management strategies on
weed spread which can then be tested using monitoring and research data.

•

acting as a decision support tool well suited to an adaptive management approach.

An ability to identify invasion pathways and the order in which susceptible habitats may be
invaded improves our ability to prioritise weed management responses to the threat posed. It also
helps to prioritise weed research and land management objectives related to biodiversity
conservation.
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4.2: Methods
4.2.1: A conceptual model of plant invasion
In modelling the spread of para grass from existing populations through the wetlands, the
receiving environment was conceptualised as a series of barriers which an invading species has to
overcome. In this study, the degree to which barriers could be overcome and new areas colonised
was assumed to be related to two factors: habitat suitability and distance to sources of invasion.
As the spread of para grass is primarily vegetative, propagule pressure was explored in this
chapter using proximity and the size of existing populations of para grass as surrogates.

4.2.2: A mathematical model of plant invasion
In modelling the spread of para grass a cost-distance algorithm, implemented within a GIS, and
applied to grid-based datasets, was employed. Cost-distance functions are similar to Euclidean
distance functions, but instead of calculating actual distance between two points, they measure
accumulated travel cost (McCoy and Johnston 2001). In this study travel cost was a function of
habitat suitability, measures of which were derived from the habitat suitability model (Chapter 3).
One of the outputs from the habitat suitability modelling was a map of the probability of para
grass establishing and maintaining a presence in different parts of the wetlands, based on its
association with different environmental variables. In this map, each cell (cell size 20m) is
assigned a value based on predicted probability of presence ranging between zero and 100; where
zero suggests para grass is always absent in this location and 100 indicates that para grass is
always present in this location.
There is observational and published evidence (e.g. Cowie et al. 2000; Bach and Hosking 2002) to
suggest para grass does not readily invade parts of the Cyperus scariosus sedgelands due to soil
salinity levels. The close proximity of Cyperus scariosus sedgelands to Oryza grasslands and the
spatial resolution of the vegetation datasets (1:40K) resulted in the HSM results not reflecting this
and , in fact, this habitat was identified as having a very high suitability. To address this issue,
prior to using the HSM as an impedance surface in the spread modelling the cell values for this
habitat were reclassified to reflect a moderate habitat suitability (predicted incidence = 0.60). This
modification of the HSM surface produced a reduction of approximately 30% in the area of
wetland identified as at risk of para grass invasion. This estimate was derived by running the
spread model with the original Cyperus scariosus impedance values and comparing the two
results.
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Cost-distance functions utilise graph theory (Chartrand 1984) and when implemented within a
GIS requires two grid-based datasets (1) a source grid (2) an impedance surface / cost grid
(McCoy and Johnston 2001). Source grids can be a collection of isolated cells or groups of
connected cells. In the cost grid each cell is assigned a unit of measure that reflects the cost of
moving through that particular cell. In this context cost is used to infer the probability of para
grass being able to establish and maintain a population long enough to act as a source for further
expansion. Where the probability is low the cost of establishing and maintaining a population is
considered to be high and vice versa.
To determine the cost to move between a source cell and surrounding cells the centre of each cell
is represented as a node and nodes between cells are joined by a link. Every link has an
impedance value associated with it. Impedance is derived from the costs associated with the cells
(in this instance derived from the habitat suitability surface) at each end of the link and the
direction of movement (McCoy and Johnston 2001). Formulas for calculating cost-distance take
into account the extra distance required to move into cells which are diagonal to a source cell.
Creating the cost-distance surface grid is an iterative process which takes place as a number of
calculation steps. The aim at each step in the estimation of the cost-distance surface is to identify
the lowest cost cell in the neighbourhoods surrounding source cells. Once the lowest cost cell has
been identified it is added to an output list; these cells are then treated as source cells. The process
is iterative because as new source cells are added with each step in the calculation, the
neighbourhood surrounding source cells grows and the cost to invade different parts of the study
area changes.
The iterative process of selecting the least cost cell to add to the output list was the equivalent of
existing para grass populations colonising the nearest, most suitable habitat. This iterative
approach, used to generate the final cost-distance surface is therefore consistent with what is
known of the ecology of para grass, namely spread is primarily via vegetative propagation and
where habitat suitability in adjacent areas determines invasion success.
In this study, the source grid is derived from the map of actual para grass distribution. The
habitat suitability model was used to create the impedance or cost surface. Impedance was
assumed to be inversely proportional to habitat suitability. To create the impedance surface I took
the absolute value of the predicted incidence of para grass for each cell in the HSM surface and
subtracted 100. Cells of high suitability for para grass were assigned low impedance and cells of
low habitat suitability were assigned high impedance. The resultant surface was combined with a
surface showing para grass locations (source points). Para grass was then ‘grown out’ through this
surface into each cell and then to its adjoining neighbours, following the least-cost paths. The
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accumulated cost to move through the surface from the “seed points” was calculated for each cell
using the cost-distance algorithm previously described (McCoy and Johnston 2001). I used as
output from this process a grid of 20 m2 cells in which each cell is assigned the minimum
accumulated cost of "invasion" from any source. I treated this grid as a spatially-explicit summary
of susceptibility to invasion in which cells with low accumulated cost are at greatest risk of (a)
being successfully invaded and (b) habitat modification (examined in Chapter 5).
From this description it will be apparent that the model of para grass invasion presented here
depends on the following assumptions:
•

spread is exclusively from the edges of existing populations (via stoloniferous growth)
and propagules cannot bypass intervening cells;

•

invasion paths that take the invader through areas of low suitability habitat will be
occupied more slowly, if at all;

•

proximity to existing populations of para grass increases the risk of invasion;

•

there is no effective strategy in place to limit para grass spread.

The conceptual base is similar to Harpers (1977) ‘safe site’ hypothesis or the extension of this
idea, Johnstone’s (1986) ‘invasion window’.

It will also be apparent that unless confronted by continuous impermeable barriers, application of
such a model produces the trivial prediction that, given enough time, all contiguous habitats
capable of supporting the species at all will eventually be invaded. Such a prediction (a) is
ecologically unrealistic, as para grass is not capable of producing viable populations capable of
contributing to further spread in all wetland habitats and, (b) contributes limited information for
identifying weed management and habitat conservation priorities. To address these issues I
arbitrarily set a threshold for cost accumulation above which I regarded sites as “safe” and hence
least in need of current management intervention. A threshold of 20,000 was adopted which
effectively restricted para grass spread to an area within 5 kilometres of known para grass
populations (source cells) (Figure 4.1). Note that the threshold is based on accumulated cost, a
function of habitat suitability and distance, and so will be reached over a shorter distance when
spread occurs through low suitability (high cost) habitats.
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Figure 4.1: Implications of setting a cost threshold of 20,000 for the spread model. The areas in red are those where
mean accumulated cost is not expected to exceed the threshold; blue areas are areas where, given the
current distribution of para grass, the cost to reach these areas is expected to exceed the threshold. The use
of the threshold effectively prevented spread into the blue areas. The grey areas were not included in
habitat suitability of spread modelling because either (a) they were saline or subject to saline intrusion or
(b) no the extent of one or more datasets was less than the entire wetlands (see Chapter 3).
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Implications of setting a cost threshold
The area of wetlands below the cost threshold (Figure 4.1) represented 64% of the wetlands for
which habitat suitability modelling had been carried out and 72% of high susceptibility habitats
(i.e. cost<=60). Thirty five of the thirty eight vegetation communities (92%) present in the study
area were represented within the threshold area; a paired t-test of the percentage contribution of
each vegetation community in the entire study versus the area constrained by the threshold
showed no significant difference (t = 0.0356, df = 37, p-value = 0.9718). I infer from these
comparisons that setting a cost threshold is unlikely to have biased estimates of the relative risk of
para grass invasion within the area bounded by the 20,000 threshold.
Within the area of the wetlands for which spread was modelled, relative risk of invasion was
examined in greater detail by analysing minimum accumulated cost and identifying invasion
pathways (i.e. which source cells within the model were responsible for predicted new para grass
populations).
4.2.2.1: Interpreting the output from the spread model

The output from the spread modelling algorithm provides two means of identifying high risk
habitats within the wetlands. At the scale of the study area, patterns of cost / impedance
accumulation (Figures 4.2 & 4.6) can be used to identify areas predicted to be susceptible to para
grass invasion given the cost-threshold imposed.

An added capability of the spread model was

the ability to identify invasion pathways. Invasion pathways were identified by recording the
direction of movement from the source cells to each “colonised” cell in the receiving environment
in addition to accumulated cost. By examining the least cost pathways from source cells (Figure
4.3) potential invasion pathways were identified. This functionality was used to identify invasion
sources and areas requiring future monitoring of para grass spread.

4.2.2.2: Long-distance dispersal.
The spread modelling approach discussed above assumes that spread is primarily vegetative and
from edges of existing populations of para grass. While this assumption appears to be valid in
most instances, the distribution patterns of para grass suggest that occasionally there are longdistance dispersal events which result in viable satellite populations of para grass up to several
kilometres away from pre-existing populations.
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Figure 4.2: Identifying susceptible areas based on accumulated cost. By examining the way cost accumulates as spread
is simulated through the wetlands, areas susceptible to para grass were identified. All the areas with colour
are identified as being at risk of para grass invasion, however, this risk varies from high (red) to low (pink)
based on accumulated cost. In some areas cost accumulates uniformly and slowly in all directions (e.g.
Area a) suggesting a high risk of invasion for all areas surrounding this cell. In other instances, a similar
uniform cost accumulation occurs, but the cost-threshold in reached over a very short distance (e.g. Area b)
due to the low suitability of the surrounding habitat. Area c represents an area of wetlands where habitat
suitability was predicted to be high-moderate but the distance to the nearest source cell was high
(approximately 5km). As a result there is a lower risk of this area being invaded.
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Figure 4.3: Identifying invasion pathways for invaded cells. The spread algorithm records both accumulated cost and
the direction of spread to reach any selected cell in the predicted cost-distance surface. Using this
information the invasion path from the source cell (a) to various cells (e.g. Area c) can be identified - the
black line. The varying impedance, associated with habitat suitability, results in some invasion pathways
being indirect (e.g. Area b). The rapid accumulation of cost over a short distance, indicated by colour
change, shows the presence of low suitability / high impedance habitat. In the case of Area c there is more
than one possible source of invasion. The ability to identify the likely sources of invasion and the path by
which this may occur is useful in planning both weed control strategies and designing monitoring programs
to detect new satellite infestations or edge spread.

The vectors for these occasional long distance dispersal events are hypothesised to include wet
season flood events, where patches of para grass are dislodged and establish downstream; animal
dispersal (birds, pigs, cattle) and vehicles (boats, cars).
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Long distance dispersal of invasive plants has the potential to markedly alter predictions of spread
(Higgins and Richardson 1999; Rouget and Richardson 2003a) and hence the risk of para grass
invasion. The seasonally high densities of animals identified as possible vectors and the high
mobility of these species increases the likelihood of para grass invasion occurring through animal
vectors.
In the scenario in which long distance dispersal was simulated, 200 points were randomly
generated within the study area to simulate a range of possible dispersal vectors identified above.
The number of points for each vector were:
Floodwaters: 50 points downstream of existing para grass populations;
Animals: 150 points randomly distributed in habitats known to be heavily utilised by pigs,
waterbirds and cattle
Vehicles: 50 points randomly distributed throughout the study area.
The relative number of new para grass source cells generated was consistent with the number of
satellite populations mapped during the field surveys of wetland vegetation and likely vectors.
For example, the distribution of satellite populations suggested animal dispersal of para grass to
areas was more important than floodwaters and vehicles (K.Ferdinands, pers. obs.). The
probability of establishment is expected to vary between habitats. To take this into account any
new source cells which “landed” in habitats where the probability of para grass presence was less
than 30% were treated as failing to establish and were excluded from the spread modelling. This
cut-off resulted in approximately 85% of the long-distance dispersal events failing to establish.
New para grass source cells were subject to the same cost-threshold that applied to the original
para grass populations. However, given the possibility of these cells falling outside the red area
shown in Figure 4.1, additional habitats could become susceptible to para grass invasion.
By comparing spread modelling results with and without long-distance dispersal events the impact
of long distance dispersal on model estimates of the risk of para grass invasion was quantified.
This comparison was only made for the No Management / Status Quo scenario (see below).
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4.2.3: Management scenarios
The risk of para grass invasion, assessed using the HSM and spread model, is expected to change
depending on the weed management practices that are applied. To explore the impact that
alternative management practices might have on the risk of para grass invasion a number of
alternative management scenarios were designed and incorporated into the spread modelling
analyses. These simulations allowed changes in the risk of invasion in different habitats to be
quantified, sources of modelled future spread to be identified, invasion pathways predicted and the
modelled results visualised. In this chapter I focused on the degree to which, given the spread
models predictions, different management options mitigate the risks of para grass invasion.
Five acknowledged strategies for dealing with invasive alien species are prevention, eradication,
containment, control and mitigation (Wittenberg and Cock 2001). Eradication is considered the
most desirable option when prevention has failed and invasive species are already established.
Eradication is typically very costly, often requires long-term commitment and examples of
successful eradication of established invasive plants are rare. However, the potential benefits of
eradication attempts early in the invasion process (Rejmanek and Pitcairn 2002; Soria et al. 2002;
Hester et al. 2004) warrant attempts at eradication wherever feasible.
Containment represents a specific form of control, where the aim is to restrict the invasive species
to a limited geographic range. Containment usually involves some form of population
suppression on the border of distinct population(s) or defined area(s), to prevent introductions
outside this area; any satellite populations establishing outside this area of containment are
eliminated.
Control of invasive species aims to reduce the density and abundance of the target species below
an agreed threshold; this lowers the impact to an acceptable extent. By reducing density and
abundance the competitiveness of the invading species is reduced allowing native species greater
chance of resisting invasion, or under optimal conditions recolonising invaded areas. Control also
serves to reduce the number of invasion propagules.
If eradication, containment, and control are not options or have failed in managing an invasive
alien species, the last resort is to "live with" this species in the best achievable way and mitigate
impacts on biodiversity and endangered species. Mitigation as used in this context differs from
containment and control in that the activity undertaken does not directly affect the invasive
species in question but rather focuses on affected native species (Wittenberg and Cock 2001).
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In this study I focused on the impact of a failure to implement any management, containment and
control options and estimate of the relative risk of invasion in different parts of the wetland. The
management options modelled were:
1. Status quo; no para grass management
2. Control of satellite populations
3. Control on the edges of selected main para grass population
4. Control of both satellite populations and edges of main para grass population.

Eradication of para grass from the wetlands was not explored as a management scenario because
of (a) the cost and feasibility of complete eradication and (b) the multiple-use status of the
wetlands under which para grass is a useful part of pastoral land use, particularly in the northern
coastal plains. Mitigation, as defined by Wittenberg and Cock (2001), was considered outside the
scope of this study and arguably not a viable option given the mobility of key species likely to be
impacted by para grass invasion (e.g. Magpie Geese Anseranas semipalmata).
Satellite populations were defined as those greater than 500m away from the main para grass
populations in the north-west of the of the wetlands. All the satellite populations are located to the
south of the main population, do not play a significant role in cattle grazing and anecdotal
evidence suggests they are the result of both deliberate introductions to stabilise earthworks (e.g.
earthen dams constructed on the floodplain) and/or long-distance dispersal events related to
animal movement, floodwaters or vehicles.
Control of satellite populations was simulated by removing current satellite para grass populations
from the source grid i.e. a once-off 100% successful eradication treatment. Under this scenario
control measures were applied to the source cells only and not the surrounding cells. Results from
this scenario give an indication of how risk of invasion changes post control for the current
distribution of satellite populations.
Selected control of “high risk” populations by preventing spread from edges of established para
grass populations was simulated by reclassifying the cells in a 100m buffer around the perimeter
of the main para grass population such that impedance was very high. The impedance value
assigned to these neighbouring cells was 80 unless their value in the impedance surface was
already greater than this. The use of 80 rather than 100 was adopted to mimic the fact that control
is not expected to be perfect along the edges of existing para grass populations and there is
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potential for spread through containment areas into suitable habitat, but the probability is lower
than would occur under the no-management scenario. Despite this decision allowing a 20%
chance of invasion through the control area, the impact on accumulated cost was sufficient to
severely restrict the modelled spread of para grass through the controlled area. Given the
accessibility of the wetlands and the degree of difficulty in detecting satellite infestations amongst
native grasses, the impedance value of 80 was considered realistic.
The effectiveness of the alternative weed management scenarios in reducing the risk of para grass
invasion was inferred from measures of areas of wetland at high risk. To facilitate comparisons of
the different management scenarios a ratio of “management success” to control effort (ha) was
calculated:

Success/ Effort ratio =

Management Success
Control Effort

Where:
Control effort = area of wetlands modified to simulate control (ha).
Management success = area of wetland at high risk of invasion was reduced due to simulated control (ha).
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4.3: Results
4.3.1: Inferring risk of invasion for different wetland habitats using the
spread model
Because different wetland habitats were assigned different levels of impedance to spread (Figure
4.4), the rate at which cost / impedance accumulated varied considerably among habitats. By
using the spread algorithm results to identify the path by which any given cell had been “invaded”
and sampling this path at regular intervals (25m), patterns of cost accumulation were quantified as
spread was simulated through different habitats (Figure 4.5).
Where modelled spread occurs through habitats with low cost / impedance e.g. #10 Oryza spp.
grasslands (Figure 4.5-a,c,f) the model predicts that invasion over a much longer distance is
possible. In these cases, the risks associated with invasion is predicted as being high despite the
distance between the source cells (invariably satellite infestations) and the habitats identified as
susceptible to invasion. In contrast, predictions for higher cost/impedance habitats e.g. #8
Hymenachne acutigluma grasslands (Figure 4.5-d,e) suggest more limited spread and reduced risk
of invasion. Where these habitats are in close proximity to existing para grass populations the
spread model predicts invasion may occur, but that less of this habitat, in comparison with a low
cost/impedance habitat, is at risk of invasion. The results for Melaleuca cajuputi woodlands (#25,
Figure 4.5-e) provide an example. The spread model predicted that despite the lower suitability of
this habitat, the presence of small populations of para grass within this habitat, plus the proximity
of the main para grass infestation, results in some parts of this habitat being identified as
susceptible to para grass invasion (Table 4.1).
The rapid increases in the slope of accumulated cost (e.g. Figure 4.5-f) are associated with spread
from low impedance habitats into adjacent habitats with higher impedance; these changes in slope
often coincide with increases in modelled mid-season depth. For low suitability / high impedance
habitats the cost-threshold can be reached and spread stopped within 200m of the source cell
(Figure 4.5-d). The result of this differential accumulation of cost is that the amount of a low
suitability habitat identified as at risk of para grass invasion is much lower than that of a high
suitability habitat. In the figures showing risk of invasion, based on accumulated cost, this
differential cost accumulation is shown by rapid changes in colour over short distances.
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Figure 4.4: The impedance / cost surface used to model the future spread of para grass. This surface was derived from
the output from the HSM (Chapter 3). Low impedance areas (green) are “easier” for para grass to invade
than high impedance areas. Low impedance areas are dominated by grasses, particularly Oryza spp.
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Figure 4.5: Cost accumulation associated with spread through different wetland habitats. The results show cost
accumulation over distance (m) for selected habitats; each line represents a transect, with sample points
every 100m. (a) Spread through Pseudoraphis spinescens grassland / Oryza spp. grassland into Melaleuca
leucadendra / viridiflora forest and finally sedgeland; (b) Melaleuca cajuputi open woodland into the
edges of open water; (c) Mixed grassland herbland into Melaleuca cajuputi closed/open forest; (d)
Hymenachne acutigluma grassland into Melaleuca cajuputi closed/open forest; (e) Edge open water into
Melaleuca cajuputi open forest / woodland; (f) Oryza spp. grassland into Melaleuca cajuputi open forest /
woodland. Rapid increases in the slope of accumulated cost / impedance indicate spread into a new
wetland habitat with lower suitability and hence high impedance to spread. Increases in mid-season depth
and or period of inundation are usually associated with sudden increases in the slope of accumulated cost;
reflecting para grasses apparent preference for shallow-intermediate water depths and intermediate
inundation periods.
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Figure 4.6:

Risk of para grass invasion based on habitat suitability and proximity to existing para grass populations.
Red areas are at highest risk of par grass invasion and blue areas at lowest risk of invasion. The small red
areas surrounded by blue are satellite populations of para grass which showed very limited spread because
they are surrounded by low suitability habitat.
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4.3.2: Comparison with GLM HSM result
The spread model, with no management of para grass (the status quo)(Figure 4.6), identified 27
vegetation communities at high risk of invasion by para grass. Twelve vegetation communities,
all of which were identified by the HSM as susceptible to para grass invasion, accounted for 99%
of the area identified as being at high risk of para grass invasion (Table 4.1).
Table 4.1: Areas of vegetation communities within parts of the wetlands identified as at risk of para grass invasion
based on predictions from the spread model. Twenty seven vegetation communities were identified as
being susceptible to para grass invasion; the 12 communities listed below account for 99% of this
susceptible area. Communities marked with an asterix (*) have Oryza spp. as the dominant taxon or a
major component of the understorey. The HSM column shows area estimates derived from the HSM
(Chapter 3). Assuming vegetative spread only and explicitly incorporating the distribution of para grass
and suitable habitat markedly reduces the area of wetland identified as susceptible to invasion.

Community

Description

SPREAD
Area (ha)

HSM
Area (ha)

Percentage
vegetation
community
based on
spread
model

10

Oryza spp. spp. grassland *

4203

5243

52

16

Fringing floodplain dominated by
Pseudoraphis spinecens

618

1358

18

7

Cyperus scariosus sedgeland

562

6170

8

6

Mixed herbland / grassland *

391

745

13

8

Hymenachne acutigluma /
Leersia hexandra grassland
Oryza spp. grassland with
dominating patches of Eleocharis
dulcis *
Melaleuca cajuputi / viridiflora
woodland with mixed grassland
sedgeland understorey*

369

3841

3

317

1798

7

229

997

11

26

Melaleuca cajuputi / viridiflora
open woodland *

196

455

22

45

Open water

117

317

22

Melaleuca cajuputi / viridiflora
occasional woodland with a
grassland /scrubland understorey

110

256

1

25

Melaleuca cajuputi open
forest/woodland with mixed
grassland understorey*

90

1220

2

9

Eleocharis dulcis sedgeland

38

469

3

Total
susceptible
area

7240

23 715

6% total
wetlands

Total Oryza
spp. habitat

5001

15 600

18%
habitats with
Oryza spp.

11

27
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All of the vegetation communities identified as being at risk of para grass invasion were also
identified using the HSM approach (Table 4.1). However, the area of each of these communities
identified as at high risk of para grass invasion, was markedly reduced based on the spread model
results. This reduction occurs because risk at any one site was assessed based on habitat
characteristics of the site itself (suitability) plus the proximity to invasion source and the
suitability of intervening habitat. The high levels of impedance associated with moving across
lower suitability habitats and/or the absence of para grass from some high susceptibility habitats
resulted in a reduction in areas at risk of para grass invasion. Constraining the maximum cost that
could accumulate in the spread modelling also contributes to the reduction in the area of wetland
at risk of invasion. However, as almost all the susceptible habitat was within the area within
which spread was constrained this factor does not explain the marked reduction in area at risk of
invasion.
The spread model results showed a 70% reduction in high risk habitats within the wetlands.
However, as noted in the methods, approximately 30% of this reduction can be attributed to the
modification of the habitat suitability for Cyperus scariosus sedgelands (#7) (see Methods for
further details). This was confirmed by running the spread model with the original HSM surface.
Thus, the reduction in the total area of high risk habitats attributable to incorporating distribution
of the invasive species and suitable habitat and the varying impedance to spread in different
directions was approximately 40%.
The reduction in area at risk was not uniform between vegetation communities. The vegetation
communities where this reduction in area at risk was greatest were those with isolated populations
of para grass within them or where para grass was currently absent from patches of suitable
habitat. The large reductions in area at risk for Hymenachne acutigluma grasslands (#8) and
Melaleuca cajuputi open forest woodlands (#25) reflect this pattern of scattered para grass
distribution within these habitats and their moderate susceptibility (i.e. the cost to spread through
these habitats accumulated much faster than high susceptibility habitats). This result highlights
the limitations of relying on risk assessments which depend on habitat suitability alone and which
do not explicitly account for the spatial distribution of both the invasive species and susceptible
habitat and barriers to spread e.g. low susceptibility habitat.
Oryza spp. grasslands, consistently identified using habitat suitability modelling and spread
modelling as a very high risk habitat, showed a comparatively small reduction in the area at risk of
invasion. This reflects the presence of para grass in, or very near to, each of the Oryza spp.
grassland communities and the low impedance associated with this habitat. However, there was a
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marked reduction in the area of habitats identified as highly susceptible to invasion where Oryza
spp. was present but not necessarily dominant (Table 4.1).
In the case of the Oryza spp. grasslands with dominating patches of Eleocharis spp. (#11), this
reduction occurred for a number of reasons: the absence of para grass from all but one instance of
this habitat, the distance to the nearest population of para grass and the low susceptibility /high
impedance habitat between the majority of this habitat and the nearest para grass. Habitat
susceptibility within this vegetation community was mixed because of the variability of other
environmental variables (e.g. depth and inundation duration).
For other vegetation communities (e.g. #26: Melaleuca cajuputi / viridiflora woodland with
mixed grassland sedgeland understorey & #27: M. cajuputi / viridiflora open woodland) the
reduction in area at risk can be attributed to the current absence of para grass from parts of these
habitats and high levels of impedance between existing para grass populations and this particular
habitat.
The ‘no management’ spread model results suggest that while some satellite populations of para
grass have a high probability of spreading, a number of satellite populations showed virtually no
prospect of spread, despite the absence of any active management. This is because these isolated
populations were surrounded by habitat that the HSM identified as being of very low
susceptibility to para grass invasion. These tended to be habitats which were either densely
vegetated (e.g. Melaleauca cajuputi forests), where shading may exclude para grass or where midwet season depth exceeded 60 cm and inundation length was greater than 5 months. Such results
are interpreted as indicating that (a) some populations of para grass pose a greater risk than others
and (b) that there are some natural barriers to the spread of para grass.
Anecdotal evidence (R. Townsend pers. comm.) suggests that some of these isolated populations
were deliberately planted to stabilise earthworks e.g. small dams. These populations have been
present for many years and appear not to be spreading i.e. field observations are consistent with
the models’ predictions. They survive because the increased elevation resulting from these
earthworks prevents these isolated populations form being “drowned” during the wet season.
Other satellite populations survive in low suitability habitats by growing up the base of trees in
deeper water and thus avoiding prolonged immersion.
The depth of mid-wet season floodwaters appears to have prevented the vegetative spread of such
isolated populations of para grass and possibly the formation of para grass as floating mats at the
edges of permanent water bodies. Floating mats of para grass have previously been observed
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detaching during floods (P. Whitehead, pers. comm.) producing new satellite populations
downstream. Para grass distribution is known to exhibit inter-annual variation, expanding or
contracting its range within the wetlands depending on the depth and duration of inundation in the
wet season. This has been observed in areas near open Melaleuaca cajuputi/viridiflora woodland
in the areas adjacent to the main para grass population in the north-west of the wetlands (R.
Townsend, pers. comm.) The fact that some of these isolated populations have not spread to date,
does not guarantee this will remain the case if inundation patterns change (e.g. a low rainfall wet
season, or more seriously, a sequence of low rainfall wet seasons).

4.3.3: Management scenarios
4.3.3.1: Edge control and surveillance of main infestation
Targeting control efforts on the main para grass population in the north-west of the wetlands
reduced the area of wetlands identified at risk by ~900ha. Reductions in the area of invasion of
Oryza spp grassland, mixed grassland herbland, Melaleuca cajuputi / viridiflora open woodland
account for the majority of this reduction in areas identified as at risk. To achieve this reduction
management of 1,643 hectares of wetland was required in the simulation (i.e. the success: effort
ratio was 0.6). This means for every hectare of control the model predicts 0.6 hectares will
experience a reduction in risk of invasion to a point where they are no longer identified as “high
risk” given the cost accumulation threshold of 20,000.
The purple areas in the north-west of the wetlands (Figure 4.7) are those areas identified as high
risk under the ‘no management scenario’ which are no longer included in the high risk category
under no active control of the main infestation. This happens because the cost accumulated to
“invade” these areas is greater than the cost threshold applied to the model. These areas are
dominated by Oryza spp. grassland (#10) and mixed herbland / grassland (#6), as reflected in the
estimates of the area of these communities at risk. The type of vegetation communities identified
as high risk remained the same as those under the ‘no management scenario’ but the relative areas
of each community changed (Table 4.2).
Despite the reductions noted above, large areas of the wetland south of the main infestation
continue to be identified as high risk due to presence of satellite infestations. The threat posed by
these satellite infestations highlighted the limitations of management responses which do not
include targeting of satellite populations where the surrounding habitat is susceptible to invasion
(Figure 4.7).
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The importance of controlling satellite infestations in weed management has been demonstrated in
other situations using spatial models (Moody and Mack 1988) and recognised in weed
management (Department of Primary Industries Fisheries 1996; Williams and West 2000;
Wittenberg and Cock 2001). The results highlight the role that satellite infestations within, or
close to, susceptible habitat can have in increasing the risk of invasion.
The spread model algorithm allows the source of any new cell re-classified as para grass to be
identified; almost all of the sources threatening high risk areas of wetland, away from the main
population, were traced back to six small para grass populations. The extent of these populations
was less than 100m each in diameter in 2004 suggesting that the potential for significantly
reducing the risk of invasion by controlling these populations is very high.

130

Table 4.2: The effects of different weed management scenarios on wetland habitats identified as being susceptible to para grass invasion. Under different weed management scenarios the identity of
vegetation communities susceptible to para grass invasion remains similar, although fewer communities are susceptible where control of satellite populations occurs. The area susceptible for
each community decreases with any form of management and is lowest with management that controls both satellite and the edge of the main population.

Community

Description

No
Management

Edge control main
population

Satellite population
control

Edge & satellite
control

No
Management
& LDD

Area (ha)

%

Area (ha)

%

Area (ha)

%

Area (ha)

%

Area (ha)

%

10

Oryza spp. grassland *

4203

52

3766

46

2294

28

1824

22

5206

64

16

Fringing floodplain dominated by Pseudoraphis spinecens

618

18

605

18

-

-

-

-

876

26

7

Cyperus scariosus sedgeland

562

8

488

7

848

13

488

7

775

12

6

Mixed herbland / grassland *

391

13

185

6

350

12

73

2

945

31

Hymenachne acutigluma / Leersia hexandra grassland

369

3

314

2

271

2

98

1

423

3

317

7

317

7

-

-

-

-

500

11

229

11

123

6

252

12

81

4

339

16

8
11
27

Oryza spp. grassland with dominating patches of Eleocharis
dulcis *
M. cajuputi / viridiflora woodland with mixed grassland
sedgeland understorey*

26

Melaleuca cajuputi / viridiflora open woodland *

196

22

160

18

132

15

89

10

202

23

45

Open water

117

<1

109

1

47

1

27

<1

224

3

110

1

110

3

-

-

-

-

1281

34

90

2

34

<1

148

4

-

-

92

2

38

3

37

3

-

-

-

-

66

5

-

-

-

-

-

-

-

-

64

7

-

-

-

-

-

-

-

-

56

4

-

-

-

-

-

-

-

-

38

<1

7240

6

6248

5

4342

4

2680

5

11087

10

5001

18

4585

19

3176

11

2067

8

6983

25

22
25
9
12
28
24
Total susceptible
area
Total Oryza spp.
habitat

Melaleuca cajuputi / viridiflora occasional woodland with a
grassland /scrubland understorey
Melaleuca cajuputi open forest/woodland with mixed
grassland understorey*
Eleocharis dulcis sedgeland
Vegetation forming floating mats; Ludwigia adcensdens,
Leersia hexandra, H. acutigluma.
Vegetation forming floating mats; Ludwigia adcensdens,
Leersia hexandra, H. acutigluma.
Melaleuca cajuputi closed/open forest with mixed grassland
understorey.*
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Figure 4.7: Impact of management by control around the edges of major infestations on risk of para grass invasion.
The purple areas in the north-west are the areas which were identified as at risk under the no management
scenario. Control measures focusing on the main para grass population results do not remove the risk of
invasion associated with satellite populations in the southern parts of the lower coastal plain.
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4.3.3.2: Control of satellite populations
The spread model results where satellite populations of para grass were controlled (Figure 4.8)
identified 19 vegetation communities at risk, representing an area of approximately 4,400 hectares
of wetlands (Table 4.4). Under the ‘control of satellite populations’ scenario, four vegetation
communities identified by the ‘no management scenario’ as at risk (#9: Eleocharis dulcis
sedgeland; #11: Oryza spp. grassland with dominating patches of Eleocharis dulcis; #16: Fringing
floodplain dominated by Pseudoraphis spinecens; # 22: Melaleuca cajuputi / viridiflora
occasional woodland with a grassland /scrubland understorey) were no longer identified as high
risk (i.e. the area of these habitats was less than one per cent of the total area of wetlands at risk).
Under this management scenario there was a marked reduction (2898 ha) in the area of wetlands
at high risk of invasion. The majority of this reduction, achieved with very limited control (~43
ha), can be attributed to a decrease in area of Oryza spp. grassland identified as being at high risk
of invasion. The success:effort ratio for this scenario was 67.3; suggesting this scenario yields
much greater reduction in areas at risk, in comparison with the edge control scenario (0.6).
Despite this reduction communities containing Oryza spp. (3,176 ha) represented approximately
72% area of wetlands at risk and Oryza spp. grasslands still ranked highest in relation to risk of
invasion.
This management scenario provided greater potential benefits than control of the edge of the main
para grass population. By controlling satellite populations the areas at high risk are restricted to
areas immediately adjacent to the main para grass population in the north-west. In addition to the
potential biodiversity benefits conferred by protection of habitat, the control of satellite infestation
is likely to represent a more cost-effective control option than the control of the perimeter of the
main population as control of satellite populations is likely to require less follow-up control and
be easier to monitor. The main factors contributing to this reduced maintenance requirement
include: propagule pressure (sensu Rouget and Richardson 2003b) is reduced in areas remote from
the main para grass population and the lower probability of establishment via long distance
dispersal in comparison with vegetative spread.
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Figure 4.8: Variation in areas at risk under management of satellite populations. The purple areas are the habitats which
were identified as at risk under the no management scenario. Control measures focusing on satellite para
grass populations reduce the risk of invasion in the southern parts of the lower coastal plain.
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4.3.3.3: Control of satellite populations together with edge control of the main para
grass population
Results for the scenario incorporating control of both satellite populations and the edge of the
main infestation in the north-west produced, as expected, the lowest estimates (2,680 ha) for area
of wetland at risk and the number of high risk wetland habitats (n=6) (Figure 4.9, Table 4.2) in
comparison with the results for the ‘no management’ scenario. The total area of wetland at risk
of para grass invasion was reduced to two per cent; this is one third the area estimated using the
no management scenario and half the estimate using control of satellite populations alone.
Simulating this result required control over 1686 hectares of wetland and reduced the risk in 1,685
hectares. The success:control ratio was 1.0 for the satellite and edge control scenario, reflecting
the disparate results for the two scenarios.
When compared with the satellite control scenario all communities which remained in the high
risk of invasion category exhibited a reduction in area at risk of invasion; with reductions ranging
between 1-10% of the area of a given habitat. Mixed herbland grassland (#6) and M. cajuputi /
viridiflora woodland with mixed grassland sedgeland understorey (#27) showed the largest
reductions with respect to area of that habitat at risk. Reductions in the area of Oryza spp.
grassland at risk were similar to those exhibited by the other high risk habitats which ranged
between 1-6% for each habitat. Oryza spp. grassland and habitats containing Oryza spp. again
dominated the results on an area at risk basis.
The results suggest that there are considerable benefits to be gained from control efforts which
include control of both the main infestation and satellite populations. However the returns,
measured in terms of reduced risk of invasion per unit effort of control, are lower with this option
than the management of satellite populations (1 versus 67.3).

4.3.3.4: Impact of long-distance dispersal events
Based on the survival rules adopted, approximately 85% of the long-distance dispersal events
ended in failure and did not generate viable source cells in the spread modelling. The remaining
15% of simulated long-distance dispersal seed points were combined with existing para grass
source points to model spread.
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Figure 4.9:

Variation in areas at risk under both edge control and satellite control management scenarios. The purple
areas are the habitats identified as at risk under the no management scenario. Combining containment of
the main para grass population and satellite populations produced the largest reduction in area and number
of habitats identified as being at risk of para grass invasion.
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Despite the limited survival, the inclusion of long distance dispersal events increased the area of
wetland and the habitats at risk of para grass invasion. The inclusion of long distance dispersal
events (Figure 4.10) in the spread model produced two main changes in the high risk habitats
within the wetlands: new areas are identified as being at high risk of invasion (A & B) and the
area at identified as high risk has increased in habitat types previously identified as at risk of
invasion (C & D). In combination these changes caused a large increase in the area of wetlands
and the number of habitat which are identified as being at high risk of para grass invasion (Table
4.2).
The main effect of long-distance dispersal is to allow invasion propagules to by-pass barriers
(habitats where para grass cannot survive) or impediments to dispersal (low to moderate
suitability habitats). Path analysis results identifying source cells and path taken to invade new
areas (A&B) supported this hypothesis.
The model predictions highlight both the greatly increased risk where long distance dispersal is
possible, and the sensitivity of predictions to mapping of present para grass distribution. Clearly,
if satellite populations of para grass within or near susceptible habitat are not mapped and
included as seed points in the spread modelling, assessments of relative risk of invasion can be
underestimated. This will also have implications for the selection of preferred management
responses.
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Figure 4.10:

Long distance dispersal with no survival in areas where predicted incidence less than ten per cent. The
inclusion of long distance dispersal events in the spread model produced two main changes in the high risk
habitats within the wetlands: new areas are identified as at risk of invasion (A & B) and the risk has
increased in areas previously identified as at risk of invasion (C & D).
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4.3.3.4: Summary of the impacts of different management scenarios on patterns of
spread and implications for risk assessment.
Measures used to infer the relative risk of para grass invasion are summarised across management
scenarios (Figure 4.11). The findings suggest that while the control of satellite populations or
nascent foci (Moody and Mack 1988) of para grass produced the largest reduction in risk of
invasion of any single simulated management option, measures incorporating control of both
nascent foci and the perimeter of the main infestation produced the largest reduction in risk.
However, the need for ongoing control under the edge management option would have to taken
into account prior to adopting such a management response.
The summarised results also highlight the risk associated with the current “no management”
option, under which all measures of potential risk were highest.
The results from the modelling of different weed management scenarios are not particularly
surprising. They do however highlight a number of important issues: (a) the importance of
spatially explicit modelling - invasion risk can clearly be linked to the distribution of invasion
propagules and spatially variable susceptibility and (b) the benefits of being able to visualise how
risk varies in response to these contextual parameters and/or simulated management responses.

139

Scenarios
NM: No management (status quo)
CMP: Control of main population
SC:

Satellite populations controlled

CMP & SC: Combined control

(a) Number of vegetation communities at
risk.

(d) Percentage of Oryza spp. grasslands at risk

(b) Area of wetlands at risk

(e) Percentage of all habitats at risk containing
Oryza spp..

(c) Percentage of total wetlands area at risk

Figure 4.11: Comparison of the effects of different management scenarios on various parameters used to describe potential
impacts on areas of the wetlands at high risk of para grass invasion. Given the current distribution of para
grass, management scenarios focusing on satellite populations are predicted to be more effective than
management of the perimeter of the main population.
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4.3.4: Invasion pathways in the Mary River wetlands
4.3.4.1: Status quo: no management of para grass
In the absence of any management of para grass, spread from the main population in the
north-west is expected to be more likely (due to lower accumulated cost) to occur towards
the south, through the shallower parts of Hymenachne acutigluma / Leersia hexandra
grasslands into the open Melaleuca cajuputi forest / woodland and to the west through
mixed herbland grassland and Oryza spp. grasslands (Figure 4.12). The model suggests
some spread to the east may occur but this will limited by the presence of saline areas (areas
recovering from saltwater intrusion and areas which normally have higher soil salinities e.g.
Cyperus scariosus sedgelands). Further spread of para grass northwards will be prevented,
in most instances, by high salinity soils and/or by saline mudflats.
Spread from satellite populations occurred in two main areas south of the main population
(Figures 4.13 & 4.14). There was no consistent trend in predicted direction of spread (e.g.
south or north) and determining likely invasion pathways required analysing accumulated
cost in each area identified as being at risk of invasion.
On the western side of the wetlands spread is predicted to be most likely in a southerly
direction from Area 1 (Figure 4.13) and to the north, north-east for Area 2.

Cost-path

analysis (Figure 4.3) showed that areas in the south of this area of Oryza spp. grasslands
could potentially be invaded by para grass spreading from either of the two satellite
populations associated with this area.

4.3.4.2: Edge control of the main population
The simulation of edge control on the main para grass population resulted in the cost
threshold being reached over a shorter distance and hence areas of wetlands which had
previously been identified as at risk were classified as “safe”. Isolated populations south of
the main population which fell within the control area exhibited spread patterns similar to
those surrounded by unsuitable habitat where previously they had been source cells for the
southern spread of para grass from the main population (Figure 4.15).
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Figure 4.12: Modelled spread and accumulated cost in the absence of any management of para grass. Green
squares are existing para grass populations; red areas are identified as those at highest risk of para
grass invasion, blue areas at lower risk. Colour changes reflect the rate at which cost accumulates
and is a function of habitat suitability and distance from source of invasion. In the absence of
management the model suggests the following: Area 1 - risk of para grass para grass spread is
greater to the south and west because of higher habitat suitability in these areas, to the north are high
salinity areas; Area 2, invasion is more likely to the south until increasing water depth and canopy
cover prevents further spread; Area 3 – the risk of invasion is lower as para grass attempts to spread
east because of both lower habitat suitability associated with saline soils and increasing distance
from existing para grass populations. Cost path analysis confirmed such interpretations. The white
lines shown are the boundaries of vegetation communities.
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Figure 4.13: Invasion pathways for satellite populations in the absence of management. Area 1: Invasion
pathways through Oryza spp. grassland. Cost accumulation is regular because of spread through
uniformly high suitability habitat; cost accumulation is primarily a function of distance from
invasion source. Spread is predicted to be mainly to the south and south west. Spread to the east is
constrained by increasing water depth and canopy cover associated with Melaleuca cajuputi closed
forest. Area 2 shows variable cost accumulation, due to the presence of habitats of lower suitability.
Spread is most likely to occur toward the north or north-east, with a slightly lower probability of
spread to the south-west. Spread south and east in Area 2 is prevented by reaching the edge of the
wetlands; these areas dry out rapidly after the wet season.
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Figure 4.14: Invasion pathways for satellite populations in the absence of management. In Area 1 the model
predicts that existing para grass satellite populations are more likely to spread north or south, with
low suitability habitats constraining spread east or west. The uniform cost accumulation reflects the
range of high suitability surrounding habitats - mainly Oryza spp. grasslands and mixed sedgeland
grassland. In Area 2 spread is constrained toward the south by saline areas and to the east by open
water and Mimosa shrubland. Spread is therefore predicted to be primarily eastward and north east.
The likelihood of para grass invasion is much lower in Area 3 because to reach the high suitability
Oryza spp. grasslands (most of the blue area), spread has to occur through lower suitability
Eleocharis spp. sedgelands, which occur in deeper water areas. Greater distance to existing para
grass satellite populations also reduces risk.
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Figure 4.15: Invasion pathways with simulated management of boundary of main population. The predicted
spread of para grass is markedly reduced assuming efforts to reduce susceptibility to 20% can be
maintained. The purple areas are those areas which the model predicted would be at risk of invasion
without any management intervention. The edge control simulation resulted in the cost distance
threshold being reached over a much shorter distance. In Area 1 this limited the predicted southerly
spread, attributed to both the southern edge of the main population or satellite populations. In Area
2, the effect was more marked because of the distance of “at risk” areas from sources of invasion.
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4.3.4.3: Edge control of the main population and eradication of satellite
populations
The simulation of edge control on the main para grass population resulted in the cost
threshold being reached over a shorter distance and hence areas of wetlands which had
previously been identified as at risk were classified as “safe”. Isolated populations south of
the main population which fell within the control area exhibited spread patterns similar to
those surrounded by unsuitable habitat where previously they had been source cells for the
southern spread of para grass from the main population.
The control of satellite populations, simulated by removing the satellite populations as
sources of invasion, restricted spread to the edges of the main population. This predicted
pattern of spread occurs because of the presence of low suitability habitat between the main
population and high suitability habitat in the south – in particular patches of Oryza spp.
grassland. The two areas of predicted spread attributable to satellite populations (Figures
4.12 & 4.13) are dominated by Oryza spp. grassland.

Where both edge and satellite

control were simulated the model predicts that spread will be restricted to the areas adjacent
to the main population, given the restrictions placed on the model.
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4.4: Discussion
4.4.1: Habitat suitability modelling versus spread modelling as a
means of identifying the risk of weed invasion
The aim of this work was to refine predictions about which parts of the wetlands are at
higher risk of para grass invasion and to use this information to explore weed management
and habitat conservation priorities for the Mary River wetlands. The habitat suitability
model (HSM) derived in Chapter 3 provided the first step toward achieving this aim. The
spread model results illustrate the utility of explicitly incorporating distance and level of
impedance into estimates of risk of invasion. The results from the spread modelling provide
a more “realistic” measure of the relative risk of para grass invasion for different wetland
habitats. This is because the model takes into account not only the ability of para grass to
survive and reproduce in these habitats (inferred from the HSM), but also the likelihood of
para grass being able to reach these suitable habitats (inferred from accumulated cost). The
use of the habitat suitability model as an anisotropic surface enabled risk estimates to
explicitly take into account the barriers that arise from both distance to sources of invasion
and/or the difficulty or impossibility of spreading through habitats of varying suitability.
The incorporation of the spatial distribution of both para grass and susceptible habitats into
an assessment of relative risk of invasion did not change the identity of high risk habitats.
High risk habitats identified using the spread model were almost identical to those identified
using the HSM alone. This is not surprising given the method by which the habitat
suitability was derived (see Chapter 3) and its role in the spread model.
The high risk habitats identified using the spread model, like those identified using the
HSM, were dominated by grasslands (mainly Oryza spp.) and to a lesser extent sedgelands
(mainly Cyperus scariosus and Eleocharis dulcis spp). These habitats generally lacked an
overstorey or canopy cover was sparse (e.g. in open woodlands). Depth in these habitats
varied between 0-60cm and they remained inundated for 4-5 months of the year. All the
high risk habitats were located in the lower coastal plain, located in the northern half of the
wetlands. Greater depth and longer inundation duration probably account for the higher risk
associated with the lower coastal plain. However, while the spread model identified the
same high risk habitats, there was a marked reduction in the area of each of these habitats.
The findings suggest that invasion risk assessment for para grass based on models of habitat
suitability alone are less informative for identifying weed management priorities and
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clarifying habitat conservation objectives. It is likely that this limitation of habitat
suitability models that do not explicitly incorporate some measure of impediments to spread,
would apply to any invasive plant species where ability to disperse throughout the receiving
environment is not uniform. This is particularly relevant to plants that rely on vegetative
propagation as the primary means of spread.
One of the advantages of the spread modelling developed in this chapter is the ability to take
an abstract model of habitat suitability and refine its predictions by applying it to a spatially
explicit model of a real landscape. The fact that the landscape is recognised as significant
increases the need to make predictions related to threatening processes as realistic as current
data allows.

4.4.2: Implications of the alternative management scenario
simulations for para grass management in the Mary River
wetlands
Para grass populations in the Mary River wetlands can be grouped into a main infestation in
the north-west of the study area and a series of much smaller satellite infestations in a
variety of locations south of the main infestation. The alternative management scenarios
(control of main and/or satellite populations) targeted both of these distinct para grass
populations. Spread was modelled given a number of constraints imposed on the model
(e.g. no spread through habitats where impedance was greater than 90 and where the
maximum permitted accumulated cost permitted was 20,000). These model constraints
resulted in habitats where impedance was low and/or those close to existing para grass
populations being identified as more likely to be invaded. The use of a maximum
accumulated cost threshold meant that spread into lower suitability (higher impedance)
habitats predicted spread was often limited to less than 200m. For high suitability (low
impedance) habitats spread was possible over several kilometres before the accumulated
cost threshold was reached.
All the measures used to assess the risk posed to the wetlands and different habitats (e.g.
number of vegetation communities, area of wetlands susceptible to invasion) as well as
specific estimates for identified high risk flora (e.g. Oryza spp.) suggest that in the absence
of any management the likelihood of para grass invasion for a wide variety of habitats
within the wetlands is increased. Given the potential for para grass to significantly alter the
characteristics of habitats it successfully invades (Bunn et al. 1998; Douglas et al. 2001;
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Douglas and O'Connor 2004) it is likely that such invasions will compromise the wetlands
biodiversity values. The type of habitat modification that occurs in areas invaded by para
grass is further examined in Chapter 5.
The spread model results suggest that the control of satellite populations of para grass
appears to reduce the risk of future para grass invasion to a greater extent than management
efforts focused on the edges of the main para grass population in the north-west of the
wetlands. This was observed in my spatially realistic model for both the number of
vegetation communities and the area of wetlands at risk of invasion and is consistent with
long established weed management theory (e.g. Moody and Mack 1988).
Management scenarios simulating the control of the spread of the main para grass
population in the north-west did reduce the risk of para grass invasion. As a result, control
measures targeting both satellite populations and the main population may produce better
results with respect to area of wetlands and number of species at risk of invasion. However,
the amount of effort (control area) per unit area of effective control (area where risk
reduced) was much greater than that required for the satellite infestation control scenario.
Further, the modelling presented does not account for the need for ongoing control or
permanent modification of the habitat required for the success of this scenario, which would
further reduce the success/effort ratio.
The availability of resources for weed management would influence the decision to attempt
to achieve the largest overall reduction in risk of invasion (control satellites and edge of
main infestation) or the strategy that maximises reduction in risk with minimum expenditure
(control satellites) (Figure 4.16).

4.4.3: High risk habitats and species
The spread model suggests that a very basic risk assessment based on habitat susceptibility
can be obtained using the habitat suitability modelling approach alone. All the high risk
habitats, with a single exception, were identified using both the HSM and the spread model.
However, in the absence of incorporating both distance to source of invasion and the level
of impedance along potential invasion pathways, all habitats of a given type that para grass
has proven capable of colonising, are identified as being equally at risk. Clearly, this is not
the case where a patch of suitable habitat is remote from a source of invasion.

149

Low

Medium

Medium

High

Figure 4.16: Schematic showing the process faced by policy-makers and land managers when deciding how to
respond to impact of para grass. Satellite populations of para grass could have a significant
potential impact on the wetlands in the future. The small size of the satellite populations means the
feasibility of removal or control is high. If the model predictions are correct prevention of future
spread from these populations becomes a high priority. Adapted from Parker et al. (1999).

The relative risk for different habitats also changed as a result of topology being explicitly
accounted for in the spread model i.e. applying model logic to a real landscape. These
changes reflected either the absence of para grass from susceptible habitats, with the
subsequent need to spread across less susceptible habitat to colonise these areas; or very
sparse populations of para grass within a large expanse of susceptible habitat. In both
instances the “cost” accumulated to colonise these areas which are currently free of para
grass prevented or reduced the risk of invasion in these areas. The use of the spread model
provides better information for prioritising weed management and habitat conservation
priorities.
In the management scenarios examined, one species, Oryza spp., was consistently identified
as being at highest risk of para grass invasion based on area. The spread modelling suggests
that there was potential for the displacement of Oryza spp. from a substantial part of its
current range in the Mary River wetlands. The spread model identified 53% of the Oryza
spp. grassland habitat and 18% of all habitats containing Oryza spp. as being at risk of para
grass invasion. The finding that not all Oryza spp. habitat was equally susceptible to
invasion reflects the variability of environmental factors within these habitats (e.g. depth
and canopy cover - See Chapter 3). Despite this variability in susceptibility in habitats
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containing or dominated by Oryza spp., it is clear that management strategies aimed at
mitigating the impacts of para grass should focus on protecting Oryza spp. habitat. The
spread modelling results combined with invasion path analyses can be used to identify
where these priority areas for management intervention are located. This protection also
needs to occur because of the key role that Oryza spp. and associated species (e.g.
Eleocharis dulcis) plays in the food web of the Mary River wetlands, as discussed in
Chapter 3.

4.4.4: Long distance dispersal: implications for risk assessment
and management
The long distance dispersal scenario highlighted the potential for long distance dispersal
events to increase the risk of para grass invasion by overcoming barriers to invasion via
vegetative propagation. The implications of this for management are that control measures,
while potentially reducing the immediate risk of invasion by limiting or preventing
vegetative spread from currently established para grass populations, are more likely to be
effective in the longer term if coupled with a well designed monitoring program capable of
detecting new satellite infestations. Such a monitoring program should focus on high risk
areas identified using the spread model and invasion pathway analysis, but also incorporate
some monitoring outside these areas to account for occasional long distance dispersal
events. The HSM could be used to identify high susceptibility areas where risk of invasion
by vegetative propagation is low.
The implications of long distance dispersal for the spread modelling approach used in this
chapter is that a failure to incorporate occasional long distance dispersal events is likely to
result in an under-estimation of the risk posed by para grass. This finding is consistent with
previous studies which have highlighted the importance of long distance dispersal in
predicting the spread of invasive plants (Higgins 1998; With 2002; Rouget and Richardson
2003b). The role that long distance dispersal can play in increasing the risk of invasion to
wetlands needs to be incorporated into any management response to para grass. This is
further discussed in Chapter 6.
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4.4.5: Using the spread modelling results to inform a management
response to para grass in the Mary River wetlands
In both Australia and New Zealand there has been a general reluctance by landowners to
accept that undisturbed native communities are vulnerable to weed invasion. In New
Zealand this is believed to have delayed management of environmental weeds by several
decades (Williams and West 2000). Across a range of habitats in the Northern Territory
similar denials have been encountered for exotic grasses despite mounting scientific
evidence of the vulnerability of native habitats to weed invasion and their negative impacts
(Barrow 1995; Bunn et al. 1998; Douglas et al. 2001; Douglas and O'Connor 2003; Rossiter
et al. 2003). The modelling approach described in this and the preceding chapter provide
one method of raising awareness about the potential for spread of an invasive plant before it
has expanded its range to the point where control is no longer an option. The results
highlight both the potential for para grass to spread further through the wetlands, and the
possibilities for preventing or mitigating the effects of this spread.
The recognition of the Mary Rivers wetlands as an area of multiple use, providing
conservation, recreation and cultural benefits, together with resources for pastoral
enterprises (Department of Lands Planning and Environment 2001), means the threat posed
by para grass cannot be ignored. Chapter 5 deals explicitly with the nature of that threat.
The modelling results suggest, given the limited area of wetland occupied by satellite
populations of para grass and evidence that chemical control of para grass is possible
(Douglas et al. 2001), that this management option may be both economically and
logistically attractive (i.e. small area requiring control). Further, the risk of future para grass
invasion in the Mary River wetlands may be substantially reduced. These findings were
consistent with both theoretical (e.g. Moody and Mack 1988) and applied weed management
literature (Wittenberg and Cock 2001). However, the modelling results also suggest that the
largest reduction in the risk of para grass invasion may be achieved where both satellite
population control and edge control of the main population are employed. This combined
management option would require a much larger allocation of resources given the increased
area of wetland that would require control/monitoring and the need for ongoing control. In
this instance a decision would need to be made about whether the risk posed, combined with
the feasibility of control, warranted choosing control as the management response.
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In a review entitled ‘When is eradication of exotic pest plants possible?’, Rejmanek and
Pitcairn (2002) looked at attempts to control 18 species of exotic plants occurring as 53
separate infestations in California. The review examined the influence of the size of the
infestation when control commenced, total number of control related visits, costs of control
(hours, equipment, herbicides etc) and the current status of the infestation
(eradicated/ongoing). They found that eradication of infestations of less than one hectare is
usually possible. Approximately one third of infestations between 1 - 100 hectares and one
quarter of infestations between 101 – 1000 hectares had been eradicated. However, to
achieve the successful eradication of larger infestations the costs increased dramatically
(Figure 4.17). They conclude that a substantial increase in the resources for exclusion and
early detection and eradication of exotic weeds would be the most profitable investment
(Rejmanek and Pitcairn 2002).
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Figure 4.17: Relationship between eradication success (%), eradication effort per
infestation (work hours) and initial size of infestation (n=53)
(Rejmanek and Pitcairn 2002). The results highlight the advantages
of early detection and where possible, eradication of infestations.

They also noted how surprising it was that there were very few examples of this preventive
and early detection management approach in operation around the world despite numerous
earlier studies (e.g. Humphries et al. 1991; Cook et al. 1996) which had drawn the same
conclusion regarding the benefits of early detection and intervention (Rejmanek and Pitcairn
2002). These findings are highly relevant to this study and highlight (a) the potential
benefits to the Mary River be gained from attempting to eradicate or control satellite weed
infestations while they are of limited extent and (b) that the failure to act while satellite
populations are small is increases the threat to the Mary River wetlands.
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4.4.6: Improving the HSM and spread modelling
4.4.6.1: Input data accuracy, resolution and output data uncertainty
Higher accuracy and resolution biophysical input maps have been identified as a primary
requirement for improving the predictions from vegetation habitat distribution models
(Zimmermann and Kienast 1999; Lawler et al. 2004). This is particularly important where
vegetation exhibits a mosaic-like pattern with sharp transitions from one vegetation
community to another (Zimmermann and Kienast 1999). Zimmerman and Kienast (1999)
made their observation based on alpine habitats with heterogeneous topography; however,
this observation applies equally to wetlands where variable depth produces a mosaic of
vegetation types.
In this study the input maps used varied between 1:50K (vegetation) and 1:250
(waterbodies). All of these datasets were categorical datasets (polygonal) converted to
grids. The geometric and attribute uncertainties associated with these datasets (class
identity, class heterogeneity and accuracy of class boundary), will affect the quality of the
predictions made using these datasets. In addition, the processing of datasets prior to
analysis e.g. conversion to 20 metre grid cells introduced a further source of potential error.
The potential for errors increases when, as is almost always the case, the grid cells are
smaller than the original polygons, producing a topological mismatch when smooth polygon
boundaries are approximated by grid cells (Burrough and McDonnell 1998). The issue with
Cyperus scariosus sedgeland being identified as highly susceptible (Chapter 4) to para grass
invasion provides one example of the effect of boundary uncertainty on the accuracy of
model predictions.
Uncertainties in categorical in categorical maps and the potential errors they produce have
long been recognised an issue in environmental modelling (Burrough and McDonnell 1998;
Goovaerts 2001; Odeh and McBratney 2001) and is of increasing importance as the use of
spatial data in environmental modelling increases (Aspinall and Pearson 1995). Aspinall
and Pearson (1996) outline one method for allowing a range of uncertainties in categorical
maps to be analysed and explicitly incorporated into maps. The very limited metadata and
absence of any confusion matrix for any of the datasets used prevented an exploration of
such an approach.
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The longer-term solution to this issue is the incorporation of higher resolution datasets as
they become available and ensuring high quality metadata for these datasets i.e. metadata
that allows geometric and attribute uncertainty to be assessed and where possible
incorporated into maps (sensu Aspinall and Pearson 1995).
In the interim, the results from the both the HSM and spread model should be interpreted
bearing in mind the uncertainties inherent in the input data and the implications for the
accuracy of predictions made using this data. The interim solution adopted in this study was
to use the HSM and spread model predictions as estimates of relative susceptibility of
different habitats within the wetland, rather than precise estimates of the area of each habitat
susceptible to invasion.
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4.6: Conclusions
The spread model and the habitat suitability model identified the same wetland habitats as
susceptible to para grass invasion. However, using the spread modelling approach, the
extent of these habitats “at risk” were considerably less than those derived using the HSM.
This reduction reflected barriers (distance and habitat suitability) to the spread of para grass
from current locations and the assumptions underlying the spread model.
The spatial configuration of the receiving environment clearly has the potential to play a key
role in determining the risk of invasion and hence potential impacts; as evidenced by the
reduction in areas identified as susceptible using the spread modelling approach. The results
highlight the need to account for differences in the receiving environment and the native
environment when assessing the susceptibility of receiving environments to plant invasions.
This has implications for approaches that rely on using species traits and behaviours in their
native range to identify the risk of invasion at the landscape scale. The general failure to
incorporate landscape heterogeneity in assessments of weed risk has been identified as a key
issues in weed risk assessment (Higgins 1998).
The spread modelling approach outlined in this chapter, while a refinement of habitat
suitability approaches alone, does not remove the need for ecological research to further
explore the relationships between environmental variables and the population biology of
para grass. The findings can be treated as hypotheses about the cause and effect relationship
between para grass distribution (current and potential future) and a variety of variables in
the wetlands which should be subjected to testing. The findings from such empirical studies
could be used to refine the predictive modelling of the spread of para grass. For example,
the spread modelling could be improved though the inclusion of basic population parameters
such as rate of spread and survival probabilities. There is also scope to analyse the costaccumulation results in greater detail to inform specific management decisions.
The estimated risk of para grass invasion based on measures of area must be treated as a
relative measure only given the simple nature of the spread model and the underlying
assumptions. Such estimates of relative risk are nonetheless superior to those based on
HSM results alone; they enable conservation goals and management strategies to be
identified and in some instances prioritised.
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A comprehensive assessment of the risk posed by para grass to the Mary River wetlands
requires an understanding of both the relative susceptibility of the wetlands (Chapters 3 & 4)
and an understanding of the impacts that occur in areas which are successfully invaded. The
impact of para grass on the wetland flora is examined in Chapter 5.
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Chapter 5: Quantifying the impact of para grass on
wetland habitats

5.1: Introduction
Spatial and temporal heterogeneity and complexity have long been recognised as critical
elements in the function of ecosystems (Levin 1976; Forman and Godron 1986; Rosenzweig
1995; Christensen 1997; Morrison et al. 1998). Spatially and temporally heterogeneous
environments support a greater diversity of organisms (Bridgewater 1993; Pearson 1993),
usually because increased heterogeneity equates to increased ecological niches, allowing
greater species coexistence (Boecklen and Gotelli 1984; Rosenzweig 1995) and persistence
over time (Stenseth 1980).
The patterning of the landscape elements influences ecological processes, for example
vegetation structure (Forman and Godron 1981); the spread of insect pests (Turner 1989);
animal movement (Gardner et al. 1989), and plant invasions (Higgins et al. 2000;
Ferdinands et al. 2005). However, in addition to being constrained in their patterns of
spread by landscape heterogeneity, the ability of invasive species to modify habitat structure
has been repeatedly demonstrated (Groves and Burdon 1986; Low 1999; Mack et al. 2000;
Mooney and Hobbs 2000; Perrings et al. 2002).
The modification caused by many invasive plants is replacement of heterogeneous habitat
with monocultures (Cook et al. 1996; Turner et al. 1998; Whitehead 2000; Houston and
Duivenvoorden 2002) although fragmentation of natural habitats may also result (e.g.
Johnson 2001). There is ample evidence, through a variety of actions by humans, including
the introduction of exotic species, reducing environmental heterogeneity and making the
world a more homogeneous place (Christensen 1997). The rate of invasion and
homogenisation is increasing (van Dreische and van Driesche 2000).

5.1.1: Weed impacts on biological diversity
When invasive plants successfully invade habitats and change the structure of natural
ecosystems, they also change ecosystem function, through:
•

resource competition resulting in the displacement of native species (Humphries et
al. 1991; D'Antonio et al. 1998; Levine et al. 2003; Grice 2004)

•

prevention of seedling recruitment (D'Antonio et al. 1998; Wurm 1998)

•

alteration of hydrological cycles (Bunn et al. 1998; Turner et al. 1998; Le Maitre et
al. 2001)

•

changes to soil nutrient status (Ley and D'Antonio 1998; Baruch and Goldstein
1999; Williams and Baruch 2000; Mack et al. 2001)

•

alteration of fire regimes (D'Antonio et al. 2001b; van Wilgen et al. 2001; Rossiter
et al. 2003; Douglas and O'Connor 2004)
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•

changes to abundance of indigenous flora (Higgins et al. 1999; Mack and D'Antonio
2003) and fauna (Williamson 1996), and genetic changes (Sakai et al. 2001).

Given the extent of the threat posed by invasive plants, prevention of weed invasion and/or
mitigating impacts via control measures has become an important part of any biodiversity
conservation strategy.

5.1.2: The role of habitat heterogeneity in wetlands
5.1.2.1: Northern Australia
The coastal wetlands of the Northern Territory are the largest unmodified systems of their
kind in Australia. They are seasonally flooded dynamic systems that in many places are
devoid of water in the dry season. In contrast in the wet season they are flooded and support
a vast array of plant and animal life. The northern Australian wetlands support about 300
species of vascular plants, which make up the mosaic of vegetation so typical of these areas
(Cowie et al. 2000).
Plant communities in the wetlands form closely-patterned mosaics on the plains, reflecting
geomorphic features such as levees, back-water swamps, billabongs, drainage depressions,
soils, the variable drainage associated with these features (Finlayson 1993; Cowie et al.
2000) and disturbance histories (Whitehead and McGuffog 1997). Water depth, salinity and
inundation duration play a primary role in controlling plant distribution in the wetlands
(Finlayson et al. 1989; Wilson et al. 1991).
Several studies have noted that floodplain vegetation is inherently dynamic, with distinct
seasonal and year-to-year changes (Finlayson et al. 1990; Wilson et al. 1991; Finlayson
1993; Bach and Hosking 2002). Plant communities of the floodplains are species-poor in
comparison with the neighbouring upland plant communities (Taylor and Dunlop 1985);
with species richness lowest at wetter and saline sites and highest at drier sites.
The Mary River wetlands are an excellent example of an environment exhibiting high
spatial and temporal heterogeneity The available evidence suggests that it is this spatial and
temporal heterogeneity of the wetland habitats that supports the high levels of biodiversity
observed in the wetlands (Whitehead et al. 1990).
Here I used plot-based vegetation survey results to explore the impact that successful para
grass invasion has had on the local species composition of wetland vegetation communities.
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An assessment of impact of para grass of wetland flora, combined with the preceding
assessment of risk of invasion, facilitates discussion about the biodiversity conservation
implications of para grass invasion.

5.2: Methods
5.2.1: Flora survey
Wetland flora were sampled in plots placed along 55 km of transects located throughout the
floodplains (Figure 2.17). Transect length ranged between 0.6 and 2.3 km. Sampling was
undertaken in mid-wet season (February), the time of maximum diversity of emergent plants
and flowering that facilitates plant identification. Sampling was carried out from an airboat
between 2001 and 2004. Survey plots (n=374) were distributed along transects to sample
different wetland flora communities, boundaries between communities, and to measure
spread of para grass mapped in earlier surveys. Plot locations were positioned at different
distances from known para grass patches in an attempt to sample a range of para grass
densities, including sites with no para grass. Plot locations varied between years and as
such measures of temporal variability are not possible. Data from previous studies (Wilson
et al. 1991; Finlayson 1993; Bach and Hosking 2002) was used to examine the potential
influence of temporal variation on floristic composition.
Survey plots were 18 m2 and for each plot all macrophyte, shrub and tree species were
identified and a visual estimate of the cover for each species was made using a eight point
cover scale adapted from Braun-Blanquet/Daubenmire (Mueller-Dombois and Ellenberg
1974) (Table 5.1). The survey plot comprised of 3 parts (Figure 5.1) because depth and/or
other hazards (crocodiles) prevented entry to the water and visual estimates of plant cover
were unreliable further than 2 m from the point of observation (the airboat).

Plot size was

chosen to allow comparison with earlier vegetation surveys (Bach and Hosking 2002) and
based on ability to accurately estimate cover from the airboat.

Potential sample plot locations were selected as a GIS desktop exercise using available
spatial data (satellite imagery, floodplain vegetation and para grass distribution maps) prior
to data collection; and final location determined in the field. Plots were located and mapped
using a handheld GPS with a mean positional accuracy of ± 3 m. Where necessary sample
plot locations were relocated or new plots added where the plots location chosen from the
desktop exercise proved unfeasible e.g. access was impossible, or changes in para grass
distribution had occurred. The final locations of plots were recorded using the GPS
allowing data to be incorporated into the GIS and location on the 1:50K vegetation map
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(Lynch 1996) for the Mary River to be determined. Twenty three of forty-six wetland
vegetation communities were sampled using this method.

5.2.2: Data analysis
Para grass and species richness
Basic summary statistics (median, inter-quartile range, 95% confidence interval) were
calculated for sample plots with and without para grass to examine the effect of para grass
on the number of species. Based on the preliminary results from these analyses, the
association of para grass presence with species count was explored using binary recursive
partitioning / tree modelling in S-plus (Insightful Corporation 2001; Crawley 2002). The
response variable was the number of species per sample plot, with para grass excluded. The
explanatory variables were depth and para grass cover expressed as the median value of
each cover class (Table 5.1); both were treated as a continuous variables. As such, the
output was a regression tree and the analysis is analogous to a multiple regression (Crawley
2002). Tree modelling provided a computationally intensive but analytically simple method
for exploring the relationship between depth, para grass cover and species count per plot.
The Tree modelling procedure works as follows (Crawley 2002: p.582):
•

select a threshold of the explanatory variable (e.g. depth)

•

calculate the mean value of the response variable above and below this threshold

•

use the two means to calculate the deviance in each group (i.e. above and below)

•

look to see which value of the threshold gives the lowest deviance

•

split the data into high and low subsets based on the threshold for this variable
which gives lowest deviance

•

repeat the whole procedure on each subset of the data

•

keep going until no further reduction in deviance is obtained or there are too few
datapoints (n≥6 in any given subdivision) to merit further subdivision.
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Figure 5.1: Airboat sampling schematic. Because wet season sampling was carried out from on-board an
airboat, the sample plot was divided into three sections 2x 8m2 plus 1x2m2 i.e. 18m2.

Table 5.1. Species cover/abundance scale: cover classes, ranges and median values used for data analysis.
Adapted from Braun-Blanquet/Daubenmire (Mueller-Dombois and Ellenberg 1974).

Cover Class

Cover range/abundance

Median cover value
(percent)

1
2
3
4
5
6
7
8

<1%(solitary)
<1%(few plants)
1–5%
5-25%
25-50%
50-75%
75-95%
95-100%

0.25
0.5
3
15
37.5
62.5
85
97.5

A generalised linear model (Family=Poisson, link = log) using the same response and
various combinations of the predictor variables was used to model the relationship between
species count and the explanatory variables and to examine the amount of deviance in
species count explained by these variables. Four candidate models were generated and
model selection using Akaike’s Information Criterion (Akaike 1973) was employed to select
the best model from the candidate set.
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Relationship between para grass density and wetland flora species composition
The association between para grass in varying densities on the species composition of
wetland flora was examined with cluster analysis using a partitioning algorithm. Analysis
was carried out using S-plus (Insightful Corporation 2001) using the clustering large
applications (‘clara’) algorithm, recommended for large applications (Kaufman and
Rousseeuw 1990); in this instance the data matrix comprised 374 sites x 77 taxa. Clara
calculates a dissimilarity matrix for several data subsets and selects the subset with the
lowest overall objective function; where the objective function is a measure of model fit,
and the lowest values suggests the best fit.
The clustering obtained using clara was graphically represented using both clusplots (Pison
et al. 1999) and silhouette plots (Rousseeuw 1987) implemented in S-plus. Clara was run
several times with different values for k (number of clusters) and the value of k yielding the
highest average silhouette width was selected as the ‘best’ result. Silhouette plot
values/width (si) lie between -1 and 1. The value (si) are interpreted as follows:
(si) = 1 , object i is well classified
(si) = 0, object i lies between two clusters
(si) = -1, object i is badly classified
The silhouette cluster is a plot of the (si); the entire plot shows the silhouettes of all clusters
next to each other, allowing the quality of clusters to be examined. Overall average
silhouette width is the average of the (si) over all objects i in the data and provides a
measure of the overall fit of the data to the k clusters (Insightful Corporation 2001).
The aim of the cluster analysis was to examine whether groupings, based on species
composition, could be identified in the flora survey data and whether these groupings were
associated with the cover score for para grass.
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5.3: Results
5.3.1: Wetland Flora Survey
A total of 77 plant species was identified from the wet season flora surveys of 374 plots
representing 37 families. Bach and Hosking (Bach and Hosking 2002) reported a total of
79 species from their surveys of wetland flora of the Mary River, based mainly on dry
season sampling. The mean floristic diversity within plots was low (mean=4.10, SD=2.07)
ranging between 0 (open water) and 10 taxa, consistent with previous studies using a similar
methodology (e.g. Bach and Hosking 2002). Numerically the grasses were most common,
with sedges and the herb Ludwigia adscendens also being commonly found in sample plots.
Appendix 5.1 lists all species observed, the number of observation, median cover score and
the percentage of total number of observations.

Grasses (Poaceae) also dominated the sample plots with respect to median cover, with the
highest median cover scores (75-95%) being shared by both Oryza spp. and para grass.
Sedges (Cyperaceae) were the next most common type of plants observed in sample plots.
Seventeen families accounted for 93% of the observations (Figure 5.2, Appendix 5.2).

5.3.2: Para grass and species count
Where para grass was present in a sample (n=99) it usually dominated the entire plot
(18m2). The median cover score for para grass was 75–95%. Species diversity was
markedly lower in samples with para grass with the mean number of species being 50%
lower when para grass was present. The median number of species was 75% lower (Figure
5.3). The most common finding (the mode) when para grass was present was that no other
emergent macrophytes were observed.

Differences between plots with and without para

grass showed a statistically significant difference (Figure 5.4); this difference remained if
para grass was included in species counts.
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Figure 5.2: Relative frequency of numerically dominant taxa by family. The grasses (Poaceae) dominated the
sample plots (34%) in terms of frequency of occurrence. Grasses, sedges (Cyperaceae) and
Ludwigia adscendens (Onagraceae) comprised 53% of the total species observations. The 17
families shown in this figure comprised 93% of the observations. The remaining 7% of
observations was comprised of 19 families (see Appendix 2).

The relationship between species count, depth and para grass cover, examined using tree
analysis, suggests that factors other than para grass cover also influenced the pattern of
species rishness observed (Figure 5.5). A number of groups can be identified in the
regression tree (Figure 5.5) which clearly show an interplay of depth and para grass cover
species richness. Group 1 are plots where para grass cover was very high (>91.5%); the
model suggests this group is radically different, with respect to mean number of species,
from all other groups. Group 1 is characterised by very low species count. Group 2 is
characterised by deeper water (depth >99.5cm) and is comprised of a number of sub-groups
where depth, not para grass cover, explained the greatest amount of deviance in the splits in
this group. Mean species count was highest in this group. This finding is unusual as deeper
water habitats in coastal floodplains in the Northern Territory typically have lower species
diversity than the shallower habitats (Cowie et al. 2000) and probably reflects the para grass
preference for shallow / intermediate water depth habitats included in Group 1.
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In the two shallower water groups (3&4) both para grass cover and depth are associated
with species count, the association with depth increasing as para grass cover decreases. For
example, the lowest predicted mean species count (2.46) outside of Group 1, occurred where
para grass cover was greater than 74%. For plots where para grass cover was less than 74%
depth is, with one exception, the key correlate of species count (Group 4).
Model selection results from the four candidate generalised linear models of species count
confirmed the conclusions drawn from the tree model results; the best model included
explanatory variables para grass cover and interaction between para grass cover and depth
(Model 4, Table 5.2). Model 4 explained 35% of the deviance in species richness between
sample plots which, given the spatial and temporal heterogeneity of the wetlands, suggests
para grass cover and depth are influencing the observed species counts.
Given the strong negative relationship between species count and para grass cover a tree
model with para grass cover as the explanatory variable (Figure 5.6) was created to
graphically represent this relationship; the corresponding model prediction based on the
generalised linear model is shown in Figure 5.7. An example of the transect data
underpinning these models and typical of transects from the main para grass infestation in
the north-west of the wetlands is shown in Figure 5.8 and is reflected in the median para
cover score of 75-95% cover.
Table 5.2: A comparison of the candidate model performance. ΔAICc scores are the AICc scores re-scaled using
the lowest score obtained. Scores with an ΔAICc of less than 2 have strong support, scores greater
then 10 have very little support.
Model
No.

Model

1

Species count ~ Para grass cover

2
3

4

~ Depth
~ Para grass cover +
Depth
~ Para grass cover +
Depth: Para.grass.cover *

KA

Residual
deviance

Percent
deviance
explained

Df

ΔAICc

Rank

2

396.09

30.68

370

5.51

2

2

533.60

6.61

370

143.02

4

3

390.53

31.65

369

19.95

3

3

370.58

35.14

369

0

1

Null deviance: 571.39 on 371 degrees of freedom. KA : no. of parameters – includes the estimation of an over-dispersion
parameter. * the ‘:’ symbol denotes and interaction between depth and para.grass.cover.
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Figure 5.3: Box-plot of impact of presence of para grass on number of taxa observed in sample plots (n=372).
Red circle: median; dark blue band: 95% confidence interval; blue band: inter-quartile range; outer
fences: data extent; solid circle: outliers. The presence of para grass produced a significant
reduction in the number of taxa, excluding para grass, recorded in a plot.

Figure 5.4: Box plot of depth within sample plot with and without para grass. As suggested by the HSM para
grass is found more commonly in the areas of the wetland where wet season depth was
approximately 50cm.
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Group 5

Group 1
Group 4

Group 3

Group 2

Figure 5.5 Tree model regression tree of number of taxa predicted based on depth and para grass cover. While para grass cover is clearly linked to reduced species diversity in areas where
lower para grass cover occurs - shallower waters – depth appears to influence the number of species present. Four groups can be identified based on this interaction of depth and
para grass cover and its effect on the predicted number of species per sample plot. These groups are discussed in the text.
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(a)

(b)

Figure 5.6: Relationship between para grass cover and species count per sample plot derived from tree modelling.
(a) Tree diagram output from tree modelling. (b) predicted mean species count versus para grass
cover based on model results.
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Figure 5.7: Comparison of predicted mean species count from generalised linear model versus para grass cover.
At very low cover para grass has minimal effect on the predicted species count; predicted species
count begins to decline rapidly where para grass cover is greater than five per cent.

Figure 5.8: An example of change in species count in response to changing para grass cover. This three
kilometre, north-south transect is typical of the pattern observed in the main para grass population in
the north-west of the wetlands. The number of taxa (solid line) shows strong negative relationship
with para grass cover (dotted line). T1 represents the southern extent of para grass. The peak in
species count (T8) coincides with a paleo-channel, where increased water depth appears to have
prevented invasion by para grass. The increases in species count from T14-18 reflects a patchy
distribution of para grass as soil salinity increases and vegetation communities become sparse and
dominated by halophytes.
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5.3.3: Para grass and the composition of wetland vegetation
communities
The cluster model where seven groups were identified (k=7) produced the highest average
silhouette width (0.63, Figure 5.9); this suggests that overall the fit of the dataset to these
clusters was acceptable. Interpretation and discussion of the model’s results was based on
examination of the cover score medoids for the taxa in each cluster and by merging the
clustering vector generated by the model with the vegetation dataset (Table 5.3).
Cluster 1 (n=157) was the largest and most diverse of the clusters, with respect to species
composition, reflected in the lower silhouette width. The cluster was
characterised by very low cover scores (≤5%) for individual species and high species
diversity (5 taxa); the most characteristic species of this cluster was Melaleuca cajuputi,
occurring as open woodland with a grassland/sedgeland understorey.

Cluster 2 (n=36),

Leersia hexandra grasslands, was characterised by very high cover scores (85%) for L.
hexandra. Cluster 3 (n=54), Oryza spp. grasslands, was characterised by very high cover
scores (85%) for Oryza spp.. Cluster 4 (n=50), was characterised by plots with a high (60%)
Hymenachne acutigluma cover. Cluster 5 (n=5), was characterised by very high Pseudoraphis
spinescens (85%) and low para grass cover (15%). Cluster 6 (n=6), was dominated by
Cyperus scariosus (cover=85%). Cluster 7 (n=64), was dominated by plots where para grass
density (≥90%), typically excluded other taxa. As expected of a cluster dominated by sample
plots representing a monoculture, the silhouette width (Figure 5.9) was highest for this group,
suggesting the species composition of this cluster is very uniform.

5.3.4: Para grass community composition versus native grasses
While para grass clearly has a negative impact on species diversity, it is not the only grass
species in the wetland which can dominate large areas. The native grasses Oryza spp.,
Hymenachne acutigluma and Leersia hexandra all form distinct communities where few other
species are found.
To further examine the species composition within these different grassland communities the
flora survey data was analysed to calculate species diversity for each of these grassland
communities and how the number of species changed as cover scores increased (Figure 5.10).
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Figure 5.9: Silhouette plot of flora survey data (k=7). The silhouette plot provides a measure of the overall fit of
the data to the k clusters. An average silhouette width of 0.63 suggests the fit of the model is
acceptable. Clusters represented are 1 (top) through to 7 (bottom). Cluster 7 is dominated by para
grass and exhibited lowest diversity in species composition.

Table 5.3: Characteristic vegetation community and median number of taxa* for clusters.
Cluster

1

Characteristic vegetation community

Variable, most commonly M. cajuputi woodland with grassland
understorey

Median. No.
Taxa*

N

3

157

2

Leersia hexandra grasslands

3

36

3

Oryza spp. grasslands

3

54

4

Hymenachne acutigluma grasslands

4

50

5

Pseudoraphis spinescens grasslands

4

5

6

Cyperus scariosus sedgelands

2.5

6

7

Urochloa mutica grasslands

0.5

64

* excluding para grass
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Figure5.10: Changes in the number of taxa in sample plots (excluding para grass) with increasing cover scores
for para grass (n=99), Oryza spp. (n=101), Leersia hexandra (n=97) and Hymenachne acutigluma
(n=114). The x-axis shows the eight cover score classes: 1: solitary plant; 2: few plants; 3: 1-5%; 4: 525%; 6: 50-75%; 75-95%; 8:95-100%. As expected all species which have the ability to dominate
large areas exclude competitors and reduce species diversity. The difference between para grass and
the native grasses is its ability to consistently achieve very high cover scores (overall median = 7) and
the extreme reduction in species diversity and the impact on the median number taxa (0) when this
occurs. Oryza spp. also had a overall median cover score of 7, however, the overall median number
of species was more than double that observed for para grass.

Para grass is not the only grass to occur in very high densities within the wetlands and form
plant communities where species diversity is low (Figure 5.10). The major difference is (a)
para grass’s ability to consistently achieve very high cover scores (median cover score 7595%) and that when this occurs it typically displaces all other species (median no. taxa
excluding para grass = 0) and (b) that once established, it appears to exhibit little temporal
variation in cover or species composition. The latter is in contrast with many most plant
communities within the wetland which change continually, both between seasons and from
year to year (Cowie et al. 2000). The evidence that para grass occupies a broader ecological
niche (Chapter 3) than of these native grasses which overlaps that of ecologically important
species (e.g. Oryza. spp) means areas invaded by para grass are distinctly different to those
dominated by any of the native grasses.
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In summary, the cluster analysis results identified vegetation communities commonly
identified in previous studies of the Mary River, and other northern Australian wetlands:
Melaleuca cajuputi open woodlands, Leersia hexandra grasslands; Oryza spp. grasslands;
Hymenachne acutigluma grasslands; Pseudoraphis spinescens grasslands; Cyperus scariosus
sedgelands; and dense monocultures of Urochloa mutica (Finlayson et al. 1990; Wilson et al.
1991; Lynch 1996). The finding that sites dominated by para grass have a distinctly different
floristic composition, at the species level, and that species diversity is significantly lower than
the other clusters/groups identified, is consistent with the above species count results and
further supports the contention that para grass has a marked negative impact on species
diversity (Ferdinands et al. 2005).
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5.4: Discussion
5.4.1: Documenting the impact of weed invasion
Invasions by non-native plants are recognised as a threat to the conservation of many plant
and animal communities throughout Australia (Adair and Groves 1998) and the world
(Randall 1996; Mack et al. 2000; Richardson et al. 2000a). Despite this recognition our
current understanding of the impacts of invasive plants in Australia is limited (Williams and
West 2000). In the case of exotic pasture species in northern Australia the lack of evidence
of the impact on biodiversity has been used to delay policy and management responses to
mitigate the threats posed by invasive grasses. The lack of quantitative data on the impact of
para grass and the risk posed to wetland flora and fauna prompted the selection of this species
for this study. The results of this study clearly show that para grass has a significant negative
impact on plant species diversity in the Mary River wetlands. The extent and consistency of
this negative effect on wetland habitats is likely to have landscape scale effects in the absence
of management intervention.
Risk is the chance that something will have an impact upon a/the stated objective(s) (HB 2032006 Standards Australia/Standards New Zealand 2000). In this instance, the objective is the
maintenance and conservation of wildlife communities and necessary ecological processes
(Department of Lands Planning and Environment 2001). This is to be achieved through the
retention, protection and rehabilitation of natural terrestrial and aquatic habitats through a
reserve system and also through private landholder cooperation with land management
agencies to maintain wildlife and ecological processes. Para grass has been identified as one
of a number of threatening processes which may have a negative impact on this objective.
This study provides the information required to assess the risk posed by para grass in relation
to this objective of habitat and biodiversity conservation.
The assessment of the impact that para grass has on the species composition of wetland plant
communities in this chapter represents a critical step in an assessment of the risk posed by
para grass to the wetlands outlined in the operational model in Chapter 2. An understanding
of the impact of para grass on habitats it invades, when combined with an assessment of the
susceptibility of different wetland habitats (Chapters 3 & 4) to invasion, allows a more
informed assessment of risk across a range of spatial scales to be made. It also allows
management goals to be clarified and prioritised.
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5.4.2: Impact of para grass on wetland flora
The findings in this Chapter show that the presence of para grass is associated with a marked
shift in the composition of vegetation in plots. This can be expected to affect both the spatial
and temporal heterogeneity in the wetlands through the formation of dense, permanent
monocultures.

5.4.2.1: Species diversity – local-scale effects
Para grass has clearly had a negative impact on the wetland flora of the Mary River wetlands.
As expected of a successful pasture grass, it has realised its potential and produced highbiomass monocultures that tolerate disturbance (grazing, flooding) and displace native
vegetation.
The results showed that where para grass is present the species composition is distinctly
different to all other wetland flora sampled in the survey. Indeed it usually occurs as a
monoculture with few native species apparently being able to out-compete it within its
environmental niche. The result is extremely low plant species diversity in areas where para
grass is dominant. The ability of African grasses to displace native flora and develop dense
monocultures has been demonstrated in neo-tropical savannas (Baruch 1996).
The habitat suitability and spread modelling results (Chapters 3 & 4) showed that certain
wetland habitats are more susceptible to para grass invasion. The results from this Chapter
suggests and that where invasion occurs there is a high likelihood that native species will be
displaced. The spread model results suggest that some wetland habitats (e.g. Oryza spp.
grasslands, Eleocharis spp. sedgeland and Cyperus scariosus sedgeland) are at greater risk of
such displacement than others. The implications of the changes that have already occurred
and forecast changes in the floral composition and structure were discussed in Chapter 4 and
are further explored below.
The vegetation surveys in this study did not revisit sites across years; it is therefore not
possible to measure inter-annual species stability. However, observations made during
sampling and other studies in the Mary River wetlands (Bach and Hosking 2002), suggest that
another characteristic of areas invaded by para grass, is the lack of intra and inter-annual
variation in species composition and cover, and hence habitat variability. This variability has
been noted as a feature of wetlands in northern Australia (Finlayson et al. 1990; Finlayson
1993; Cowie et al. 2000) and particularly true for the Mary River wetlands. The conservation
significance of the Mary River wetlands is not a result of the incidence of rare or endangered
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plants and animals, but the year-round habitat they provide for large populations of a diverse
vertebrate fauna (Whitehead and Chatto 1996). This depends on a complex mosaic of
wetland habitats which range from ephemeral to permanent swamps (Whitehead et al. 1990).
The loss of spatial and temporal variation in species composition/cover and habitat therefore
represents another negative impact of para grass invasion. The susceptibility of Oryza spp.
grasslands to para grass invasion results in an annual species, which dies off over the dry
season, being replaced with a perennial which maintains a much higher biomass (Douglas and
O'Connor 2004). The year round presence of a dense mat of para grass effectively prevents
re-colonisation by displaced native species (P. Wurm, unpublished data).

Species diversity in para grass dominated habitats was lower than dominant native species
grasslands occupying a similar niche in the wetlands (e.g. Oryza spp; Leersia hexandra) and
deeper water species (e.g. Hymenachne acutigluma) which also dominate large areas of the
wetlands. The finding that para grass dominated habitat in areas with shallow to intermediate
water depth contained consistently lower species diversity than deeper water grasslands (e.g.
H. acutigluma) is the opposite of the pattern observed for intact native grasses. Intact native
grasses show a general trend of lower species diversity in deeper water habitats within the
wetlands (Whitehead et al. 1990; Wilson et al. 1991; Cowie et al. 2000). The finding that
para grass preferentially invades shallow to intermediate depth areas (Chapter 3),which are
the more biologically diverse areas of the wetlands, means that its potential negative impact
on biodiversity conservation is greater.
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5.4.3: Habitat alteration – landscape-scale effects
Landscape ecology, builds on ecological evidence demonstrating the importance of spatial
and temporal heterogeneity in landscapes (Levin 1976; Boecklen and Gotelli 1984;
Rosenzweig 1995; Morrison et al. 1998). It recognises the central role of landscape pattern
in determining ecosystem processes (e.g. Forman and Godron 1986; Turner 1989). The
wetlands of northern Australia are a perfect example of this relationship between pattern and
process, with the complex spatial and temporal patterning identified as a key determinant of
the wetlands high levels of biodiversity (Whitehead and Chatto 1996). The importance of this
heterogeneity in the wetlands across northern Australia is well recognised (Finlayson et al.
1990; Whitehead et al. 1990; Whitehead and Chatto 1996) and is identified in management
plans for the Mary River (Department of Lands Planning and Environment 2001) and other
northern Australian wetlands (Douglas et al. 2001; Walden and Bayliss 2003).
The results of this study have demonstrated the potential for an invasive grass to alter
landscape pattern at the local scale. This study did not measure the effects of para grass on
wetland flora/habitats across a range of spatial scales, and plot-based data needs to be
extrapolated with caution. However, the conclusive nature of the wetland flora survey results
(e.g. Figures 5.4, 5.6, 5.7, 5.8), coupled with the current extent of large para grass
monocultures (estimated at 2,500 hectares of the wetlands) suggests that negative landscapescale effects may have already occurred and will continue to occur given the potential for para
grass to spread further.

The spread modelling (Chapter 4) showed that certain wetland vegetation communities are at
greater risk of invasion than others. The community identified at greatest risk of invasion was
Oryza spp. grassland. Oryza spp. is an abundant and widespread component of the vegetation
on the extensive floodplains/wetlands of northern Australia (Williams 1979; Finlayson et al.
1988; Bayliss and Yeomans 1990; Wilson et al. 1991). The demonstrated ability of para
grass to invade this habitat, and alter its species composition and physical characteristics (e.g.
increased biomass) means that large areas of the Mary River wetlands are likely to experience
species loss and physical modification. If such changes occur, it is expected that landscapescale changes in ecosystem structure and hence function will result; the results from this study
suggest these changes will be negative.
It is clear from the evidence presented in this study and other studies of changes in landscape
structure and function associated with weed invasion that a range of potential negative
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impacts are possible as described above. Current knowledge of the flora and fauna of the
Mary River wetlands and ecosystem processes means that it is not possible to conclusively
describe what the nature of these impacts will be. However, using evidence from studies of
weed impact from the Mary River wetlands, other Northern Australian landscapes and
overseas, it is possible to discuss some of the known negative effects para grass invasion has
had or may have as a result of habitat alteration – in this instance homogenisation.

5.4.3.1: Changes in the physical environment
A review by Baruch (1996) of some of the effects African grasses are having on savanna
habitats identified a wide array of possible negative effects. They included altered fire
regimes, reduced availability of nutrients and water in the soils for native plants, changed
microhabitats due to fire and direct physical modification and displacement of native flora.
While these effect noted for savanna habitats may not be the same for wetland environments
where nutrients and water in the soils are more abundant, the findings highlight the capacity
of exotic grasses to alter the environments they invade.
In Australia para grass has been linked to the following changes: the modification of creek
habitat and altered fish population characteristics (Arthington et al. 1983); altered channel
morphology and hydrology (Bunn et al. 1998); and altered aquatic food webs (Clapcott and
Bunn 2003). Wurm et al (in prep) showed that para grass can alter environmental conditions
so that the breaking of seed dormancy and hence establishment of Oryza spp. is prevented.
They attributed this effect to para grass producing a much higher above ground biomass than
Oryza spp. which led to a modified seed bed. Specifically, temperatures were lower at the
soil surface under para grass cover and Oryza spp. cover, which needs high temperatures as a
trigger to break dormancy at the start of the end of the dry season.

5.4.3.2: Fire regime
The dense, permanent monocultures formed by para grass are suitable for grazing cattle, with
the biomass of para grass significantly higher than that of native grasses. Douglas and
O’Connor (2004) have shown that para grass has very different fuel characteristics to the
native grasses, particularly Oryza spp., that it displaces. They suggest that fire intensities and
flame heights will increase in areas where it displaces Oryza spp. and conclude that para grass
is likely to increase the intensity of floodplain fire regimes, particularly on the drier parts of
the floodplain. These alterations to the fire regime could facilitate the spread of para grass,
may enhance its competitive advantage over some native species and threaten woody
vegetation (Douglas and O'Connor 2004).
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Similar observations of the negative effects of exotic grasses via altered fire regimes have
been made for the terrestrial species Buffel Grass (Cenchrus ciliaris) (Butler and Fairfax
2003) and Gamba Grass (Andropogon gayanus)(Rossiter et al. 2003). All these alien grasses
produce higher biomass than native grasses and have the potential to alter floristic
composition, landscape structure and ecosystem function via what has been termed the ‘grassfire-cycle’ (D'Antonio and Vitousek 1992). The grass-fire-cycle has been documented in
Hawaii, western North America, Central and South America and northern Australia
(D'Antonio and Vitousek 1992; Freifelder et al. 1998; D'Antonio et al. 2000; Rossiter et al.
2003)

5.4.3.3: Birds
Recent fauna surveys show that birds represent a major component of the vertebrate fauna in
the Mary River catchment; they made up 78% of species in a recent survey of terrestrial fauna
(Armstrong et al. 2002). There is evidence that most bird species in the Mary River wetlands
avoid habitats dominated by para grass, with the result that these areas have a lower diversity
of bird species. Most bird species are likely to be disadvantaged where para grass replaces
native vegetation given their preference for mixed grassland/sedgeland habitats where Oryza
spp. and Eleocharis spp. were dominant components (Ferdinands et al. 2005).
It has been shown that one iconic species, Magpie Geese Anseranus semipalmata which
occurs in large numbers in wetlands across northern Australia, relies heavily on Oryza spp.
grasslands and Eleocharis dulcis sedgelands as a food resource (Frith and Davies 1961).
This study has shown that both vegetation communities are susceptible to para grass invasion,
are out-competed by para grass where it establishes and that para grass occupies a similar
ecological niche. Current and predicted future losses of these habitats due to para grass
invasion are expected to reduce the ability of the wetlands to support the large breeding
colonies of this bird. This loss of a key habitat, with the likelihood of further future loss, will
undermine the conservation objectives identified for the Mary River catchment and further
threaten a species which has undergone a marked range contraction due to wetland
degradation in southern Australia. It is also possible that key habitat loss in the Mary River
will have regional biodiversity conservation implications as the Mary River wetlands provide
important dry season habitat when other faster draining wetlands have dried out (Whitehead
1998).
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5.4.3.4: Reptiles & Amphibians
Beggs et al (2003) surveyed the vertebrate fauna of the wetlands across a range of native
habitats and different densities of para grass and Olive Hymenachne (Hymenachne
amplexicaulis). The surveys found that overall reptile species richness was low in the
wetlands (five species). The results showed a significantly lower reptile species richness as
para grass cover increased and significantly lower abundance of the common skink (Carlia
gracilis) in sites containing para grass. A single species (Ctenotus robustus) was recorded on
sites where para grass cover was >40% and two species were only recorded on sites without
para grass.
Frogs showed a decrease in species diversity in sites containing para grass but this trend was
not statistically significant.
As was the case with the bird survey results (Ferdinands et al. 2005) there was no evidence
that any reptiles, amphibians or mammals have any preference for habitats dominated by para
grass. Indeed many appear to avoid it, from which Beggs et al (2003) infer that this habitat is
less favourable for native wildlife.

5.5: Overall threat posed by para grass
The evidence presented above suggests that the changes in habitat structure accompanying
para grass invasion has the potential to alter fire regimes, water and nutrient availability and
wetland hydrology. Our current levels of understanding of wetland ecosystem processes
mean it is not possible to state conclusively what impact these changes may have on wetland
ecosystems. However, the evidence from northern Australia and overseas suggests these
changes are likely to have a negative impact on wetland flora and fauna and ecosystem
function. The potential impacts of para grass on wetland ecosystems is summarised in Figure
5.11 and Table 5.4. The spread modelling results suggest that these impacts are likely to
continue in the absence of management intervention.

182

Negative effect
Positive effect
Micro-climate

Native fauna

Native flora

Para grass has can change
the composition of flora
directly through outcompeting and displacing
native species and
indirectly via habitat
modification.

Para grass

Altered fire regimes and
direct physical
modification can alter
habitat microclimate and
displace
fire intolerant native
flora and fauna

Altered fire regimes
and direct physical
modification can alter
habitat microclimate
Increased biomass - more fuel
for fires, increasing the
likelihood and intensity of fires

Fire

this may further promote the
spread of para grass

Fire increases the
volitisation and loss of
mineral nutrients

Para grass was introduced to the
wetlands to increase the wetlands
carrying capacity for cattle by
producing more biomass than native
pastures. Increased cattle abundance
is expected to have a negative
impact on wetland flora.

Cattle

.Increased biomass
production requires
more water and
nutrients, reducing
their availability to
other wetland plants

Soil water &
nutrients

Increased consumption
by cattle accelerates
nutrient cycling

Figure 5.11: Schematic model of potential effects of para grass on wetland ecosystems. Blue circles indicate data derived from this study. Adapted from Baruch (1996).
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Table 5.4: Summary of the potential negative impacts of para grass based on evidence from the current and previous studies.

Area of concern

Scale of
effects

Process
Change in resource
availability

Population
Recruitment
Mortality
Vegetation structure

Environmental

Species composition
Community
Species interactions
Fire regimes
Ecosystem

Nutrient cycling
Hydrology
Tourism

Socio-economic/
cultural

Regional

Traditional hunting/
gathering
Control costs
Loss of income

Impact (source)
Para grass forms dense monocultures over large areas of wetland. In doing so it directly affects the availability
of space, light and temperature (understorey) (Wurm et al. in prep), biomass (Douglas and O'Connor 2004) and
hence fuel load and possibly nutrient and water availability (Baruch 1996). Indirectly via competition for these
resources it displaces key native flora (Oryza spp and Eleocharis dulcis) both of which are important food
resources for vertebrate fauna (Whitehead 1998).
Oryza spp. germination (from seed bank) is markedly reduced in areas invaded by para grass. This was
attributed to higher above ground biomass, lower temperatures (understorey) (Wurm et al. in prep). The effects
on other species are unknown - the species composition results (Chapter 5) suggests many other species are
similarly affected.
Unknown – altered fire regimes expected to have negative impact.
Para grass has a demonstrated ability to out-compete and displace native vegetation (Chapter 5). It replaces
patchy native vegetation with high biomass and seemingly permanent dense layer of living and dead vegetation.
In habitats invaded by para grass, flora monocultures are commonly observed; as such, species composition
which commonly varies spatially and temporally is markedly reduced (Chapter 5).
Food web disrupted if species like Oryza spp. and Eleocharis dulcis displaced. Physical barrier to accessing soil.
Little evidence used as a habitat by vertebrate fauna (Beggs et al. 2003).
Loss of food resource to primary consumers (dusky plains rat, geese) (Chapter 3) which support secondary
consumers (pythons, dingos, humans).
Increased biomass leading to more intense and frequent fires; fire regime altered
(Douglas and O'Connor 2004)
Reduced availability of nutrients and water in the soils for native plants has been observed in areas invaded by
African grasses (Baruch 1996)
Altered channel morphology and hydrology (Bunn et al. 1998).
Tourism relies on functioning and intact ecosystems, the negative impacts outlined above suggest a cost to
tourism.
Magpie Geese, E. dulcis, Oryza spp culturally important to Aboriginal people. Para grass displaces Oryza spp
and E. dulcis.
The difficulty of access and controlling weed spread in a wetland environment is expected to be higher than that
for terrestrial weeds.
The Mary River wetlands are a multiple use environment supporting tourism, recreation, fishing, and
pastoralism. Para grass increases income for the latter while potentially reducing it for the former.
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5.5: Conclusions
Para grass reduces species diversity in areas of the wetlands it has successfully invaded by
displacing native vegetation. This finding is consistent with previous observations and the
limited quantitative evidence prior to this study on the impact of this species.
The significant negative impact of para grass on species composition across a range of
wetland habitats, coupled with the susceptibility of large areas of the wetland to invasion
(previous chapters), suggests the risk posed by para grass to the conservation values of the
Mary River wetlands is significant and requires management intervention.
The available evidence suggests the habitat alteration associated with para grass invasion
would appear to favour few, if any of the native fauna. Most vertebrate fauna appear not to
utilise para grass as a habitat. Its proven ability to invade habitats which are known to be
valuable habitats for a range of vertebrate fauna is of concern.
In the absence of management intervention, the locally measured negative impacts
documented in this chapter are likely to continue across a range of spatial scales; initially
compromising species composition at the local-scale and ultimately undermining landscapescale, ecosystem functions such as sustaining large populations of a diverse vertebrate fauna.

The natural resource management plan for the Mary River wetlands (Department of Lands
Planning and Environment 2001) identifies the maintenance of existing levels of biodiversity
as a key goal. The findings of this and earlier chapters suggests this goal will be
compromised in the absence of active management of para grass.
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Chapter 6: Responding to the threats posed by para
grass and other invasive plants

6.1: Introduction
6.1.1: Why is a response to para grass required?
6.1.1.1: Biodiversity conservation
Biodiversity conservation involves two distinct but related objectives. First, the maintenance
of the natural levels of biodiversity; and second, the development, management and
maintenance of ecological infrastructure, primarily through the management of protected
areas. The first objective is commonly stated as the primary goal of conservation, but is
impossible to achieve in the absence of the second (Bridgewater 1993). Woinarski (2000)
has expressed similar ideas stating that biodiversity loss is largely about the amount that a
landscape has been changed and the varying susceptibility of species to this change.
One of the ways to maintain ecological infrastructure is to prevent or mitigate the impacts of
processes that alter this infrastructure. The evidence from many previous studies and the
current study (Chapter 5) demonstrate the threat posed by invasive plants in relation
ecological infrastructure through habitat modification. A failure to control or mitigate the
effects of invasive plants threatens the ecological infrastructure needed to support nature
conservation goals.
Wetlands are recognised as being more susceptible to weeds than terrestrial habitats (Cowie
and Werner 1993; Cowie et al. 2000). Fourteen of the 18 weeds identified as the worst weeds
in Australia (Humphries et al. 1991) are found in wetlands; six of the 18 worst weeds
identified are exotic pasture grasses. The occurrence of weeds in wetlands contrast with their
generally low occurrence in Northern Australia (Douglas et al. 1998). The susceptibility of
wetlands to weed invasion is of profound ecological significance given the importance of
these habitats to the survival of native animals (Braithwaite and Woinarski 1990).
Para grass clearly represents a threat to biodiversity conservation in the wetlands. It is
however only one of a number of invasive plants recorded form the Mary River catchment
and wetlands throughout northern Australia. For example, mimosa and olive hymenachne,
which are weeds of national significance (WONS) are both present in the Mary River
wetlands; only mimosa is subject to ongoing control. The presence of these additional
invasive species increases the need to strategically respond to threats, such as para grass, as
they are identified.
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6.1.1.2: Ecosystem services and wetlands
Costanza et al. (1997) estimated the economic value of ecosystem services for 16 biomes,
based on published studies and a few original calculations. Their estimate for the entire
biosphere was on average US$33 trillion per year; global gross national product (GNP) was
estimated at US$18 trillion per year. These estimates are doubtless very rough, but the
authors considered their calculations to represent a minimum estimate and expect that in
reality the discrepancy between traditional measures of economic worth (e.g. GNP) and the
economic value of maintaining functioning ecosystems could be much greater.
Freshwater wetlands were one of the 16 biomes examined and they were second only to
estuaries with respect to total value per hectare (Costanza et al. 1997); suggesting that this
biome is of major importance worldwide.
Despite ecosystem services being valued at about US$33 trillion annually, James et al. (1999)
concluded that the cost of maintaining the biological diversity that underpins these services is
relatively low; US$300 billion annually for a comprehensive global conservation programme.
They highlight the fact that most governments are happy to provide ‘perverse’ subsidies that
harm the environment estimated at US$1 trillion globally per annum. There is clearly a
failure to include the value provided by functioning ecosystems and the opportunity cost of
allowing them to be modified and degraded. It has been estimated that the overall benefit:cost
ratio of a global program for conservation of habitats rather than habitat conversion is at least
100:1 (Balmford et al. 2002).
To date, no attempt has been made to estimate the value of ecosystem goods and services
provided by the wetlands in Northern Australia, but what data we have suggest that, like
wetlands worldwide, they contribute a disproportionate value relative to their area. A number
of threats to the ecosystem functioning of this biome have been identified (Chapter 2) and
invasive weeds represent one of the largest. A failure to mitigate or prevent the impact of
invasive weeds in our wetlands not only increases the risk of compromising biodiversity
conservation goals but is expected to have negative economic ramifications for other sectors.
For example, tourism, Aboriginal custodians who rely on healthy wetlands for hunting and
gathering and other cultural, activities and the general public who use wetlands extensively
for recreational purposes in Northern Australia (Parks and Wildlife Commission Northern
Territory 2000) may be negatively affected.
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With the possible exception of pastoral activity all of the other beneficial uses identified for
the Mary River wetlands rely on maintaining a range of ecosystem functions; invasive species
such as para grass have demonstrated their ability to disrupt such ecosystem functions in a
variety of ways.

6.2: Responding to the threat posed by para grass and other
invasive plants
6.2.1: Biodiversity conservation under conditions of uncertainty
Holling (1978) and Walters (1986) have stated that the information on which to base natural
resource management decisions is invariably incomplete when exploitation and active
management begins. Management systems must incorporate a capacity to respond to the
unexpected; to adapt as new knowledge is accrued through experience. This approach has
been termed adaptive management which Grumbine (1996) has described as a continuous
experiment where incorporating the results of previous actions allows managers to remain
flexible and adapt to uncertainty. Walters (1997) described adaptive management as the
structured process of “learning by doing”. Adaptive management assumes that surprises are
inevitable, that knowledge will always be incomplete, and that the way in which humans
interact and manage ecosystems will always be evolving (Holling 1978; Gunderson 2000).
Adaptive management views management policies as hypotheses, or as Gunderson (2000:
433) suggests, ‘most policies are really questions masquerading as answers’. As hypotheses,
all policies need to be tested (through modelling, monitoring or experiment) and refined based
on the results, or abandoned if proven to be incorrect.
Adaptive management is particularly relevant to the “frontiers” of northern Australia where
rapid development and landscape change are occurring against a social background that
places high value on natural values and sustainable resource management practices.
Frontiers, by definition being less developed, provide unique opportunities to incorporate
sound environmental management in regional economic development strategies.

6.3:Adaptive management of weeds
Most successful weed control endeavours typically follow an adaptive management strategy
(Randall 1996). Using adaptive management, plans based on the goals of the region are
developed, weeds that interfere with these goals are identified and prioritised and control
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measures, selected using assessments of risk posed and the feasibility of control, implemented
where appropriate (Randall 1996). The advantages of this type of approach include:
•

a focus on the species and communities identified as priorities, rather than just the
elimination or control of weeds. This places weed control in the context of
biodiversity conservation

•

exposure of rationales and/or assumptions underpinning management responses

•

continuity of goals and actions if land managers change

•

monitoring and revision of plan as new knowledge becomes available or conditions
change (Randall 1996).

Adaptive management of weeds can be thought of as a six-step cycle:
1. establish management goals and conservation targets for the site
2. determine which, if any, species or infestations threaten or have the potential to
threaten management goals and targets - those that do are "weeds"
3. determine which methods are available to control the weeds
4. develop and implement a weed management plan designed to move conditions
towards the management goals and to abate threats to targets
5. monitor and assess the impacts of the weed management actions in terms of the
management goals and target protection
6. start the cycle over again by re-evaluating conclusions made in steps 1-5 and
modifying where necessary (Randall 1996).
It is important to note that there is no planning or implementation of weed management plans
until after steps 1-3 have been completed. This study can contribute to the design of an
adaptive management plan for weed management by informing or contributing to all of these
steps (Figure 6.1).
The approach used in this study acknowledged that our understanding of wetlands ecosystems
in general and the impacts of species such as para grass on ecosystem function is limited. The
decision support systems developed must therefore be capable of adapting to new
information as it becomes available. The use of a GIS to store and analyse the data and
develop a decision support system provides most of the functionality necessary for such an
adaptive approach to be used in weed management and biodiversity conservation. For
example, it allows new information to be incorporated into analyses on the basis of spatial
relationships alone. The information from this study allows management goals related to both
para grass control and biodiversity conservation to be articulated in a more precise way than
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that currently contained in the Revised Catchment Management Plan for the region
(Department of Lands Planning and Environment 2001).
While adaptive mangement provides a strategic approach for improving the management of
weeds, it has been argued that one thing preventing effective management of weeds such as
para grass is only partly to do with understanding the nature of the threat and the appropriate
management response. A major problem can be conflict over whether a management
response is required and or what type of response. Part of this conflict arises because natural
resource mangement attempts to combine science, economics and societal values about
acceptable costs within a political and legislative framework. Only where these coincide is
natural resource management straightforward (Hunter et al. 2003) (Figure 6.2).
The mangement of exotic pasture grasses often results in conflict between different value
systems. Any effective weed management strategy needs to develop a process for resolving
conflicts and developing decision support tools capable of incorporating a range of
information from scientfic data through to stakeholder opinion. The use of Baysesian belief
networks (Marcot et al. 2001) (Wintle et al. 2003) offers one solution to this issue differing
values and opinions.
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Catchment Management Plan
(2001)
&
Biodiversity Conservation
Plan (2002)
f. Use information to modify
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and improve control priorities

management goals

b. Identify plant species that
e. Monitor and assess impacts

threaten management

of management actions

objectives and assign

Short-term refinement of management

priorities
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d. develop and implement a
management plan to progress

c. Consider control measures

toward objectives

available and re-prioritise if
required
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Spread modelling

(current study)

(current study)

Figure 6.1: An adaptive management framework for weed management indicating where information and decision support tools developed in this study can contribute to the process.
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SOCIETY
Agree

Disagree

Agree

Routine
management
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Disagree

CONSEQUENCES

SCIENCE
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Adaptive
management
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Figure 6.2: Framework for negotiating natural resource management responses (After Hunter et al. 2003).
Natural resource management (NRM) combines science (what happens and how to respond) and
societal values (acceptable cost) within a political and legislative framework. Cells shaded green
indicate it is possible to proceed with implementation of a NRM response. Where the problem is
understood, management response known and society agrees a response is warranted, management
can commence. Where there is scientific uncertainty about how best to proceed an adaptive
management approach is adopted. Where there is uncertainty with respect to the societal value of
proceeding negotiation takes place before proceeding using agreed scientific methods. Where there is
scientific and societal uncertainty as to how or whether to respond conflict arises.

6.4 Developing post-border weed risk management system for the
Northern Territory
The National Post-border Weed Risk Management Protocol (Virtue et al. 2004) provides a
framework which addresses some of the issues outlined above by providing an objective and
transparent process for assessing weed risk. It has been developed to guide and standardise
(over time) the development or refinement of decision support systems for prioritising weed
species at regional, state/territory and national levels leading to more efficient use of
resources for weed management. The outcome sought is the development of decision support
systems which allowing targeting of resources to invasive plant species which (i) pose a high
risk and (ii) have a high feasibility of control (Virtue et al. 2004). The protocol is an adaptive
management approach to weed risk management and is based on a six stage process supported
by monitoring and review (Figure 6.3).
The Northern Territory commenced the development of a weed risk management system in
2005 (Department of Natural Resources Environment and the Arts et al. 2006). Development
of the system has been guided by the national protocol (Virtue et al. 2004) and existing weed
risk management systems in South Australia (Virtue 2005), Victoria (Weiss and McClaren
2002) and Queensland’s pest assessment system (Walton 2001) which assesses both plant and
animal pests. The Northern Territory’s weed risk management system is a modified version
of the South Australia weed risk management system (Virtue 2005).
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Having assessed the risk posed by a given species and the feasibility of control a two way
matrix is used to assist interpretation of scores when deciding an appropriate management
response (Figure 6.4). The decision support tools developed in this study in the form of the
habitat suitability and spread model can assist with assessment of potential distribution, which
is a key element of assessing the risk posed by a species.

6.5: How does this project contribute to improved biodiversity
conservation through more strategic weed management?
6.5.1: Relationship between this study and larger weed risk
management context
This study was guided by Parker et al.’s (1999) suggested framework to guide the type of
information required to assess the likely impact of para grass on the Mary River wetlands.
Three key pieces of information were collected to allow an assessment of current and
potential future impact (I), the effect of the invader (E), its average abundance (A) and its
range (R). Previous chapters detailed the impact of para grass on local species composition
across several hundred sites in the wetland and described the susceptibility of different
habitats to para grass invasion. Based on flora survey results I was then able to infer the
likely abundance and the current and potential future range of para grass.
In developing analytical methods to provide this information this study has provided the
following:
•

A quantitative assessment of the effects of para grass on the flora of the Mary River
wetlands at the local scale.

•

An improved understanding of the broad scale environmental correlates of para grass
distribution.

•

A spatially explicit model of future invasion patterns incorporating the effects of
habitat suitability, propagule pressure and proximity to existing sites of invasion.

•

An assessment of the relative susceptibility of different wetland habitats and some
vertebrate fauna, to para grass invasion.

•

An improved understanding of the biodiversity conservation implications of para
grass invasion in the Mary River wetlands.

•

Predictive models developed which will facilitate forecasting of environment impact,
a valuable part of framing research, management and legislative responses to invasive
plants.

•

A risk assessment modelling approach that can be readily applied to other invasive
species.
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1. Establish the weed risk management context
Goal
Geographic and land use scope
Stakeholders
Policy & legislation
Resources available
Expected outputs and outcomes
Risk and feasibility assessment methods

3. Analyse and evaluate weed risks
Identify existing weed controls
Invasiveness criterion
Impacts criterion
Potential distribution criterion
Calculate risk score
Categorise weed risk

Monitor and review

Communicate and consult

WRA

2. Identify weed risk candidates
List current weeds
Detect new weeds
Review likely incursions
Select species for further analysis

4. Analyse and evaluate feasibility of coordinated
control
Identify required weed controls
Current distribution
Control costs
Duration of control
Calculate feasibility score
Categorise feasibility of control

5. Determine weed management priorities
Compare weed risk versus feasibility of control
Identify priority species

6. Implement weed management actions context
Prepare and implement operational plans

Figure 6.3: Weed risk management process - overview. The weed risk assessment protocol is a systematic process
of six stages; the criterion used or major tasks in each stage are identified. The important role played
by communication and consultation at each stage is recognised; as is the need for an adaptive
management approach via monitoring and review (Virtue et al. 2004).
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Figure 6.4: Decision matrix for weed management response. A management response to a weed should vary based
on the risk posed and the feasibility of containment. The response can vary from attempts to eradicate
the weed through to no action (Virtue 2005).

Key to management response (Virtue 2005)
Eradicate from the region aims to remove the weed from the region via ongoing detailed surveillance
and mapping to locate all infestations; destruction of all infestations and seedbanks; prevention of
entry of new sources of infestation.
Destroy infestations aims to significantly reduce the extent of weed species in the region. This
response attempts the destruction of all infestations where feasibility of control is high.
Contain spread aims to prevent the ongoing spread of the weed species in the region by reducing
weed density in all infestations and control of satellite infestations.
Protect sites aims to prevent the spread of the weed species to key sites/assets. The response in this
instance attempts control of infestations close to key sites/assets, aiming for a significant reduction
in weed density.
Manage/Research weed aims to reduce the overall economic, environmental and/or social impacts of
the weed species through targeted management and/or research to develop management new
techniques. Targeted management may include developing integrated weed management (IWM)
packages for the species and promoting uptake by land managers.
Manage sites aims to maintain overall economic, environmental and /or social value of key assets
through improved general weed management e.g. promoting general IWM principles; increasing
awareness of control techniques; property management plans.
Monitor aims to detect any changes in the species’ weed risk e.g. monitoring the spread of the species
and reviewing knowledge of the species invasive potential.
No action occurs when the species is assessed as being of insufficient risk to warrant investment in a
management response.
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The information and decision support tools developed in this study have already been used to
assist/inform decision making in a stages (2 and 3, Figure 6.3) of a weed risk assessment
(WRA) of para grass and may also inform the feasibility of control (stage 4) (Figure 6.3).
The methods developed may also be used for performing WRA on other species present
within the Northern Territory.
This information and decision support tools used in combination with Northern Territory
weed risk management system (Virtue et al. 2004; Department of Natural Resources
Environment and the Arts et al. 2006), can be used to develop a weed management plan for
para grass and/or other invasive plants (Stage 6) (Figure 6.3).
Storrs and Lonsdale (1995) suggest that in designing a weed strategy consideration should be
given to:
•

Prevention: Attempting to prevent weed incursions wherever possible

•

Surveillance and early intervention: identify major sites for potential invasion and
routinely monitor such high risk areas for new incursions

•

Identifying plant community types prone to invasion

•

Decreasing area’s susceptibility to invasion

•

Managing existing weeds.

These issues are discussed in relation to para grass in the following section.

6.5.2: Informing a management and research response to the
threat posed by para grass and other invasive plants
The Revised Integrated Catchment Management plan (Department of Lands Planning and
Environment 2001) identified the following conservation objectives which are particularly
relevant to this study:
•

Ensure that no species of animal or plant is lost from the catchment

•

Sustain large populations of the dominant flora and fauna.

Invasive plants are identified as a threat to the achievement of both these objectives. The
findings of this study confirm that in the absence of a management response to the threat
posed by para grass these objectives are unlikely to be achieved. The following
recommendations are made to assist the development of an adaptive management response to
para grass. In designing an adaptive resource management plan for para grass which will
prevent the above objectives being compromised the following recommendations are
presented for consideration.
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6.5.2.1: Clarifying biodiversity conservation management priorities in the
catchment management plan
The above biodiversity conservation goals, while laudable, are so broad that measuring
progress is extremely difficult except (a) in the longer-term or (b) with a very intensive
monitoring program. What is required is the identification of more discrete and measurable
objectives/management actions, toward which the finite natural resource management
resources can be directed and success or failure monitored. One way in which management
actions can be identified and prioritised is through the identification of processes that threaten
the stated objectives. The assessment of susceptibility to invasion by para grass in this study
permits the identification of high priority wetland habitats and in some instances species.
Priority habitats requiring weed control are all located in the lower coastal plain and include
patches of the following vegetation communities identified by Lynch (Lynch 1996): Oryza
spp. grassland; Fringing floodplain dominated by Pseudoraphis spinescens; Mixed herbland /
grassland; Hymenachne acutigluma/Leersia hexandra grassland; Open Melaleuca woodland;
and Eleocharis dulcis sedgeland. Based on both habitat suitability and spread modelling
results, the susceptibility of Oryza spp. grassland to para grass invasion is much greater than
any other wetland habitat. The location of these priority habitats is shown in Figure 4.7. If
we accept that the above two objectives represent longer-term, landscape scale objectives,
then the shorter-term, measurable targets may include the protection of these high priority
habitats.

6.5.2.2: Mitigating the risk to priority wetland habitats
Having identified some priority habitats, the weed management objective is then to prevent or
mitigate the effects of the invasive species. The presence of small satellite populations distant
from the main para grass population in the north-west of the wetlands, play an important role
in determining the susceptibility of the above habitats to invasion. The small size of these
populations and the fact that they are not used for grazing means they should be given priority
in any management plan for control of para grass (Figures 2.17 & 4.9). Methods for control
are discussed by Douglas et al. (2001). If resources permit, a weed control program focusing
on preventing spread from the edge of the main population may be another means of reducing
the risk posed by para grass (Figure 4.7). The feasibility of control section of the Northern
Territory weed risk assessment system (Department of Natural Resources Environment and
the Arts et al. 2006) will assist with this assessment.
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6.5.2.3: Monitoring the distribution and impact of para grass
The susceptibility of wetland habitats to para grass invasion is determined primarily by the
current distribution of para grass, as spread is mainly vegetative. However, as the current
distribution shows and the spread modelling highlighted, occasional long-distance dispersal
does occur and can increase the risk of invasion.
A well designed monitoring program is required if (a) modelled estimates of susceptibility to
invasion are to be reliable and (b) the models predictions tested and refined over time. Based
on the findings of this study, such a monitoring program should be stratified with greater
monitoring effort in the lower coastal plains and in areas identified as susceptible to invasion
(see priority habitats above). A monitoring program would also feedback on the success or
failure of any management actions, facilitating refinement of management objectives over
time as part of an adaptive resource management approach.

6.5.2.4: Contributing to weed risk assessment for declared and potential weeds
There has been no comprehensive weed survey of the Mary River catchment. In the adjacent
Kakadu National Park 5.8% of the vascular flora (89 species) are invasive alien plants (Cowie
and Werner 1993).

Armstrong et al. (2002) estimate that at least 67 species have been

introduced to the Mary River catchment; this represents 6.3 % of the known vascular flora.
Twenty one noxious weeds have been recorded from the catchment and 19 invasive pasture
species.
The weed risk assessment technique developed in this study together with a more
comprehensive assessment of risk using the Northern Territory weed risk assessment system
will facilitate the development of a coordinated control plan for these weeds and invasive
species. Coordinated control should necessarily involve undertaking weed risk assessments
for plants identified as possible threats to the Mary River wetlands.

6.5.2.5: Further research
There is a need for more research to further our undertsnading and management of para grass.
Some of these needs are detailed below:
•

The largely correlative methods (habitat suitability modelling) underpinning this
study were used because of the urgent need to inform management decisions in the
absence of a detailed understanding of the ecology of para grass and ecosystem
processes within the wetlands. The examination of the possible determinants of para
grass distribution and the risk posed to different habitats represent hypotheses about
the autecology of para grass, its habitat requirements and its future invasion potential.
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These hypotheses should be tested by manipulative experiments capable of
demonstrating cause and effect.
•

The habitat suitability modelling undertaken in this study utilised the best available
data. As new data become available the habitat suitability modelling could be
refined. Similarly, as the distribution of para grass changes over time, the predictions
from the habitat suitability and spread modelling will need to be reviewed.

•

The spread model could be refined by the inclusion of a time step and costs of
control. However, further research is required to collect the information required to
parameterise such for the Mary River wetlands an improved model.

•

Further studies of the impact of para grass on the structure and function (e.g. water
balance, nutrient availability, fire regime), of communities/ecosytems are required.

•

The available evidence of the habitat requirements of wetland fauna suggests that the
displacement of native vegetation by para grass equates to habitat loss for most
species. There is little evidence to suggest native fauna can utilise para grass as a
resource. A study is currently being completed in the Mary River wetlands that
examines the effects of para grass on vertebrate fauna (Beggs et al. 2003) and some
of the results from this study have been discussed in Chapter 5. New findings from
this study need to be incorporated into assessments of the threat posed by para grass
as they become available.
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Conclusions
This study was prompted by the need to respond to the perceived threat posed by para grass in
the absence of a detailed understanding of its ecology and its impacts. The approach
employed was to assess the risk that para grass posed to the stated biodiversity conservation
goals for the Mary River wetlands. The risk of invasion was assessed using habitat suitability
and modelling of future spread.
This approach was a response to the not uncommon situation that despite our imperfect
understanding of para grass and its impacts on wetland ecosystems. Best practice weed
management requires that decisions regarding a management response be made as early as
possible rather than delayed pending basic research. The approaches used in this study were
a response to this need, while recognising our understanding of para grass ecology is
imperfect. It is acknowledged that controlling invasive species without understanding the
causes and dynamics of plant invasions is likely to be an interim solution only. Basic
research is critical to good management and needs to occur in parallel, and in some instances
guided by studies like the current one focusing on assessing risk and developing decision
support tools.
Assessing the risk posed by para grass improved our knowledge of its habitat preferences, and
allowed the potential impacts on wetland flora and fauna and possible invasion pathways to
be explored. The information derived can be used to inform research, management and
legislative responses to para grass and other invasive plants.
The findings of this study suggest that para grass represents a clear threat to biodiversity
conservation in the Mary River wetlands. This study has demonstrated the ability of para
grass consistently to displace native flora over large areas of the wetlands resulting in a
reduction in species diversity and the homogenisation of the habitat. The available evidence
suggests that these changes in the structure of wetland habitats will have a negative impact on
wetland fauna. In the absence of a management response - the status quo – the biodiversity
conservation goals of the natural resource management plan for the Mary River catchment
(Department of Lands Planning and Environment 2001) will be compromised.
The approach I used in this study and the decision support tools developed are well suited to
an adaptive management response to invasive plants. Recommendations based on the
findings from this study have been made which clarify the biodiversity conservation goals, in
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relation to habitat conservation in the study area, and through a risk assessment process
prioritised the habitats and associated fauna which require protection.
The simulation modelling contributed to this prioritisation process and additionally provides
information regarding the relative merits of alternative management strategies.
It is important to note that models such as those developed in this study to assess the current
and potential future risk posed by para grass (the habitat suitability and spread models) are
recognised as decision support systems not decision making systems (sensu Hunter et al.
2003). It was not feasible in this study to assess all factors which may influence invasion
patterns and impact and further investigations will be needed to refine the decision making
process and the identfication of optimal management responses. Decision making in relation
to para grass and other invasive plants will need to consider more than it was feasible to
assess in this study e.g. the economics of alternative management responses. Decision
making frameworks such as the weed risk assessment system being developed for the
Northern Territory provide some of the necessary guidance for such assessments to be made.
The approach used for data collection and spread modelling, while developed for a single
species, is generic and could readily be adapted to other invasive species that alter landscape
structure.
Spatial technologies (GIS and remote sensing) have a valuable role to play in contributing to
improved understanding and management of natural resources. They permit the collation and
analysis of a wide variety of data in a spatially explicit manner over a range of spatial scales.
A key feature of such technology is the ability to facilitate ecological studies at the landscape
scale, the scale at which effective and sustainable natural resource management needs to
occur. Forman (1995, p.xviii) suggests that:
“…landscapes and regions are exactly the right scales for sustainability. Local
ecosystems are commonly transformed in days or years, whereas land mosaic
transformations usually occur incrementally over generations. Humans avoid
long-term planning and decisions, whereas sustained human-land interactions
require them. Large area is a surrogate for long term.”
Lonsdale (1994) identified introduced pasture grasses as perhaps the most insidious and
uncontrolled threat to the native communities of northern Australia. The findings of this
study suggests his assessment was correct, and forms part of a growing body of evidence
demonstrating the negative impact of invasive pasture grasses on native ecosystems.
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Furthermore, despite the time that has elapsed and the mounting incriminating evidence, these
environmental weeds continue to be under-represented in regional and national lists of
significant weeds and as a result are subject to little in any control in northern Australia. This
suggests that formal recognition of the problems invasive grasses pose and the economic and
environmental costs of delaying management responses have yet to occur for many species.
The ongoing development of a formal weed risk management system in the Northern
Territory will address this obvious need if it completed and supported by appropriate
legislation. Studies such as this one which improve our understanding of the invasion
processes and their impacts will assist such endeavours.
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Appendices
Appendix 2.1: Vegetation communities (Lynch 1996) and inundation categories.
Inundation

Vegetation community and dominant species
32: Upland floodplain woodland. Melaleuca viridiflora, M. leucadendra, Eucalyptus papuana, E. polycarpa, Ficus virens, Pandanus, spiralis, Acacia
auriculiformis, A. holosericea, with lower strata of Pseudoraphis spinescens.

category
0

33: Upland woodland/grassland. M.virdiiflora, F. virens, Acacia spp., P. spinescens, and exotics eg. Malachra fasciata.

0

37: Alluvial floodout open woodland. E. polycarpa, E. papuana, A. auriculiformis, Vitex glabrata and mixed shrub layer.

0

6: Upper coastal plain. Mixed herbs including Merremia gemella, Melochia corcorifolia, Malachra fasciata and variety of grasses and sedges – including
P. spinescens, Oryza rufipogon, Panicum and Fimbristylis spp.
18: Levees on palaeoestuarine plain. P. spinescens with Eriochloa procera and scattered herbs.
19: Chenier / beach ridges. Bare ground through to grassland. P. spinescens, Echinocloa eliptica and M. viridiflora. Weedy shrubland may occur eg.
Sida spp., Malachra fasciata and Senna obtusifolia.
34: Alluvial areas draining from upland. Woodland including Nauclea orientalis, Timonious timon, Livistona benthamii, F. virens and understorey of
Pseudoraphis spinescens, Phyla nodiflora et al and Pandanus spiralis and other monsoon vine forest species.
36: Upper alluvial floodplain grassland/sedgeland. Eriachne burkitti, Eragrostis cumingii, P. spinescens, Paspalum scrobiculatum, plus mixture herbs
and sedges.
38: Swamps with cracking clays. Variable sedgeland with sparse vegetation. Sedges include Cyperus spp. and Eleocharis spp. and Fimbristylis spp.

1

1

1

1

1

1

Inundation

Vegetation community and dominant species
39: Washouts on open plains; open areas with sparse vegetation. P. spinescens, P. scrobiculatum. Includes some open woodland of M. nervosa, M.
viridiflora, Barringtonia acutangula, Cathormion umbellatum.
40: Narrow levees major creeks and rivers with woodland or predominantly riparian species. E. pauana, M. argentea, M. leucadendra, Bambusa
arnhemica, and Nauclea orientalis.
41: Perennial grassland on alluvial plains with clays and grey earths. E. burkitti, Eragrostis sp., Panicum sp. and Schizachyrium fragile, with patches of
open woodland.
42: M. leucadendra and other Melaleuca spp., B. acutangula open woodland and P. spinescens grassland.
44: Low woodland with clumps of M. viridiflora, M. nervosa and Astromyrtus symphocarpa with grassland understorey of E. burkitti, Themeda triandra
and Panicum sp.
46: Woodland /open woodland. E. miniata, E. tetrodonta, E. clavigera and Erythrophleum chlorostachys. Understorey of Terminalia ferdinandiana and
Gardenia megasperma.
47: E. miniata, E. tetrodonta woodland with E. papuana, and E. chlorostachys and E. foelscheana. Understorey is mixed grasses – S, fragile, Eriachne
spp., Panicum mindanaense and Heteropogon spp..
7: Upper coastal plain 2: Longer inundation, medium to low salinity. Sedgeland dominated by Cyperus scariosus.
14: Mixed grassland / herbland. O. rufipogon, Eleocharis spp., Phyla nodiflora, P. spinescens, E. elliptica, Echinochloa colona, Sesbania spp.and
Mimosa pigra.

category
1

1

1

1

1

1

1

2

2

16: Floodplain fringe. P. spinescens, Alternanthera nodiflora.

2

17: Sedgeland / grassland/ herbland. Ischaemum sp., P. nodiflora, M. corchorifolia, Panicum camb, Ludwigia perrensis.

2

20: M. pigra intermixed with sedgeland / grassland. Hymenachne acutigluma, P. spinescens, Cyperus scariosus, Passiflora foetida and M. cajuputi.

2

Inundation

Vegetation community and dominant species
21: Mimosa pigra shrubland.
22: Occasional woodland opening out to grass / shrub understorey. M. cajuputi , M. viridiflora, Eriochloa procera, P. scrobiculatum, P. nodiflora, M.
fasciata, Sesbania spp. and occasionally M. pigra.
28: M. leucadendra, M. viridiflora forest with mixed grassland. Grassland dominated by P. spinescens. Some areas have M. pigra.
5: Saltwater intrusion areas. Dead / fallen timber interspersed with samphire. Sporobolus virginicus, Haloscarcia spp., Paspalidium distans , Tectornia
australasica, M. fasciata & M. pigra.

category
2

2

2

3

10: Grassland / sedgeland. O. rufipogon grassland with dominating patches of Eleocharis dulcis. M. pigra in some areas.

3

11: Grassland /sedgeland. Mixed O. rufipogon grassland and Eleocharis sphacelata sedgeland. M. pigra may occur this unit.

3

13: Fringes deep swamps. P. spinescens mixed grassland / herbland with Marsilea mutica, Persicaria attentuatum, Hygrochloa aquatica

3

15: Previously salt water intruded areas, now regenerating

3

23: Melaleuca regeneration.

3

30: Woodland fringing freshwater billabongs and channels. M. leucadendra, Pandanus spiralis, B. acutangula, Cathormium umbellatum

3

35: Previously salt water intruded areas, now regenerating

3

8: H. acutigluma, Leersia hexandra grassland with patches deep water species e.g. E. sphacelata.

4

Inundation

Vegetation community and dominant species

category

27: M. cajuputi, M. viridiflora woodland with O. rufipogon and Eleocharis spp. mixed grassland / sedgeland. Also includes M. pigra.

4

9: Backswamps / Sedgeland. (Eleocharis dulcis / E. sphacelata and Eleocharis spp. Mimosa some areas.

5

24: M. cajuputi closed/open forest with mixed grass understorey - H. acutigluma, L. hexandra, O. rufipogon.

5

25: M. cajuputi open forest / woodland with mixed grassland understorey - O. rufipogon, H. acutigluma, L. hexandra.

5

26: M. cajuputi open woodland with M. leucadendra. Lower strata consists of E. dulcis sedgeland and O. rufipogon, P. spinescens grassland.

5

29: Lower coastal plain M. cajuputi closed/open forest with mixed grass understorey.

5

31: Backwater swamps. M. leucadendra, forest with mixed grassland/sedgeland.

5

12: Billabongs / deep drainage channels. Ludwigia adscendens, Ceratophyllum demersum, Chara sp., E. sphacelata, Najas tenuifolia

6

45: Open water

6

1: Mudflats

7

2: Littoral fringe. Sonneratia alba, Avicennia marina, Rhizophora stylosa, Ceriops tagal.

7

3: Inland saline mudflats. Avicennia marina, Diplachne parviflora, E. spiralis, C. scariosus.

7

4: Bare areas / samphire plains. Sporobolus virginicus, Xerochloa imberbis, Scheonoplectus litoralis, Haloscarcia spp., Paspalidium distans,
Sarcocornia sp., Tectornia australasica.

7

Appendix 5.1: Species list of wetland sample plots.
Number of

% total

Taxa

Family

ocurrences

Median cover

count

Ludwigia adcendens

ONAGRACEAE

132

3

9

Hymenachne acutigluma

POACEAE

114

5

7

Oryza spp.

POACEAE

101

7

7

Urochloa mutica

POACEAE

99

7

6

Leersia hexandra

POACEAE

97

5

6

Melochia spp.

STERCULIACEAE

65

3

4

Ipomoea aquatica

CONVOLVULACEAE

64

2

4

Melaleuca cajuputi

MYRTACEAE

60

4

4

Eleocharis sphacelata

CYPERACEAE

59

3

4

Monochoria vaginalis

PONTEDERIACEAE

52

4

3

Aldrovanda vesiculosa

DROSERACEAE

48

3

3

Persicaria attenuata

POLYGONACEAE

45

2

3

Sesbania canabina

FABACEAE

40

3

3

Eleocharis dulcis

CYPERACEAE

37

4

2

Nymphaea violacea

NYMPHAEACEAE

33

3

2

Pseudoraphis spinescens

POACEAE

31

4

2

Echinochloa elliptica

POACEAE

31

3

2

Nymphaea spp.

NYMPHAEACEAE

31

2

2

Spirodela polyrhiza

LEMNACEAE

27

2

2

Marsilea spp.

MARSILEACEAE

21

2

1

Eleocharis spiralis

CYPERACEAE

19

4

1

Utricularia gibba

LENTIBULARIACEAE

18

3

1

Azolla pinnata

AZOLLACEAE

17

3

1

Nelumbo nucifera

NELUMBONACEAE

16

4

1

Cyperus scariosus

CYPERACEAE

15

5

1

Paspalum scrobiculatum

POACEAE

14

3

1

Mimosa pigra

MIMOSACEAE

14

3

1

Cyperus platystylis

CYPERACEAE

13

3

1

Phyla nodiflora

VERBENACEAE

12

3

1

Utricularia aurea

LENTIBULARIACEAE

12

3

1

Ceratopteris thalictroides

PARKERIACEAE

12

3

1

Merremia gemella

CONVOLVULACEAE

11

2

1

Leptochloa fucsa

POACEAE

10

4

1

Pistia stratiotes

ARACEAE

10

2

1

Malachra fasciata

MALVACEAE

9

3

1

Najas spp.

NAJADACEAE

9

2

1

Lemna aequinoctialis

LEMNACEAE

8

2.5

1

Cyperus digitatus

CYPERACEAE

8

2

1

Appendix 5.1: Species list of wetland sample plots.
% total
Taxa

Family

No.ocurrences

Median cover

count

Barringtonia acutangula

LECYTHIDACEAE

7

4

<1%

Panicum luzonense

POACEAE

7

3

<1%

Melaleuca viridiflora

MYRTACEAE

7

3

<1%

Typha domigensis

TYPHACEAE

6

6.5

<1%

Ceratophyllum demersum

CERATOPHYLLACEAE

6

3

<1%

Cyperus spp.

CYPERACEAE

5

2

<1%

Sporobolus virginicus

POACEAE

4

5

<1%

Eleocharis sundaica

CYPERACEAE

4

4

<1%

Eleocharis Beatrice Hill entity

CYPERACEAE

4

3

<1%

Commelina agrostophylla

COMMELINACEAE

4

3

<1%

Eleocharis spp.

CYPERACEAE

4

2.5

<1%

Maidenia rubra

HYDROCHARITACEAE

3

5

<1%

Nitella

CHARACEAE

3

4

<1%

Acacia auriculiformis

MIMOSACEAE

3

4

<1%

Canavalia rosea

FABACEAE

3

4

<1%

Hymenachne amplexicaulis

POACEAE

3

3

<1%

Cyperus difformis

CYPERACEAE

3

2

<1%

Cyanotis axillaris

COMMELINACEAE

3

2

<1%

Nymphaea pubescens

NYMPHAEACEAE

3

1

<1%

Imperata clylindrica

POACEAE

2

7

<1%

Avicennia marina

VERBENACEAE

2

3

<1%

Hygrochloa aquatica

POACEAE

2

2.5

<1%

Malachra capitata

MALVACEAE

2

2.5

<1%

Paspalidium udum

POACEAE

2

2

<1%

Sebania sesban

FABACEAE

2

2

<1%

Senna obtusifolia

CAESALPINIACEAE

2

2

<1%

Aeschynomene indica

FABACEAE

2

2

<1%

Panicum decomposita

POACEAE

1

4

<1%

Dead Melaleuca (salt water intrusion)

MYRTACEAE

1

4

<1%

Nymphaea macrosperma

NYMPHAEACEAE

1

4

<1%

Pandanus aquaticus

PANDANACEAE

1

4

<1%

Phyllanthus reticulatus

EUPHORBIACEAE

1

3

<1%

Passiflora foetida

PASSIFLORACEAE

1

3

<1%

Cynanchum carnosum

ASCLEPIADACEAE

1

2

<1%

Cayratia maritima

VITACEAE

1

2

<1%

Limnophila sp.

SCROPHULARIACEAE

1

2

<1%

Caldesia oligococca

ALISMATACEAE

1

2

<1%

Hydrilla verticillata

HYDROCHARITACEAE

1

1

<1%

Appendix 5.2: Frequency of observation in sample plots by
family.
Family
POACEAE
CYPERACEAE
ONAGRACEAE
CONVOLVULACEAE
MYRTACEAE
NYMPHAEACEAE
STERCULIACEAE
PONTEDERIACEAE
DROSERACEAE
FABACEAE
POLYGONACEAE
LEMNACEAE
LENTIBULARIACEAE
MARSILEACEAE
AZOLLACEAE
MIMOSACEAE
NELUMBONACEAE
VERBENACEAE
PARKERIACEAE
MALVACEAE
ARACEAE
NAJADACEAE
COMMELINACEAE
LECYTHIDACEAE
CERATOPHYLLACEAE
TYPHACEAE
HYDROCHARITACEAE
CHARACEAE
CAESALPINIACEAE
ALISMATACEAE
ASCLEPIADACEAE
EUPHORBIACEAE
PANDANACEAE
PASSIFLORACEAE
SCROPHULARIACEAE
VITACEAE

Count

% Count

518
171
132
75
68
68
65
52
48
47
45
35
30
21
17
17
16
14
12
11
10
9
7
7
6
6
4
3
2
1
1
1
1
1
1
1

34
11
9
5
4
4
4
3
3
3
3
2
2
1
1
1
1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1

