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ABSTRACT 

Tropical savannas are a globally important ecosystem, supporting a high level of biodiversity 

and endemism, as well as a range of ecosystem services and land uses. Invasive grasses pose 

a major threat to savannas, with disturbed areas such as mine sites particularly vulnerable to 

invasion. Andropogon gayanus is a highly invasive grass which is threatening threatening to 

invade vast areas of the northern Australian savanna. Andropogon gayanus spreads easily and 

creates monospecific stands of tall invasive grass. The high fuel loads of A. gayanus increase 

fire frequency and intensity and have substantial impacts on native plant communities and 

savanna ecosystems. As a result, A. gayanus poses land management challenges to mine site 

restoration. At Rum Jungle mine in the Northern Territory, A. gayanus has reached extreme 

levels of plant density, comprising nearly 50% of all weed infestations. Seed spread is the 

major vector for colonisation and perpetuation of A. gayanus population, yet current 

management strategies do not focus on the A. gayanus soil seedbank.  

This project aimed to identify management treatments that effectively control the soil 

seedbank of A. gayanus, while allowing the establishment of woody plants for revegetation 

purposes. Chemical, physical and biological treatments were applied in the field in the late 

dry season 2016 and emergence and survival of A. gayanus seedlings monitored over a two-

month period in early 2017. Residual herbicides were most effective in reducing seedling 

emergence with average emergence of 1.1 ± 0.4 seedlings m-2 compared to 2.7 ± 1.4 seedlings 

m-2 in the untreated control. The treatments did not affect growth and survival of woody plant 

seedlings.  

The results of this study have a range of management implications. Andropogon gayanus 

recruitment takes place during the wet season, when access to remote locations such as mine 

sites may be limited. The ability to apply soil seedbank treatments in the late dry season that 

will effectively prevent A. gayanus emergence during the wet season provides a powerful 

management tool for land managers. This may be used as part of an integrated weed 

management approach, targeting the A. gayanus soil seedbank alongside above ground 

mature A. gayanus plants.  

Management treatments covering a range of costs were trialled. The most effective 

treatment (sulfometuron) had a purchase price similar to glyphosate, which is the currently 
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preferred treatment for A. gayanus. Subject to future research, the herbicides found to 

significantly reduce seedling emergence in A. gayanus may also help manage the risk of 

glyphosate resistance in A. gayanus. Several weed species have developed resistance to 

glyphosate under single-herbicide management regimes; we have identified a choice of 

herbicides potentially suitable for managing the risk.  
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CHAPTER 1. INTRODUCTION 

1.1. Tropical savannas and the threat of grassy weeds 

Savannas are globally important, representing approximately 35% of all terrestrial ecosystems 

and accounting for approximately 30% of global net primary production. They support a high 

degree of biodiversity and endemism and provide ecosystem services ranging from bush food 

to carbon sequestration (Grace et al. 2006; House et al. 2003; Hutley & Setterfield 2008). 

Savannas are characterised by a continuous herbaceous layer, generally dominated by C4 

grasses, with structural woody elements of up to 80% cover. Vegetation structure can range 

from open woodlands to open grasslands (Hutley & Setterfield 2008; Mistry 2000). In the 

Australian savanna this tree-grass balance is maintained by a number of environmental factors 

including the interrelated plant available moisture and fire regime (Lehmann et al. 2014). 

Tropical savannas are the dominant ecosystem in Northern Australia, supporting a range of 

land uses including mining (Hutley et al. 2011). 

Weed invasions are a key factor threatening the savanna ecosystem, as their presence can 

severely alter local fire regimes (Laurance et al. 2011). Weed invasions are likely to upset the 

tree-grass balance (Hutley Setterfield 2008), alter fire regimes (Midgley et al. 2010) and affect 

nitrogen cycling (Rossiter-Rachor et al. 2009; Setterfield et al. 2010). Vast weed invasions 

observed and the strong impacts described make savannas one of the most vulnerable 

ecosystems in Australia (Laurance et al. 2011). Worldwide, tropical savannas are threatened 

by a range of invasive grasses (Brooks et al. 2004; Pivello, Shida & Meirelles 1999). Grasses as 

a plant group are particularly invasive (D'Antonio & Vitousek 1992). Grasses are often actively 

introduced, and for that reason likely to be vigorous and highly competitive compared to many 

native species (D'Antonio & Vitousek 1992). Many invasive grasses have been shown to alter 

nutrient cycling and other ecosystem processes and change fire regimes and behaviour 

(Brooks et al. 2004), further enhancing their competitive advantage (D'Antonio & Vitousek 

1992).  

Disturbed savanna areas are particularly vulnerable to grassy weed invasion (Hobbs & 

Huenneke 1992; Setterfield et al. 2005). For many sites in the Northern Territory disturbance 

is caused by open cut mining and savanna ecosystems are particularly prone to weed 
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infestation during rehabilitation (Bell 1996 as cited in Grant 2009). As mining in Australia 

increased over time, so did the scope of requirements for environmental management, 

closure and restoration (Mulligan 1996). Today mine site restoration requires a self-sustaining 

and weed-free ecosystem that ideally closely resembles pre-mining conditions in community 

structure and composition with the aim to restore environmental regimes disturbed by the 

mining process to standards acceptable to all stake holders (NT Mining Management Act; 

ANZMEC and MCA 2000; DITR 2006a, 2006b). 

1.2. Andropogon gayanus in Australia: history and impacts 

Commonly known as gamba grass, Andropogon gayanus Kunth is an introduced grass species 

native to the West African savanna (Parbery 1964). Contrary to common belief, the A. gayanus 

present in Australia does not stem from a single cultivar released in 1946 (Oram 1986) but is 

in fact a mixture of at least 85 known introductions between 1931 and 1992 accessed from 17 

different countries on 4 different continents (Garry Cook pers. comm., 31 May 2017). The 

resulting high degree of genetic diversity and adaptability (Kean & Price 2002) is reflected in 

field observations noting strong local phenotypic variations (Natalie Rossiter-Rachor pers. 

comm., 26 March 2017).  

When first introduced, A. gayanus was promoted for its pasture qualities including ease of 

establishment, fast growth and high productivity, resilience and long growing season (Oram 

1986); physiological advantages that would ultimately enable the introduced grass to quickly 

become weedy and invasive (Cowie et al. 1988). Records of A. gayanus being noted as a weed 

first appeared in 1954 (Cowie et al. 1988). However, it was not until the 1980s that the weedy 

potential of introduced species was first raised as a major concern (Cook & Dias 2006). By that 

time, A. gayanus was already found to be a common weed along road verges and established 

in some abandoned pastoral areas in the Alligator Rivers Region (Cowie et al. 1988). Since then 

A. gayanus has spread far beyond agricultural lands in the Northern Territory, Queensland and 

northern Western Australia (Adams & Setterfield 2013). In the Northern Territory, A. gayanus 

is now widely distributed in Darwin and Palmerston, the Litchfield and Coomalie Shires, as well 

as the Adelaide River, Mary River, Douglas River, Lower Daly River and western Arnhem Land 

regions (Weed Management Branch 2014). In 2008, A. gayanus was estimated to have 

invaded 15,000 km2 in the Northern Territory alone (Rossiter-Rachor et al. 2008), with the 
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potential to invade up to 380,000 km2 at a rate of 1 m to 333 myr-1 (Barrow 1995; Rossiter-

Rachor et al. 2008) (Figure 1.1).  

Today Andropogon gayanus is listed as one of the most significant weeds threatening 

biodiversity in the Australian savanna (Grice 2006). It is classified as Weed of National 

Significance (WoNS) since 2012 and recognised as a key threatening process under the 

Environment Protection and Biodiversity Conservation Act (EPBC 1999). In the Northern 

Territory Andropogon gayanus is recognised as one of the most environmentally significant 

weeds in the Northern Territory (Kean & Price 2002) and classified as pest species, along with 

Queensland and Western Australia (Biosecurity Queensland 2016).  
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Figure 1.1. Top: Current A. gayanus distribution as of 2013; Bottom: Predicted potential A. 

gayanus range categorised as unsuitable, marginal and highly suitable habitat (Adams & 

Setterfield 2013). 
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The same traits that had distinguished A. gayanus as a pasture species enabled it to become 

a highly competitive invader. The fast and prolonged growth and increased resource use 

efficiency that make it a popular pasture species, provide physiological advantages over native 

grasses and have proven advantageous for invading native savanna systems (Ens et al. 2015; 

Rossiter-Rachor et al. 2009). Andropogon gayanus is a fast-growing perennial grass growing 

up to 4 m tall and reaching a tussock diameter of up to 70 cm (Oram 1986). It has high 

photosynthetic rates in both sun and shade conditions; this allows A. gayanus not only to 

outcompete native grasses for sunlight in sunny conditions but also to establish in shaded 

conditions (Rossiter-Rachor et al. 2008). The resilience and fast growth of A. gayanus is 

supported by an extensive and highly adapted root system that allows it to thrive in most soil 

types (Baruch & Mérida 1995; Rossiter-Rachor et al. 2008; Setterfield et al. 2005). It has 

increased drought tolerance (Baruch 1994; Oram 1986) and a characteristically fast response 

to early wet season rains (Rossiter-Rachor et al. 2008) and after fire events (Bowden 1964). 

Andropogon gayanus is highly adapted to high-frequency fire regimes (Setterfield et al. 2013) 

and if not used as part of an integrated weed control program, fire can promote invasion by 

disturbing surface cover and reducing competition (Setterfield et al. 2005). Although more 

abundant in disturbed woodland and riparian corridors, A. gayanus will invade undisturbed 

savanna woodland (Department of Environment and Energy 2013), as it can establish and 

survive regardless of canopy cover or ground disturbance (Setterfield et al. 2005). Once 

established, A. gayanus will alter the fire regime, nutrient cycle (Rossiter-Rachor et al. 2008) 

and hydrology, further increasing its competitive advantage (Firn & Buckley 2010). 

Once established, A. gayanus has a range of impacts on the ecosystems it invades. It can alter 

the structure and composition of both, the understory and canopy (Rossiter-Rachor et al. 

2009; Setterfield et al. 2010). Well-equipped to outcompete native grasses for nutrients, light 

and water (Rossiter-Rachor et al. 2008), A. gayanus also disrupts soil nitrogen cycling, 

effectively starving native grasses of their preferred source of nitrogen (Rossiter-Rachor et al. 

2009; Rossiter et al. 2002). With increased biomass, A. gayanus itself burns at 3 – 8 times the 

fire intensity of native grasses (Rossiter et al. 2002); late curing further increases overall fire 

intensity, as more dry, combustible plant material is available in the late dry season 

(Setterfield et al. 2005). Furthermore, tall tussocks increase scorch height with flames reaching 

10-15 m in height as compared to a flame height of 1-4 m during native grass fires (Setterfield 
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et al. 2010). Hotter, taller fires are more likely to kill seedlings and cause more extensive 

damage to mature trees, thus reducing canopy cover and impeding recruitment. Repeated 

fires ultimately lead to vegetation die back, including fire adapted species such as northern 

Australian eucalypts (Setterfield et al. 2010). Andropogon gayanus itself recovers rapidly after 

a fire, thus forming a self-enforcing positive feedback loop and creating a monospecific 

population (Brooks et al. 2010; Foxcroft et al. 2010). This increased fire risk originating from 

A. gayanus infestations threatens not only natural habitat (Parr et al. 2010), but also human 

land use (Setterfield et al. 2013).  

The seed biology of A. gayanus is one reason for its success. Seeds are produced in large 

quantities potentially at multiple times within the same year; they are easily spread and 

persist in the soil seedbank. Andropogon gayanus typically flowers in April with seeds reaching 

maturity by late May (Oram 1986). Treatments are often applied prior to seed set to avoid the 

spread of propagules (Weed Management Branch 2014). However, early wet season storms 

can trigger further seeding in November/ December (Weed Management Branch 2014). The 

seeds are light, fluffy and easily spread (Setterfield et al. 2005); dispersal vectors include wind 

(including thermal air movement from fire), water, animals, vehicles and machinery (Weed 

Management Branch 2014). Seed production in A. gayanus ranges from approximately 2,000 

seeds m-2 (Setterfield et al. 2004) to 70,000 seeds m-2 (Flores et al. 2005) with seed viability 

ranging from 40% to 67% (Barrow 1995). Although seed viability declines rapidly within the 

first six months, 2.3 % of the seeds produced will persist in the soil seedbank until the following 

year (Setterfield et al. 2004). This significant annual carry-over of up to 1610 seeds m-2 forming 

an intermediate persistent seedbank (Thompson & Grime 1979) highlights the need for new 

strategies targeting the soil seedbank to complement current management practices for A. 

gayanus. 

Propagule pressure and persistent soil seedbanks have been shown to be a major driver for 

grass infestations (Bellairs et al. 2006; Fensham et al. 2013; Smith et al. 2000). Seed production 

in invasive weed species is typically very high (Groves & Burdon 1986) and propagules 

persisting in the soil seedbank can lead to re-infestation of disturbed areas even after long 

periods of intensive management (Burnside et al. 1986). The soil seedbank is a major source 

of propagules (Bellairs & Koch 2000) and a significant source of weed seeds in disturbed areas 

(Buhler et al. 1997). Soil seedbank contamination has long-term implications for mining 
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restoration in savanna landscapes (Smith et al. 2000). Weed seeds in rehabilitated areas have 

been shown to comprise up to 73% of the soil seedbank eight years after restoration (Smith 

et al. 2000) and 57% after 12 years (Grant & Koch 1997). At the decommissioned Narbalek 

uranium mine located in Arnhem Land, approximately 260 km from Rum Jungle, weed soil 

seedbanks have been shown to facilitate long-term persistence of major infestations, 

compromising the success of restoration efforts over ten years after revegetation with native 

species (Bayliss et al. 2006). Managing the soil seedbank to avoid establishment or re-

establishment of infestations has been identified as a major aspect of mining restoration in 

Australia (Smith et al. 2000).  

1.3. Management of Andropogon gayanus 

Currently preferred management of A. gayanus relies on slashing and/or seasonal burning to 

reduce biomass followed by repeated applications of glyphosate to kill growing and 

established plants (Weed Management Branch 2014). However, there are a number of 

limitations to the recommended management plan: it is resource intensive and requires 

access during the wet season; glyphosate is the only registered herbicide for managing A. 

gayanus in the Northern Territory; and the only focus on controlling propagules is the initial 

prevention of seed set (Weed Management Branch 2014). 

Repeated use of a single herbicide such as glyphosate over a number of years is problematic 

as this practice can cause herbicide resistance (CropLife Australia 2017; Powles et al. 1998). 

The risk of glyphosate resistance can be actively managed through diversification of the mode 

or action of the herbicides used (Beckie 2011). Managing A. gayanus infestations to prevent 

seed production is not sufficient to prevent the successful establishment of a persistent soil 

seedbank.  

1.4. Rum Jungle 

Andropogon gayanus is a common occurrence on mine sites in the Northern Territory 

savanna, where infestations increase operational costs and interfere with restoration efforts 

(Lamb et al. 2015). One such mine that is heavily affected is the former Rum Jungle uranium 

mine. Rum Jungle is a prominent mine near the town of Batchelor in the Shire of Coomalie, 

one of the most heavily infested shires in the Northern Territory (Setterfield et al. 2014).  
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Located approximately 105 km south of Darwin, Rum Jungle mine was one of the earliest 

mines to be established in the Northern Territory (Geoscience Australia 2015). Mining 

operations commenced in 1953 and mineral processing of uranium, nickel, copper and lead 

finally ceased in 1971. Initial restoration began in 1983 (Dames & Moore 1983), and although 

extensive for its day, establishing a self-sustaining native plant community had not yet been 

established as primary restoration goal at the time (Wildman Land Management 2011). The 

site then cycled through a series of management plans and funding arrangements (Pidsley 

2002). During this time, A. gayanus was first listed as a weed in the 1993 – 1998 Rum Jungle 

Rehabilitation Project Monitoring Report (Pidsley 2002). In 2009 management was transferred 

to local government with the establishment of a National Partnership Agreement (NPA) on the 

management of the former Rum Jungle Mine Site between the Territory and Commonwealth 

governments and the site is now under management of the NT Department of Primary 

Industries and Resources (former Department of Mines and Energy) (Wildman Land 

Management 2011). 

Andropogon gayanus is the most prominent weed at Rum Jungle making up nearly 50% of all 

weed infestations and has been identified as high priority target in the current 5-year Weed 

Management Plan (Wildman Land Management 2011). The Weed Management Plan forms 

part of the general Management Plan developed under a National Partnership Agreement 

(NPA) between the Commonwealth and NT governments (Council of Australian Governments 

2009). In the Northern Territory, a weed management plan is required by the NT Weeds 

Management Strategy (1996-2005) and NT Weeds Management Act (2001), establishing 

responsibility of the land holder for weed management as an integral aspect of land 

management and enforcing the preparation of and compliance with a weed management plan 

respectively. Rum Jungle is located in the NT B/C management zone (Weed Management 

Branch 2014), A. gayanus needs to be controlled and ideally eradicated for Rum Jungle 

restoration to meet legislative requirements as well as current management objectives 

(Wildman Land Management 2011).  

Current management strategies for A. gayanus as recommended by the Weed Management 

Plan include hand grubbing, slashing, cultivation or application of glyphosate, as well as 

burning prior to seeding. However, it is evident that these measures have failed to eradicate 

A. gayanus at Rum Jungle. A need for an understanding of colonisation and dispersal 
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mechanisms and strategies to disrupt these mechanisms are emphasised as key elements of 

the current Rum Jungle Weed Management Plan (Wildman Land Management 2011). Soil 

seedbanks are a major driver for weed infestations on mine sites (Bellairs et al. 2006) and 

focus should be placed on its control to address this key management aim. 

This study compared treatments from a range of chemical, physical and biological treatment 

options and compared them to both, an untreated control and a glyphosate only treatment, 

the currently preferred management option for A. gayanus. Glyphosate was also used as base 

treatment for all other treatments. Treatment effect was then tested on survival and 

establishment of native woody plant seedlings to assess their suitability to mining restoration. 

1.5. Aims 

This study aimed to identify management options for controlling the A. gayanus soil seedbank 

that allow subsequent revegetation of the Rum Jungle mine. There were to main objectives: 

1. Weed Management 

• Identify soil chemical, physical or biological treatments that significantly reduce 

A. gayanus seedling emergence and survival. 

2. Revegetation 

• Assess the effect of the weed management treatments on survival and growth 

rate of Acacia holosericea seedlings planted two months after treatment 

application to evaluate suitability of treatments for ecosystem restoration. 
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CHAPTER 2. LITERATURE REVIEW 

Weed soil seedbanks present a challenge to mine site restoration (Bayliss et al. 2006; Grant & 

Koch 1997). Weed infestations interfere with a number of restoration objectives; they prevent 

the achievement of a particular vegetation community, compromising its sustainability and 

increase offside effects through spread onto surrounding properties (DITR 2006a, 2006b). 

Weed infestation also increase operational costs through increased weed management costs 

and in some cases increased risk of fire damage. Seed spread and soil seedbanks are a major 

cause of perpetual weed infestations on mine sites (Smith et al. 2000). Management of weed 

seedbanks on mine sites is generally limited to passive strategies, aiming to avoid 

establishment of a seedbank in the first place. Strategies include engineering of growing 

conditions unfavourable to unwanted species by increasing competition and managing soil 

nutrient levels (Bellairs et al. 2006; Gravina & Bellairs 1999), or adapting fire regimes to 

prevent seeding (Smith et al. 2000). In this chapter I review different types of soil seedbank 

treatments commonly used in agriculture and potentially suitable for mine site restoration at 

Rum Jungle. Mode of action and application rate is compared and contrasted for all 

treatments. For the chemical treatments environmental fate and toxicity, and uptake, 

translocation and plant symptoms are also reviewed. 

Controlling the soil seedbank along with above-ground vegetation is a common weed 

management strategy in agriculture and often involves a combination of treatments. There 

are three main treatment types commonly used to manage soil seedbanks; chemical 

treatments, physical treatments and biological treatments. When using chemical treatments, 

exclusive use of post-emergent herbicides such as glyphosate have been found to be 

insufficient for controlling soil seedbanks (Adam et al. 2005). To target soil seedbanks as part 

of weed management, glyphosate is often used in combination or sequence with residual or 

pre-emergent herbicides (Adam et al. 2005; Wilson et al. 2011). Physical treatments include 

slashing or burning to prevent seed production, physical soil disturbance including tilling, 

deep-ripping or scalping (Gibson-Roy et al. 2010; Recasens i Guinjuan et al. 2016; Ruisi et al. 

2015) or mulching to suppress emergence (Echezona et al. 2011; Teasdale & Mohler 2000). 

Common biological treatments include grazing (Edwards et al. 2005) and cover-cropping 

where desired plants are seeded in high densities to increase competition for resources and 

suppress weed recruitment from the soil seedbank (Creamer et al. 1996). Current 
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management for A. gayanus on mine sites does not include any of these strategies. In this 

Honours project, I investigate a number of soil seedbank treatments commonly used in 

agriculture and assess their suitability to controlling the soil seedbank of A. gayanus for the 

Rum Jungle mine site restoration project. 

2.1. Chemical treatments 

Herbicide treatments are a major weed management tool on NT mine sites. The use of 

herbicides for controlling A. gayanus and other weeds is generally restricted to the glyphosate, 

a non-residual broad-spectrum herbicide applied to actively growing foliage (Weed 

Management Plan for Andropogon gayanus (Gamba Grass) 2010). Glyphosate has been found 

to be most effective in controlling A. gayanus in the Northern Territory (Barrow 1995), 

however, due to its short half-life and mode of transport, glyphosate is inherently unsuitable 

for treating the soil seedbank (Adam et al. 2005). Studies show that residual herbicides can be 

used for weed seedling control (Piggott et al. 1987) in a restoration context with little impact 

to establishment of woody vegetation (Ashby 1997; Panetta & Groves 1990). 

Roundup® (Glyphosate) 

Glyphosate [N-(phosphonomethyl)glycine] is a highly effective and cost efficient broad 

spectrum herbicide (Duke & Powles 2008). It is non-residual (post-emergence herbicide) with 

low soil mobility and a half-life of 47days. Glyphosate has low environmental toxicity to fish, 

birds and mammals (HerbiGuide Pty Ltd 2014). Glyphosate is leaf absorbed and translocated 

through the phloem (Duke & Powles 2008). With no other members in its classification (Group 

M), glyphosate is the only herbicide to target 5-enolpyruvyl shikimate-3 phosphate (EPSP) 

synthase (Duke & Powles 2008; HerbiGuide Pty Ltd 2014). Inhibiting the shikimic acid pathway, 

glyphosate causes a deficiency in aromatic amino acids, and plant death occurs due to 

starvation of essential metabolites including vitamins and hormones (Industry Task Force on 

Glyphosate 2017). However, glyphosate does not exhibit pre-emergent activity (Franz et al., 

as cited in Fraser 2010) and is therefore unlikely to be suitable for treating the soil seedbank 

of A. gayanus. 

Sinbar® (Terbacil) 

Terbacil is a residual herbicide with limited selectivity (HerbiGuide Pty Ltd 2014). It is widely 

used for controlling a range of grasses in fruit ad berry orchards (Harkness & Byrd 1971; Ismail, 
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Smagula & Yarborough 1981; Skroch, Sheets & Monaco 1975) and other deep-rooted 

perennial crops (Chester & Harold 1992; Meeklah 1969). Damage may be caused through drift 

or to young or shallow rooted trees including natives. Use near desired vegetation is not 

recommended. Toxicity to mammals and birds is low, however, terbacil is moderately toxic to 

fish and invertebrates and toxic to algae (HerbiGuide Pty Ltd 2014). Soil mobility and 

persistence are highly dependent on climatic conditions and soil type (Milanova & Grigorov 

1996). Half-life is several months in soil and days in water (pH5, 35℃) (HerbiGuide Pty Ltd 

2014).  

Terbacil is mainly root-absorbed with some foliar uptake (HerbiGuide Pty Ltd 2014). 

Translocated to the shoot apex (Barrentine & Warren 1970) terbacil inhibits photosynthesis 

at photosystem II. Reduced photosynthesis leads to chlorosis followed by necrosis (yellowing 

of the leaves and plant death) (HerbiGuide Pty Ltd 2014). Terbacil was applied at the rate 

recommended for couch grass according to the herbicide label.  

Dalapon® (Pro-pon) 

Pro-pon (2,2-Dichloropropionic acid (DPA)) is a chlorinated aliphatic herbicide particularly 

effective on gasses and monocots (HerbiGuide Pty Ltd 2014; Lodge et al. 1994). At low rates, 

it can be used in cropping, whereas at high rates pro-pon is a total herbicide. Low rates of pro-

pon are tolerated by many native species. Pro-pon has a soil half-life in is weeks to months 

and days in water (pH5, 35℃). Pro-pon is stable in animals and plants and may carry over to 

the propagules of treated plants. Pro-pon is not teratogenic or mutagenic, has very low toxicity 

to mammals but is toxic to birds, fish and invertebrates (HerbiGuide Pty Ltd 2014). 

Pro-pon is leaf and root absorbed and translocated through both, phloem and xylem 

(HerbiGuide Pty Ltd 2014). Inhibition of fat synthesis causes cell division to cease and was 

production to be reduced. Pro-pon also affects metabolism of lipids, carbohydrates and 

nitrogen. Plant symptoms include reduced growth and distorted growth, yellowing of leaves, 

leaf and plant death. In grasses increased tillering and shortened internodes can be observed 

(HerbiGuide Pty Ltd 2014). In this trial, pro-pon was applied at the recommended rate for 

perennial grasses in non-crop areas. 
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Oust® (Sulfometuron) 

Sulfometuron is a residual herbicide mainly used in industrial settings (HerbiGuide Pty Ltd 

2014). It is relatively non-selective and used to control a variety of broad-leaved and grassy 

weeds, although Eucalypts have shown tolerance to the herbicide. Soil mobility is dependent 

on soil type and the average half live is approximately 12 months (both factors increase with 

increasing pH). In low pH conditions it is broken down by hydrolysis and microbial degradation. 

Degradation products of sulfometuron are herbicidally inactive and non-toxic. Main 

environmental hazard of sulfometuron is potentially significant damage through run-off from 

recently treated areas (HerbiGuide Pty Ltd 2014). Application of the treatment was timed to 

avoid major rain events and daily rainfall in the days immediately following were restricted to 

5 mm and below (Bureau of Meteorology 2017b).  

Part of the sulfonylurea herbicide group, sulfometuron targets the ALS enzyme, an enzyme 

that is not present in animals, and is therefore of low toxicity to invertebrates, fish, birds and 

mammals (HerbiGuide Pty Ltd 2014). Affected plants will show symptoms within weeks of 

treatment/ uptake. Inhibition of the ALS enzyme stops cell division, soon leading to cessation 

of plant growth. In grasses, secondary effects on respiration, ethylene production and 

photosynthesis cause a yellowing or reddening of leaves. Although uptake is more efficient 

though the leaves, translocation through the phloem occurs more freely for the root-absorbed 

soil solution. Seed germination is generally not affected by sulfometuron and emerged 

seedlings are expected to die within less than two weeks of emerging. Rates used in this trial 

reflect the guidelines for hard to kill perennial weeds (knapsack distribution). 

Taskforce® (Flupropanate) 

Flupropanate (sodium 2,2,3,3 tetrafluoropropanate) is part of the Alkanoic acids group 

(HerbiGuide Pty Ltd 2014). Other names include Tetrapion®, Frenock® (Grech et al. 2014). A 

selective residual herbicide acting mainly on grasses (Grech et al. 2014; HerbiGuide Pty Ltd 

2014), it is used to control unpalatable grasses in agricultural situations (Grech et al. 2014). 

Australian native tree species have been shown to be highly tolerant (Campbell & Nicol 1998). 

Toxicity to mammals, fish, birds or invertebrates has not been established. Soil mobility is low, 

however, flupropanate has a long half-life and heavy rainfall or irrigation will lead to leaching 

(HerbiGuide Pty Ltd 2014).  
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Uptake of flupropanate occurs through leaves and roots; it is then translocated to growing 

points where lipid synthesis is inhibited (Grech et al. 2014). Flupropanate is a slow acting 

herbicide and effects may take 3-12 months to become apparent (HerbiGuide Pty Ltd 2014). 

Flupropanate does not affect seed viability but will kill seedlings (Taskforce 2006). 

Flupropanate was used at the recommended rate for Kikuyu in non-crop situations. 

Eucmix ® (Sulfometuron methyl and terbacil) 

Eucmix contains (Sulfometuron methyl + terbacil formulation) as a water dispersible powder. 

It is of low toxicity to mammals, birds, bees and invertebrates but is toxic to algae (HerbiGuide 

Pty Ltd 2014). Sulfometuron has a half-life in soil of about 12 months which is increased in 

soils with high pH. Breakdown is most rapid in warm, moist, acid and light textured soils with 

a high organic level. At a soil pH of less than 7 it is broken down by hydrolysis and microbial 

degradation, whereas at a pH of more than 8 there is little hydrolysis and only microbial 

breakdown. Its main environmental hazard is transport in water over recently treated areas 

and it can flow to waterways. 

Eucmix is a non-selective pre- and early post emergent herbicide (HerbiGuide Pty Ltd 2014). 

The sulfonylurea component inhibits the ALS enzyme and affects cell division while the uracil 

component inhibits photosynthesis at photosystem II. Eucmix has little effect on germination 

and weeds may emerge and grow for a week or two before dying. 

Graslan® (Tebuthiuron) 

Graslan (tebuthiuron) is of low toxicity and low environmental hazard and not a scheduled 

poison or mutagenic or teratogenic (HerbiGuide Pty Ltd 2014).  It has a half-life in soil of 12-

15 months but generally lasts in the soil for years. It should not be used on areas that may be 

cropped in the next 5 years. Graslan may leach up to 60 cm and small amounts may run off in 

surface water. 

Graslan is a translocated, residual herbicide for the control of trees, regrowth and woody 

weeds in grass lands (HerbiGuide Pty Ltd 2014). Rainfall washes the herbicide into the root 

zone where it is absorbed by the roots and translocated into growing tissues.  High rates will 

kill some grasses especially native annual grasses. 
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Velpar® (Hexazinone) 

Velpar (hexazinone) is harmful if swallowed and will damage eyes and irritate skin (HerbiGuide 

Pty Ltd 2014). Environmental effects on mammals, birds and fish are unclear. It has a half-life 

in soil of some months and should not be used near waterways or where water may leach 

herbicide to desirable species. 

Velpar is absorbed by roots and leaves and translocated to growing tissues (HerbiGuide Pty 

Ltd 2014). It is a non-selective residual herbicide for the control of some woody weeds, sedges, 

perennial grasses and broadleaf weeds around buildings, pasture and in pine plantations. 

Diuron® (Diuron) 

Diuron (1,1-dimethyl, 3-(3’,4’-dichlorophenyl) urea) is a broad-spectrum residual herbicide 

and algaecide used in agriculture for pre-emergent and post-emergent control of broadleaved 

and grass weeds (HerbiGuide Pty Ltd 2014). Diuron remains active in the soil for a long time. 

Treated areas should not be replanted within two years.   

Diuron inhibits photosynthesis, however, effects of this product on weeds are slow to appear 

and will not become apparent until it is carried into the root zone of the weeds or weed seeds 

by moisture (HerbiGuide Pty Ltd 2014). Results vary with soil type; lower rates are effective 

on lighter soils and higher rates on heavier soils.  It is noted that established perennials such 

as bindweed, Johnson grass, nutgrass, and Russian knapweed are not satisfactorily controlled 

at rates recommended.  This may also apply to gamba grass as it shares characteristics with 

Johnson grass. 

2.2. Physical treatments 

Physical treatments chosen for this trial are physical manipulation (scarification) and physical 

cover (leaf litter) of the soil surface. Soil scarification and mulching are commonly used weed 

management tools in agriculture and have found application in mining restoration (Grant et 

al. 1997; Rokich et al. 2002). 

Leaf litter 

Physical impediment and light deprivation are the main vectors for seed germination control 

through ground cover. Altered microclimates and in some cases allelopathy are also thought 

to contribute to suppressed emergence (Teasdale & Mohler 2000). Mulching both, reduces 
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weed density and improves growth of native woody plant seedlings (George & Brennan 2002; 

Teasdale & Mohler 2000). However, biological mulch can also be a source of contamination 

such as herbicide residues or weed seeds (Bellairs & Calnan 2005; Dooley & Perry 2015). 

Persistence and durability of the material should also be considered. Mulch should resist 

erosive action of wind and water, and rate of break down reflect management strategies 

(Dooley & Perry 2015). Leaf litter of a number of Australian native plants, including some 

Acacia species, inhibit seedling emergence and growth through physical cover and/or 

allelopathy respectively (Hoque et al. 2003; Lorenzo et al. 2011; Oyun 2006). Chosen for this 

trial was leaf litter from A. holosericea, a native woody plant commonly found in the northern 

Australian savanna. Leaf mulch of A. holosericea has been found to suppress seedling 

emergence and development in perennial grasses (Quddus et al. 2014). Quddus et al. (2014) 

found that application of A. holosericea leaf mulch was most efficient at a depth of 3 cm, 

although the treatment was still effective at 1 cm depth. 

Soil surface scarification 

Soil scarification can affect the soil seedbank through a number of mechanisms. Physically 

disturbing the soil may effectively reduce the viable soil seedbank available during growing 

season by prematurely inducing germination in some propagules (Gallandt 2006) and 

preventing germination in others (Davis et al. 2008; Flores et al. 2005). Seeds may be 

prevented from germinating though burial or damage, reducing overall numbers of 

germinable material (Davis et al. 2008; Flores et al. 2005). Abrasive action during tilling may 

compromise the physical integrity of the seed coat may also increase seed mortality by 

encouraging decay (Davis et al. 2008). In small resource-poor seeds, burial prevents seedling 

emergence  as seeds do not germinate or seedlings are unable to break the surface (Ball 1992). 

A burial depth of 1 – 3 cm reduces seed viability of A. gayanus to less than 5% within six 

months (Flores et al. 2005). Seeds brought to the surface may induce premature germination 

(Gallandt 2006). Previous studies have shown soil disturbance to increase germination and in 

wet conditions seedling development (Setterfield et al. 2005). However, fluctuations in plant 

available moisture can be lethal to emerged seedlings (Setterfield 2002). Effectiveness of the 

treatment may therefore be influenced by local conditions such as soil type and timing of the 

treatment as a predictor of soil moisture (Setterfield et al. 2005).  
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2.3. Biological treatment 

Resource competition 

Resource competition was chosen as biological treatment. Competition from fast growing 

native grasses can reduce establishment of weedy grass species (Cole & Lunt 2005) and has 

been shown to negatively affect seedling emergence and establishment in A. gayanus 

(Setterfield et al. 2005). Reducing resource availability through establishment of native species 

is a recommended tool for integrated weed management of A. gayanus (Weed Management 

Branch 2014). Heteropogon contortus is a fast growing, stress tolerant native grass native to 

northern Australia (Department of Primary Industries 2016). A common understory species in 

woodlands and open forests across the Top End, H. contortus has similar climatic 

requirements to A. gayanus (600 – 1000 mm yr-1, strongly seasonal rainfall) (Department of 

Primary Industries 2016).  

Grazing 

Grazing is a commonly used biological treatment (Edwards et al. 2005). Grazing has been 

shown to successfully reduce grass biomass and seed production on mine rehabilitation sites 

in the Northern Territory without negatively impacting on tree establishment and growth 

(Saragih et al. 2015).  However, given the nature of the Rum Jungle mine site this would 

unlikely be an option in the short or medium term. 
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CHAPTER 3. METHODS 

3.1. Study location 

This study was conducted at the former Rum Jungle uranium mine (Figure 3.1) situated near 

Batchelor approximately 105 km south of Darwin, Northern Territory, Australia (lat -12.985°, 

lon 131.009°). Rum Jungle is located in the wet/dry tropics with an average minimum and 

maximum temperature of 21.2℃ and 33.6℃, respectively. Annual rainfall averages 1588 mm 

with the majority of precipitation occurring during summer monsoon rainfalls between 

October and April (Bureau of Meteorology 2017a). Vegetation structure in the surrounding 

area ranges from grassland to Eucalyptus open woodland and forest (Whiteside & Ahmadb 

2008). 

Weed surveys conducted in 2010/11 as part of the NPA identified high to extreme densities 

of weed infestations at the site (Wildman Land Management 2011). A total of 22 weed species 

was recorded with over 1000 infestations, many of them declared noxious weeds or former 

weeds of national significance (WoNS). Andropogon gayanus comprised nearly half of all 

infestations across the site.  
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Figure 3.1. Location of study site. (Source: Natural Resources Maps, NT Department of 

Environment and Natural Resources)  

  

Rum Jungle 
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1.3.1. Site selection 

In a pilot study three trial sites were selected which were of sufficient size, had year-round 

road access, uniform topography with little to no gradient and smooth soil texture (Figure 3.2). 

Soil seedbank assessments were then carried out to determine the most suitable site for the 

main trial. All trial sites were located away from sacred sites and water bodies to avoid 

contamination from run-off. The site with the highest seedling emergence would be selected 

for continuation of the trial. 

 

Figure 3.2. Potential test sites at Rum Jungle are located at the old Tailings Dam, the Treatment 

Plant Site and at the foot of White’s North Overburden Heap. All sites are low traffic areas 

with year-round motor vehicle access. 
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 Soil seedbank assessments 

Soil cores were taken from the three proposed trial sites and the germinable soil seedbank 

assessed under controlled shade house conditions. At each site three blocks were temporarily 

marked out and within each block and three replicate sample plots randomly chosen. In each 

sample plot, eight soil cores were taken and bulked in paper bags. The samples were taken to 

a depth of 5 cm with a cylindrical corer 8 cm in diameter, avoiding plant roots and large rocks. 

Germination trials commenced soon after the samples were taken to avoid desiccation of 

germinable material. 

At Charles Darwin University (CDU) Casuarina campus, the soil samples were sieved through 

a 1 cm x 1 cm sieve to remove large objects. The sieved fraction of the samples was spread to 

1 cm depth onto 28 cm x 32 cm x 5 cm seedling trays filled with 3 cm of sterile sand. To prevent 

loss of seed material the soil was then covered with a dusting of sterile sand. An additional 

tray filled with 5 cm of sterile sand, supported on paper towelling was placed underneath to 

ensure the seedlings did not suffer water stress. The trays were then randomly placed on 

benches in a shade house, irrigated three times daily for ten minutes and emergence recorded 

regularly for four weeks with 90% germination reached within two weeks. After completion 

of this trial the soil samples were heated, destroying any remaining seed stock to avoid 

contamination of the local area.  

Seedling emergence was highest at the Treatment Plant site. Andropogon gayanus emergence 

was 978 ± 280 at the Treatment Plant, 393 ± 144 at the Tailings Dam, and 100 ± 54 at the 

Overburden Heap. A high degree of variation was observed between replicates. Based on the 

above data the Treatment Plant site was chosen for the trial. 

3.2. Study design 

To address the two research objectives, weed management and revegetation, three separate 

trials were conducted; aiming to (1) assess the soil seedbank and treatment effect on 

emergence and survival of A. gayanus for management purposes; and to (2) assess treatment 

effect on native woody species for revegetation after controlling A. gayanus. 

The weed management trials included a soil seedbank assessment of A. gayanus using a 

before and after treatment conducted under controlled conditions in a shade house at CDU 
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Casuarina campus (section 4.3.1); and a field trial assessing A. gayanus emergence and survival 

in field conditions was conducted at the selected field site at Rum Jungle mine (section 4.3.1). 

The two trials were to provide complementary data sets, as well as addressing potential 

limitations of each trial. If spatial variability of the soil seedbank at Rum Jungle was very high, 

the sampling method for the shade house trial of taking a small number of soil cores would 

not be adequate to provide a representative sample. Conversely, if unexpected disaster was 

to affect one or more replicates in the field trial (e.g. an unplanned fire, flooding, a plague of 

locusts), the shade house trial would provide an “insurance” population, so that analysis of 

treatment effect could still take place, if only as observed under controlled conditions. Should 

none of these eventualities occur, the shade house trial was to provide base line data for 

viable seed content in each treatment plot before treatment, and effect of environmental 

conditions on emergence and survival after treatment application. 

A revegetation trial was conducted at the Rum Jungle field site, assessing growth and survival 

of Acacia holosericea, a native Wattle commonly found at Rum Jungle. This trial was to provide 

insight into the suitability of treatments effective in reducing emergence and survival of A. 

gayanus for revegetation purposes as part of the mining restoration process. 

3.3. Soil seedbank treatments 

For this study, seven treatments were selected from three different treatment types; 

chemical, physical and biological soil seedbank treatments. Four residual herbicides were 

chosen as chemical treatments; terbacil, pro-pon, sulfometuron and flupropanate (Table 3.1 

A). Two physical treatments were chosen, leaf litter and soil scarification (Table 3.1 B); and 

one biological treatment, resource competition (Table 3.1 C). Four residual herbicides were 

chosen in collaboration with the NT Weed Management Branch. Previous experiments by the 

NT Weed Management Branch showed good results for controlling of adult A. gayanus using 

Eucmix®, a herbicide combining terbacil and sulfometuron. To investigate if the response was 

triggered by one of the components or combination of the two, this trial applied each active 

ingredient in a separate treatment. Two Group J herbicides with contrasting active ingredient 

and mode of action were trialled; the slow-acting flupropanate and pro-pon (2,2-DPA), a seed-

germination inhibitor. Both herbicides have been found to be more effective than glyphosate 

for long-term management of Hyparrhenia hirta, a perennial African grass with germination 

and seedling growth similar to tropical and sub-tropical species (Lodge et al. 1994).   
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Table 3.1. Treatments used in the trial showing mode of action (herbicide group for chemical 

treatments), treatment details and rate used. Price in $ AUD is shown per unit used and per 

hectare at applied rate.  

Treatment Mode of action Details/ rate used Price in $ AUD 

(A) Chemical treatments1 

Roundup 
PowerMAX® 

M - EPSP 
synthase 
inhibitor 

570 gkg-1 Glyphosate as the K salt 
Rate used: 9.3 Lha-1 

8.19 L-1 

76.17 ha-1 

Sinbar® C - PS II inhibitor 800 gkg-1 Terbacil 
Rate used: 2.5 kgha-1 

184.50 kg-1 

461.25 ha-1 

Dalapon® J - lipid synthesis 740 gkg-1 Pro-pon 
Rate used: 40 kgha-1 

21.76 kg-1 

870.40 ha-1 

Oust® B - amino acid 
synthesis 

750 gkg-1 Sulfometuron-methyl 
Rate used: 0.8 kgha-1 

110.00 kg-1 

88.00 ha-1 

Taskforce® J - lipid synthesis 745 gL-1 Flupropanate as the Na 
salt  
Rate used: 9 Lha-1 

115.50 L-1 

1039.5 ha-1 

(B) Physical treatments 

Scarification2 Physical soil 
disturbance 

Hydraulic rotary hoe 
Rate used: 8 hah-1 

1200.00 h-1 
150.00 ha-1 

Leaf litter3 Physical soil 
cover 

Acacia holosericea 
Rate used: 90% coverage, 1cm 

depth 

35.00 m-3 

350,000.00 
ha-1 

(C) Biological treatment 

Competition4 Resource 
competition 

Heteropogon contortus 
Rate used: 12 gm-2 

70.00 kg-1 

8400.00 ha-1 

 

  

                                                       
1 Prices obtained from HerbiGuide Pty Ltd (2014) 
2 Price estimation based estimate for heavy machinery instead (pers. comm. Sean Bellairs). 
3 Price estimation for leaf blend mulch product obtained from The Mulch Centre. The A. holosericea mulch for 
this study was collected by hand. 
4 Price obtained from Top End Seeds. 
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3.3.1. Treatment application 

Each soil seedbank treatment was preceded by a single application of Roundup Ultra Max® 

(glyphosate) to avoid competition from existing plants affecting emergence or survival in the 

plots. Glyphosate is the recommended treatment for A. gayanus plants and very effective in 

killing above-ground foliage. For comparison, one treatment was retained as glyphosate only 

(Figure 3.3 B). The untreated control did not receive the initial glyphosate treatment, however, 

established plants were eliminated with repeat targeted applications of glyphosate (Roundup 

360, 10mLL-1) during subsequent trips. The operator ensured that no herbicide reached the 

soil surface and avoided treating the base of the plant. 

Application of glyphosate to all plots except the untreated control occurred on 27 October 

2016 (maximum temperature (temp) 29.0℃, relative humidity (RH) 71%, total precipitation/ 

rainfall (pptn) 0.2 mm). All residual herbicide treatments were applied on 28 October 2016 

(temp 29.0℃, RH 74%, pptn 23.2 mm). Physical treatments were applied on 31 October and 1 

November 2016 (temp 36.3℃, RH 36%, pptn 0 mm and temp 30.0℃, RH 69%, pptn 0 mm 

respectively). Seeding of H. contortus followed on the 11 November 2016 (temp 34.4℃, RH 

45%, pptn 1.8 mm). Application of the initial glyphosate treatment was carried out by a 

commercial contractor nominated by the Department of Primary Industries and Resources 

(DPIR). Application of all other residual herbicides was carried out by a licenced officer of the 

Weeds Management Branch (NT Department of Environment and Natural Resources). Both 

operators were aware of the project aim and design and experienced in the application of 

their respective treatments. 

The residual herbicides were applied directly to the soil with a low-pressure spot spray using 

an ATV mounted 50 L tank with a 12 volt pump. Each herbicide was mixed with 30 L of water, 

allowing for treatment of six replicate 6 m x 6 m plots and sufficient extra fluid to flush the 

lines prior to treatment. Herbicides were applied using a wand style spray applicator at 4.4 

Lmin-1. Each 6 m x 6 m plot received 4.4 L of herbicide. The operator ensured even coverage 

of plot using red dye and application was timed to ensure exact and even rate of application 

between repeats. The system was flushed with fresh water between treatments. 

Soil scarification was carried out by physically disturbing the soil with a rotary hoe. Previous 

studies have shown that emergence is reduced only when buried at a minimum depth of 4 cm 
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(Toledo 1990). Soil scarification was therefore carried out to a depth of approximately 8 cm. 

Existing rooted plants were broken up in the process.  

For the leaf litter treatment, foliage from A. holosericea was harvested at CDU and CSIRO 

Darwin and dried in sheltered conditions. The dried leaf litter was then spread to 

approximately 90% cover (visual assessment) within the 4 m x 4 m survey area. 

For the biological treatment seeds were purchased from Top End Seeds and had been 

collected in the same year. The seed density averaged 1111 seeds g-1 and the seed germination 

rate averaged 6.4 ± 1.3 %. In each plot 192 g m-2 were seeded to achieve a density of 2 

seedlings for each 10 cm2. 

3.4. Andropogon gayanus management objective 

4.3.1. Shade house trial: Andropogon gayanus soil seedbank assessment 

To assess the viable soil seedbank of A. gayanus prior to application of treatments, eight soil 

cores were taken from each plot prior to application of soil seedbank treatments and 

glyphosate application and subjected to germination trials in controlled conditions at CDU 

Casuarina campus. Sampling took place on 14 October 2016 and methodology for the 

germination trial was repeated as for the initial soil seedbank study (section 3.1.1.1). The soil 

cores were taken from the 1 m buffer zone just outside the 4 m x 4 m survey area so that 

seedling emergence within the survey area would not be affected but edge effect still be 

avoided (Figure 3.3 B). 

To verify field observations of treatment effects on A. gayanus germination, a second set of 

soil cores was taken on 11 November 2019 after application of all treatments and processed 

as above. Due to high variability and low emergence in the pre-treatment soil samples with 

many replicates having no A. gayanus emergence, two repeat sets of soil cores were taken 

(Figure 3.3 B). 

4.3.2. Field trial: Andropogon gayanus seedling emergence and growth 

For this trial, a randomised block design was used. Six 18 m x 18 m replicate blocks were 

randomly placed on the trial site at varying distances from each other (Figure 3.3 A). Areas 

chosen had homogenous soil conditions throughout the block and a monospecific or near 
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monospecific A. gayanus plant community. Each block was permanently marked out with star 

pickets on each corner and contained nine 6 m x 6 m plots, in turn permanently marked with 

droppers (Figure 3.3 B). Treatment plots were randomised for each replicate block. Tags 

denoting treatment for each plot were located at the north-west corner of each plot. 

Treatments were applied to the entire plot; however, sampling took place in a central  

4 m x 4 m square providing a 1 m buffer zone to the edge of the plot and a 2-m buffer zone 

between treatments (Figure 3.3 C). This was to avoid edge effect of the individual treatment 

(1 m to edge of plot) and allow for accidental drift during application of treatments (2 m 

between treatments). To avoid contamination through untreated seeds being carried into the 

plots, each of the blocks were fenced off with weed matting to a height of 60 cm. 

Monitoring of seedling emergence occurred between 17 December 2016 and 29 March 2017. 

Seedling emergence recorded fortnightly by counting seedlings within each designated survey 

area. Seedlings were considered emerged when leaf apex reached 0.5 cm above ground level. 

Readings up until 07 January 2017 were excluded from evaluation, as positive identification 

of A. gayanus seedling could not be guaranteed for early observations. Identification of  

A. gayanus seedings was done using a protocol established based on field observations 

(Appendix 1). 

Emergence was expected to be high. To moderate workload of seedling surveys, eight 

quadrats were randomly placed within each plot and the north-west corner permanently 

marked with a survey pin (Figure 3.3 C). When observed emergence remained low, the survey 

was extended to the entire 4 m x 4 m central square. To evaluate predictive power of sub-

samples over whole-plot emergence and to estimate spatial variability of the soil seedbank, 

sampling of the quadrats continued for the duration of the survey period. 

A further sub-set of 25 A. gayanus seedlings (or all seedlings if emergence was lower) per plot 

was monitored between 22 January 2017 and 29 March 2017. For this sub-survey, seedlings 

were randomly chosen and permanently marked with a survey pin (Figure 3.3 C). The survey 

pin was placed approximately 10 cm south of the individual plant so as to not disturb the root 

system. Dense clumps of A. gayanus plants were avoided if possible, to avoid confusing plants 

in consecutive readings. Seedling height for each plant was recorded from the base to the tip 
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of the longest leaf. The data from this trial was used to evaluate treatment effect on plant 

growth as a function of plant development and health. 

For statistical analysis, observations were summarised into two data sets for each plot; 

cumulative emergence and plant survival. Cumulative emergence was calculated as sum of all 

population increases between sequential observations over the survey period between 22 

January 2017 and 29 March 2017. For plant survival, cumulative mortality was calculated as 

sum of all population decreases over the same survey period and deducted from cumulative 

emergence. Cumulative emergence and survival was calculated in favour of using final 

readings only to account for population fluctuations over time observed in some plots.
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Figure 3.3. (A) Relative location of replicate blocks at field site. (B) Example of an 18 m x 18 m block containing seven soil seedbank treatments, 

one glyphosate only and one untreated control plot. All plots except the control were treated with glyphosate prior to application of treatments; 

G = glyphosate. (C) Diagram of a plot showing approximate location of soil cores () and A. holosericea seedlings () just outside central 4 m x 

4 m central survey area and quadrats () and individually tagged A. gayanus seedlings () within central survey area (not to scale).
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3.5. Revegetation objective 

5.3.1. Field trial: Acacia holosericea growth and survival 

To assess the effect of the treatments on native woody plant establishment for 

subsequent revegetation purposes, tube stock of A. holosericea was planted within the 

treatment plots and growth and survival monitored. Acacia holosericea is a fast growing, 

resilient native species (Morrison et al. 2005; Wehr et al. 2006) commonly found at Rum 

Jungle.  

The seedlings were raised from heat treated seeds planted in 4 cm x 4 cm x 10 cm tubes 

and irrigated daily in a shade house at CDU Casuarina campus in Darwin. Acacia 

holosericea seedlings were planted on 15 January 2017 (temp 32.5℃, RH 55%, pptn 0 

mm), when seedlings reached a height of approximately 3 - 4 cm. Ten Acacia seedlings 

were planted into each plot. To avoid influencing A. gayanus germination data, A. 

holosericea seedlings were planted in a line just outside of the 4 m x 4 m central survey 

area (Figure 3.3 C). The H. contortus treatment was not included, as this was not expected 

to differ from the glyphosate only treatment. 

To account for transplanting shock, seedling mortality and growth since planting on 15 

January 2017 the first reading on 22 January 2017 was disregarded and seedling count per 

block and individual plant height as at 22 January 2107 used as baseline data for statistical 

analysis. 

Growth and survival of the A. holosericea seedlings was monitored from 22 January until 

29 March 2017. At each survey seedling height was measured from the base of the stem 

at ground level to the apical meristem of the highest branchlet.  

 Soil toxicity 

To investigate high spatial variability in A. gayanus emergence and high mortality rates in 

A. holosericea soil samples were taken from each replicate block. Samples were taken to 

a depth of 5 cm, avoiding large rocks and bulked into a 700-mL plastic container for each 

block. The samples were analysed for plant available toxins by Envirolab Group. The 

analysis included Cation Exchange Capacity (Ca, K, Mg, Na, Al), DTPA Metals (Cu, Fe, Mn, 
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Zn), Recoverable Heavy Metals (As, Cd, Co, Ni, Pb, Se, Cr, U), Colwell Phosphorous, Sulfur 

(KCl40), Chloride (1:5 DI extract), EC (1:5 extract), pH (CaCl2 extract). 

3.6. Statistical analysis 

Overview 

Statistical analysis was performed using IBM SPSS Statistics 24® for emergence and 

survival data (GLMM and GLM, correlations and descriptive statistics), and Minitab® for 

growth rate data (PERMANOVA, PERMDISP). This section discusses the statistical models 

used for the various data sets (Table 3.2). 

The soil seedbank treatments were compared to an untreated control and one treatment 

retained as glyphosate only. This would allow for evaluation of treatment effect on 

emergence and survival compared to both, no treatment at all, and treatment as per 

normal management regime.  

Table 3.2. Summary of statistical analyses used for individual data sets. Analyses are 

described in detail below. 

Data set Model/ statistical analysis 

Andropogon gayanus emergence/ survival Generalised liner mixed model (GLMM) 

Quadrat - plot correlation Spearman’s rank correlation coefficient 

Soil core – plot correlation Person’s correlation coefficient 

Sub-sample predictive value Generalised liner model (GLM) 

Estimating spatial heterogeneity Descriptive statistics 

Acacia holosericea survival Generalised liner model (GLM) 

Acacia holosericea growth rate PERMANOVA 

Outlier detection Visual analysis, exclusion from models 
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GLMM – Seedling emergence/ survival 

Seedling emergence and survival observations yielded positively skewed count data 

containing many zero values (as observed in histogram). As data with a large proportion 

of zero values cannot be normalised through transformation (Bolker et al. 2009) the 

model had to be able to account for non-normal data. Generalised linear models (GLM) 

can accommodate non-normal and non-continuous outcome data such as count data; 

using a negative binomial distribution model is the correct model for count data and due 

to its log link also accounts for the positively skewed nature of most count data. 

Generalised linear mixed models (GLMM) have fixed effects as explanatory variables but 

also allow for random effects (Bolker et al. 2009).  

The GLMM evaluating A. gayanus emergence and survival used a negative binomial 

distribution (most appropriate for targets with highly variable count data i.e. the variance 

being larger than the mean) with a log link, a Satterthwaite approximation for the Degrees 

of Freedom (suitable for unbalanced data and small sample sizes) and a robust variance 

estimation (tolerates violation of model assumptions). The outcome or dependent 

variable was cumulative A. gayanus emergence. Explanatory factors included treatment 

as fixed effect and replicate (block) as random effect. The covariance structure for random 

effects was variance components (assumes no within-block correlation). Variations of the 

model were trialled also with different covariance structures and the final model had the 

smallest AIC. 

A high degree of spatial variation led to strong variations between replicate blocks (as 

observed in bar graph showing mean cumulative emergence ± SD for each plot). Ignoring 

this variation would lead to biased results (Bolker et al. 2009) and block had to be 

accounted for in the model either as a fixed or random factor. As the chosen blocks were 

just a random sample of blocks with no special meaning for each block, and the 

environmental factors driving this variation were unknown and therefore unable to be 

controlled for, this factor was treated as a random factor. The GLMM incorporates 

random factors in the analysis of a replicated, blocked design. However, there were only 

6 blocks which is borderline for a random effect. Therefore, models were tested with 

blocks as fixed or random factor and the best model chosen by comparing the Akaike 

information criterion (AIC) (Bolker et al. 2009). 
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For evaluating treatment effect compared to the glyphosate only treatment, the 

untreated control data was removed from the model and the glyphosate only treatment 

used as reference. 

Spearman’s and Pearson’s test – correlation between sub-samples and whole plot emergence 

A bar plot showing mean seedling emergence ± SD for both, quadrat and whole plot 

seedling emergence m-2 (plotted on separate axes for relative comparison) for each 

treatment showed similar trends between the sampling methods. A box plot showed 

some strong outliers in the quadrat emergence data, however, a scatter plot graphing 

quadrat emergence against whole plot emergence showed a positive monotonic 

relationship between the two variables. For evaluating correlation between quadrats and 

whole plots, a non-parametric Spearman’s rank correlation coefficient was chosen, as it is 

less susceptible to influential outliers than a parametric Pearson’s test. Variables 

compared in the two-tailed test were average quadrat emergence m-2 and whole plot 

emergence m-2 per block, per treatment. 

For the soil core emergence data, the same plots did not show similarities in relative 

emergence, nor could a positive monotonic relationship between soil core emergence and 

field whole plot emergence be observed. A box plot showed high variability, but no 

particularly strong outliers. Therefore, a Pearson’s correlation was carried out, comparing 

average soil core emergence m-2 and field whole plot emergence m-2 per block, per 

treatment. 

GLM – Sub-sample predictive value over A. gayanus whole plot emergence 

A negative binomial model was used to estimate the predictive power of average quadrat 

emergence over whole plot emergence. A negative binomial model was most appropriate 

as it can accommodate positively skewed count data with a high proportion of zero-

values. In the model, mean quadrat emergence was specified as continuous covariate and 

whole plot emergence as target outcome value. For visual assessment of the results, a 

scatter plot was produced graphing predicted plot emergence based on quadrat 

emergence model against observed emergence in the field study. 
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Descriptive statistics – quadrat and soil core emergence estimating soil seedbank heterogeneity 

For visual assessment of these data sets box plots and bar graphs showing mean 

emergence + standard deviation were produced. To estimate overall spatial variability of 

the A. gayanus soil seedbank, descriptive statistics (SPSS® explore function) were used to 

compare central tendencies (mean) and measures of dispersion (standard deviation, 

minimum and maximum values). Treatment was used as factor and cumulative 

emergence was used as target, as both, per quadrat and per bulked soil core sample in 

their respective evaluations. 

GLM – A. holosericea survival 

Mortality among A. holosericea seedlings was high, also producing a positively skewed 

data set with a large number of zero-values (preliminary visualisation included a 

histogram and box plot). The GLM evaluating treatment effect on seedling survival 

therefore also used a negative binomial model with log link, as well as a robust variance 

estimation (tolerates violation of model assumptions). In addition, the addition of the first 

reading as offset variable. The model therefore used the first reading of plant survival as 

base line data to account for initial tube stock mortality due to transplanting shock. In this 

model block was not used as predictor value, as plots showed no substantial difference 

between plots. 

PERMANOVA – A. holosericea growth rate 

A histogram showed normal data distribution for A. holosericea growth rates, suggesting 

the possible use of an analysis of variance. However, variable tube stock mortality 

between plots resulted in unequal sample size, violating the assumption of data 

homogeneity. A permutational MANOVA (PERMANOVA) (999 permutations) was 

therefore appropriate. For this model, the Euclidean similarity index was used. Treatment 

and reading were identified as fixed factors, block was a random factor and plant was a 

random factor nested in block and treatment. A distance-based test for homogeneity of 

multivariate dispersions (PERMDISP) was carried out to evaluate the influence of data 

dispersal on PERMANOVA results. 
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Outlier detection and management 

Outliers were determined with the help of box plots and tested for weight by excluding 

from the model (Aguinis et al. 2013). For influential outliers, analyses were carried out 

including and excluding the outlier and influence on the affected treatment reported. 
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CHAPTER 4. RESULTS 

4.1. Andropogon gayanus management objective 

1.4.1. Effect of chemical, physical and biological treatments on Andropogon 

gayanus seedling emergence 

Chemical treatments significantly reduced A. gayanus seedling emergence with three of 

the four residual herbicides having a statistically significant effect (Figure 4.1). No 

treatment successfully suppressed the entire soil seedbank with some emergence 

occurring from every treatment. Average cumulative A. gayanus seedling emergence 

between January and March 2017 was 2.7 ± 1.4 seedlings m-2 in the untreated control. 

The glyphosate only treatment showed the least amount of reduction in seedling 

emergence (1.1 ± 0.4 seedlings m-2) compared to the untreated control. The most 

effective herbicide treatments reduced emergence to 0.1 ± 0.1 seedlings m-2. 

Seedling emergence was highest in block 5 (total emergence 382) and lowest in block 6 

(total emergence 18); however, block effect on A. gayanus seedling emergence was not 

statistically significant. With only six replicates, the variance of the intercept of the 

random factor “block” (replicate) was small (untreated control as reference: Z=1.3, 

P=0.180, glyphosate only as reference: Z=1.3, P=0.194). However, including block as 

random effect improved model fit for both, untreated control as reference (excl. random 

factor AIC=367.4, incl. random factor: AIC=151.2) and glyphosate only as reference (excl. 

random factor AIC=307.9, incl. random factor: AIC=136.6). 
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Figure 4.1. Mean cumulative A. gayanus seedling emergence (m-2 ± SE) excluding the 

sulfometuron+G outlier. All plots except the untreated control were treated with 

glyphosate. G = glyphosate. 

* 
* * 
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Of the four chemical treatments, three showed a significant reduction in seedling 

emergence compared to the untreated control plots; terbacil+G, pro-pon+G and 

sulfometuron+G. For the terbacil+G treatment (mean ± SE: 0.2 ± 0.2 seedlings m-2) GLMM 

analysis determined a 93% reduction in seedling emergence compared to the untreated 

control plots (P<0.001) (Table 4.1 A) and a 86% reduction in seedling emergence 

compared to the glyphosate only treatment (P<0.01) (Table 4.1 B). The pro-pon+G 

treatment (0.1 ± 0.1 seedlings m-2) had an estimated 94% reduction in seedling emergence 

(P<0.001) compared to the untreated control and 86% compared to the glyphosate only 

treatment (P<0.01). Estimated average reduction in seedling emergence for 

sulfometuron+G (0.1 ± 0.0 seedlings m-2) was 94% (P<0.001) and 88% (P=0.010) compared 

to the untreated control and the glyphosate treatment respectively. Even though 

flupropanate application resulted in an 82% reduction in seedling emergence on average 

(0.4 ± 0.2 seedlings m-2) the estimated effect was not significant (P>0.05). This is likely due 

to low number of values and/ or high variability within the data. 

An influential outlier was detected in the sulfometuron+G treatment (cumulative 

emergence of 83 seedlings m-2 compared to an average of 2.2 seedlings m-2 in all other 

blocks). When the outlier was included, the estimated reduction of A. gayanus seedling 

emergence was no longer significant (estimated reduction for sulfometuron+G including 

the outlier: 46%, P>0.05 compared to the untreated control; less than 1%, P>0.05 

compared to glyphosate only). Model fit was improved by excluding the outlier when 

compared to the untreated control (excl. outlier: AIC=151.2, incl. outlier: AIC=170.0) and 

the glyphosate only treatment (excl. outlier: AIC=136.6, incl. outlier: AIC=154.6).  

Including the sulfometuron+G outlier did not change significance of treatments as fixed 

factor when comparing to the untreated control (F(5,45)=41.3, P<0.001). However, when 

comparing to glyphosate only, treatments as fixed factor was no longer significant 

(F(5,40)=2.2, P=0.059). The outlier was excluded from evaluations shown in tables and 

figures of this section. 

Physical treatments, the application of Acacia litter plus glyphosate (0.7 ± 0.4 seedlings  

m-2) or application of glyphosate plus scarification of the soil (0.9 ± 0.4 seedlings m-2) had 
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no significant impact on seedling emergence compared to either the untreated control or 

the glyphosate only treatment (P>0.05).  

In the biological treatment, application of glyphosate followed by seeding H. contortus, A. 

gayanus seedling emergence (1.0 ± 0.6 seedlings m-2) was very similar to that in the 

glyphosate only treatment and the treatment had no significant impact compared to the 

untreated control or the glyphosate only treatment (P>0.05). 

The main treatments effect on A. gayanus emergence was significant (untreated control 

as reference: F(5,44)=22.3, P<0.001, glyphosate only as reference: F(5,39)=2.9, P=0.015). 
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Table 4.1. GLMM negative binomial analysis of A. gayanus seedling emergence under a 

range of chemical, physical and biological treatments with (A) the untreated control used 

as the reference and (B) the glyphosate only treatment used as the reference. P-values 

that indicate that the treatments were significantly different to the reference are in bold; 

exponentiated coefficient (β) shows the estimated multiplicative change of the average 

seedling emergence for that treatment compared to the control. The 95% Confidence 

Interval (CI) indicates the range of the estimated multiplicative change with 95% certainty; 

* treatments showed large variability and CI could not be calculated. 

(A) Untreated control as reference 95% CI for β 

 
Treatment  

P 
value β 

Lower 
Bound 

Upper 
Bound 

Glyphosate only Glyphosate only 0.830 0.49 *  

Chemical treatments Terbacil+G <0.001 0.07 0.03 0.16 

 Pro-pon+G <0.001 0.06 0.03 0.15 

 Sulfometuron+G <0.001 0.06 0.03 0.13 

 Flupropanate+G 0.948 0.18 *  

Physical treatments Litter+G 0.449 0.22 *  

 Scarification+G 0.129 0.50 0.20 1.23 

Biological treatment H. contortus+G 0.925 0.36 *  

(B) Glyphosate only treatment as reference 95% CI for β 

 
Treatment  P value β 

Lower 
Bound 

Upper 
Bound 

Chemical treatments Terbacil+G 0.009 0.13 0.03 0.59 

 Pro-pon+G 0.008 0.13 0.03 0.57 

 Sulfometuron+G 0.010 0.12 0.03 0.60 

 Flupropanate+G 0.126 0.34 0.08 1.37 

Physical treatments Litter+G 0.247 0.45 0.11 1.78 

 Scarification+G 0.962 0.97 0.25 3.73 

Biological treatment H. contortus+G 0.647 0.73 0.19 2.85 
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1.4.2. Effect of chemical, physical and biological treatments on Andropogon 

gayanus plant density 

Andropogon gayanus plant density is the density of surviving plants at the termination of 

the trial (29/03/2017) and was influenced by cumulative emergence and mortality.  

Mean A. gayanus plant density in the control treatments was 1.4 ± 0.7 plants m-2 for the 

untreated control, and 0.9 ± 0.3 plants m-2 for the glyphosate only treatment (an 

estimated reduction of 26%) (Figure 4.2). In addition to the chemical treatments 

terbacil+G, pro-pon+G and sulfometuron+G, the physical litter+G treatment also showed 

a significant reduction in A. gayanus plant density compared to both controls (Table 4.1). 

Here, effect of soil seedbank treatments did not change significantly when compared to 

the glyphosate treatment. 

As with seedling emergence, variability in plant density between blocks was high (total 

plant density in block 5: 287 A. gayanus seedlings, total plant density in block 6: 12 A. 

gayanus seedlings). Block effect on A. gayanus plant density, however, was not 

statistically significant, as the variance of the intercept of the random factor block 

(replicate) remained small (untreated control as reference: Z=1.3, P=0.185, glyphosate 

only as reference: Z=1.3, P=0.200). However, including the block as random factor 

improved model fit for both, untreated control as reference (excl. random factor 

AIC=346.5, incl. random factor: AIC=158.4) and glyphosate only as reference (excl. random 

factor AIC=305.0, incl. random factor: AIC=144.1). 
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Figure 4.2. Mean A. gayanus plant density m-2 ± SE excluding sulfometuron outlier. All 

plots except the untreated control were treated with glyphosate. G = glyphosate. 

  

* * 

* 

* 
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The terbacil+G treatment (0.2 ± 0.2 plants m-2) significantly reduced plant density by an 

estimated mean of 91% compared to the untreated control (P<0.001), and 89% compared 

to glyphosate only (P=0.004) (Table 4.2). For pro-pon+G (0.1 ± 0.0 plants m-2) reduction in 

A. gayanus plant density was estimated at 89% (P<0.001) and 85% (P<0.001) compared 

to the untreated control and glyphosate only treatment respectively. The sulfometuron+G 

treatment (0.1 ± 0.0 plants m-2) reduced plant density by 90% (P<0.001) compared to the 

untreated control, and 87% (P<0.001) compared to glyphosate only. The flupropanate+G 

treatment (0.4 ± 0.2 plants m-2) reduced plant density by 77% and 71% compared to the 

untreated control and the glyphosate only treatment respectively. However, due to high 

variability in the data leading to a large confidence interval, the model did not treat the 

effect as significant. 

If the influential outlier in sulfometuron+G, was included, treatment was no longer 

significant when data were compared to the untreated control (23% reduction in seedling 

emergence, P>0.05) or compared to the glyphosate only treatment (0.06% reduction in 

seedling emergence, P>0.05). Model fit for plant density was also improved by excluding 

the outlier for both, untreated control (excl. outlier: AIC=158.4, incl. outlier: AIC=174.4) 

and the glyphosate only as reference (excl. outlier: AIC=144.1, incl. outlier: AIC=159.4). 

In the model, treatment as a fixed factor was also significant for A. gayanus plant density 

(untreated control as reference: F(5,44)=22.2, P<0.001; glyphosate only as reference: 

F(5,39)=14.8, P<0.001). Including the outlier did not change significance of fixed factors 

(untreated control as reference: F(5,44)=8.9, P<0.001; glyphosate only as reference: 

F(5,39)=24.7, P<0.001), or random factors (untreated control as reference: Z=1.3, P=0.192, 

glyphosate only as reference: Z=1.3, P=0.211). 

The physical litter+G treatment (0.6 ± 0.4 plants m-2) was significant when compared to 

both, the untreated control and the glyphosate only treatment (66% reduction, P<0.001 

and 52% reduction, P>0.05 respectively). Physical soil scarification+G (0.8 ± 0.4 plants m-

2) and the biological treatment (seeding H. contortus+G, 0.8 ± 0.5) did not significantly 

reduce A. gayanus plant density (P>0.05). 
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Table 4.2. GLMM negative binomial analysis of A. gayanus plant density end the end of 

the trial under a range of chemical, physical and biological treatments with (A) the 

untreated control used as the reference and (B) the glyphosate only treatment used as 

the reference. P-values that indicate that the treatments were significantly different to 

the reference are in bold; exponentiated coefficient (β) shows the estimated 

multiplicative change of the average seedling emergence for that treatment compared to 

the control. The 95% Confidence Interval (CI) indicates the range of the estimated 

multiplicative change with 95% certainty; where CI is wide, range of samples was large. 

(A) Untreated control as reference 95% CI for β 

 
Treatment  

P 
value β 

Lower 
Bound 

Upper 
Bound 

Glyphosate control Glyphosate only 0.162 0.74 0.48 1.14 

Chemical treatments Terbacil+G <0.001 0.09 0.03 0.30 

 Pro-pon+G <0.001 0.11 0.04 0.29 

 Sulfometuron+G <0.001 0.10 0.05 0.20 

 Flupropanate+G 0.206 0.23 0.00 18.70 

Physical treatments Litter+G <0.001 0.34 0.20 0.59 

 Scarification+G 0.482 0.72 0.29 1.82 

Biological treatment H. contortus+G 0.324 0.49 0.00 10532.59 

(B) Glyphosate only treatment as reference 95% CI for β 

 
Treatment  P value β 

Lower 
Bound 

Upper 
Bound 

Chemical treatments Terbacil+G 0.004 0.11 0.03 0.48 

 Pro-pon+G <0.001 0.15 0.08 0.29 

 Sulfometuron+G <0.001 0.13 0.08 0.23 

 Flupropanate+G 0.311 0.29 5.26E-05 1582.51 

Physical treatments Litter+G 0.032 0.46 0.23 0.93 

 Scarification+G 0.873 0.93 0.40 2.20 

Biological treatment H. contortus+G 0.547 0.67 0.02 22.49 
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1. Effect of chemical, physical and biological treatments on Andropogon gayanus 

mortality 

Mean seedling mortality was highest in the untreated control at 41% ± 9.1 (mean % 

seedling mortality ± SE), followed by the terbacil+G and flupropanate+G treatments, 

although variability was very high in these treatments (37.0 ± 31.6 and 34.5 ± 20.6 % 

mortality respectively) (Figure 4.3). Little mortality occurred in other treatments including 

the glyphosate only treatment (13.8 ± 4.9 % seedling mortality), ranging from 19.4% ± 9.4 

(H. contortus+G) to 6.3% ± 6.3 (pro-pon+G) in the remaining treatments. 
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Figure 4.3. Mean mortality rates ± SE of A. gayanus for a range of chemical, physical and 

biological treatments. 
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1.4.3. Effect of chemical, physical and biological treatments on Andropogon 

gayanus growth rate 

Growth was assessed by change in height, which increased by 2 cm per week on average 

across the treatments (Figure 4.4). Growth in all treatments reached a mean height of 34 

cm. However, the survey area was subject to repeated grazing by wallabies and feral 

cattle, limiting the ability of A. gayanus growth data to evaluate treatment effects. The 

litter treatment showed a more pronounced increase in average seedling height between 

23 January 2017 and 17 February 2017, however, overall growth rate in this treatment 

was also not significant. 
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Figure 4.4. A. gayanus plant height (cm) (mean ± SE) between January and March 2017 

(left to right). 
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1.4.4.  Correlation and predictive power of sub-sampling over whole plot 

emergence   

Predictive value of average quadrat emergence over total plot emergence was found to 

be strong (Figure 4.5). Two outliers identified in Figure 4.5 are likely due to high spatial 

variability; excluding the two values improves predictive value of the quadrats over whole 

plot emergence (Figure 4.6). A Spearman correlation shows a strong positive monotonic 

correlation between average quadrat emergence and corresponding whole plot 

emergence rs(53)=0.7, P(2-tailed)<0.001). A generalised linear model (GLM) using mean 

quadrat emergence for each plot as covariance for total plot emergence showed an 

estimated 23 A. gayanus seedlings emerging in the whole plot for every one seedling 

emerging in the quadrats (P<0.001). 

Examining correlation and predictive value of the soil cores taken from the field and 

germinated under controlled conditions in the shade house showed no significant results, 

however, weak trend could be observed. Plotting shade house germination against field 

emergence did not show a monotonic relationship, therefore a Pearson’s correlation 

could be performed. The test also showed weak evidence of a positive correlation 

between shade house and field emergence after removing two outliers, r(52)=0.3, P(2-

talied)=0.051 (Pearson’s correlation including the outliers: r(54)=0.2, P(2-tailed)=0.166). 

The GLM comparing mean shade house emergence after treatment and field emergence 

(seedlings m-2) was not significant; however, at P=0.061 there was a weak trend. However, 

using the GLMM performed to evaluate treatment effect on field seedling emergence 

showed no significant effect for any of the treatments, and no significant effect of block 

as random factor (add p-values when finalised model). 
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Figure 4.5. Scatter plot showing plot emergence over predicted plot emergence based 

on quadrat emergence. The two outliers are excluded in Figure 4.6. 
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Figure 4.6. Scatter plot showing plot emergence over predicted plot emergence based 

on quadrat emergence. Excluding the two outliers improves predictive power of quadrat 

emergence. 
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1.4.5. Estimating spatial variability of soil seedbank 

The GLM also shows an overdispersal of emergence count for both, whole plots and 

quadrats (mean ± StDev of whole plot emergence: 13.0±24.4 and average quadrat 

emergence: 0.2±0.3) (Figure 4.7). However, this evaluation was calculated using to 

average quadrat emergence for each block. To estimate overall spatial variability of the A. 

gayanus soil seedbank, cumulative emergence was compared for all quadrats in each 

treatment using the explore function in SPSS®. Emergence was highly variable between 

quadrats; standard deviation was higher than mean emergence for each of the treatments 

( 

 

 

Table 4.3). Soil cores taken in the field and germinated in the shade house represent an 

even smaller sub-sample. Applying the same SPSS explore query to shade house 

emergence shows even stronger standard deviation from the mean ( 

 

 

Table 4.4). 
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Figure 4.7. Cumulative emergence of A. gayanus in quadrats showing mean + standard 

deviation (StdDev). Emergence follows a similar pattern to whole plot emergence; 

however, standard deviation is high for each treatment. 
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Table 4.3. Descriptive statistics exploration of data dispersal between quadrats; showing 

mean, standard deviation (SD), minimum and maximum seedlings per quadrat and 95% 

Confidence Interval; n=46 samples per group (treatments); emergence variability 

between quadrats is high, Standard Deviation (SD) is larger than mean for each treatment. 

     95% CI 

 
Treatment Mean SD Min Max 

Lower 
Bound 

Upper 
Bound 

Control 
treatments 

Untreated Control 0.75 1.06 0 4 0.44 1.06 

Glyphosate only 0.35 0.73 0 4 0.14 0.57 

Chemical 
treatments 

Terbacil+G 0.02 0.14 0 1 -0.02 0.06 

Pro-pon+G 0.08 0.28 0 1 0.00 0.16 

 Sulfometuron+G 0.23 0.66 0 4 0.04 0.42 

 Flupropanate+G 0.15 0.46 0 2 0.01 0.28 

Physical 
treatments 

Litter+G 0.17 0.38 0 1 0.06 0.28 

Scarification+G 0.25 0.60 0 3 0.08 0.42 

Biological 
treatment 

H. contortus+G 0.27 0.54 0 2 0.12 0.43 
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Table 4.4. Descriptive statistics exploration of data dispersal between soil core samples; 

showing mean, standard deviation (SD), minimum and maximum seedlings per quadrat 

and 95% Confidence Interval; n=46 samples per group (treatments); emergence variability 

between quadrats is high, Standard Deviation (SD) is larger than mean for each treatment. 

     95% CI 

 
Treatment Mean SD Min Max 

Lower 
Bound 

Upper 
Bound 

Control 
treatments 

Untreated Control 0.25 0.62 0 2 -0.14 0.64 

Glyphosate only 1.17 2.86 0 10 -0.65 2.98 

Chemical 
treatments 

Terbacil+G 0.17 0.39 0 1 -0.08 0.41 

Pro-pon+G 0.08 0.29 0 1 -0.10 0.27 

 Sulfometuron+G 0.25 0.452 0 1 -0.04 0.54 

 Flupropanate+G 0.92 2.58 0 9 -0.72 2.55 

Physical 
treatments 

Litter+G 0.08 0.29 0 1 -0.10 0.27 

Scarification+G 0.08 0.29 0 1 -0.10 0.27 

Biological 
treatment 

H. contortus+G 0.17 0.39 0 1 -0.08 0.41 
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4.2. Revegetation objective 

2.4.1. Effect of chemical, physical and biological treatments on Acacia 

holosericea survival 

Tube stock survival was low for all treatments (Figure 4.8). Initial mortality in the week 

after planting was not included in statistical analyses, to allow for transplanting shock. 

Seedlings counts reflect approximately 3-weekly intervals. Average seedling mortality was 

highest at 40% in the first three weeks (22/01/2017 to 15/02/2017), followed by a further 

38% of remaining stock in the following three weeks (15/02/2017 – 09/03/2017). In the 

last three weeks (09/03/2017 – 29/03/2017) seedling mortality slowed to 19% loss of the 

remaining seedlings. Mean survival of A. holosericea tube stock from 22/01/2017 at the 

last monitoring occasion on 29/03/2017 was lowest in the untreated control (15% ± 5.4) 

(Figure 4.8). In the glyphosate only treatment mean tube stock survival over the same 

time was 27% ± 12.5. Mean survival was highest in two of the chemical treatments (52% 

± 10.3 and 42% ± 3.5 for pro-pon+G and terbacil+G respectively), but remained within 

average of the two controls for all other treatments. 

A generalised linear mixed model shows no significant effect of treatment on seedling 

survival compared to the untreated control for any of the treatments. Excluding block 

improved model fit for this data set (AIC including block as factor: 263.8, AIC excluding 

block as factor: 240.2). excluding block from the model did not change significance for 

treatments. 
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Figure 4.8. Survival of A. holosericea tube stock (mean ± SE) between January and March. 
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2.4.2. Effect of chemical, physical and biological treatments on Acacia 

holosericea growth rate 

Tube stock growth was recorded between 22/02/2017 and 29/03/2017 as the change in 

height and mean tube stock growth per week was compared across the treatments (Figure 

4.9). Mean weekly tube stock growth across all weeks was 0.6 cm ± 0.1 in the untreated 

control and 0.7 cm ± 0.0 in the glyphosate only treatment. Compared to the controls, 

mean weekly tube stock growth in the chemical treatments was increased to between 0.7 

cm ± 0.2 (sulfometuron+G) and 1.0 cm ± 0.2 (terbacil+G and pro-pon+G). In the physical 

treatments mean weekly growths rate was similar to the untreated control at 0.6 cm ± 0.2 

for litter+G, and reduced to 0.5 cm ± 0.1 for scarification+G. The variation, however, was 

not statistically significant. A PERMANOVA evaluation shows overall significant plant 

growth (P(reading)<0.05), however, effect of treatment on mean plant growth was not 

significant (P(treatment x reading)>0.05). 

The evaluation also shows a significant effect for the three-way interaction between 

treatment, reading and block (P(treatment x reading x block)>0.05), indicating that there 

may have been an be an effect of treatment on plant height over time in one or more 

blocks. However, PERMANOVA is susceptible to differences in data dispersion between 

subgroups. A distance-based test for homogeneity of multiple dispersion (PERMDISP) was 

significant for reading, therefore all significant PERMANOVA results including reading as 

factor are also impacted by differences in data dispersion for reading 1 as opposed reading 

2. Given the high data dispersion identified for reading, the p-value of the three-way 

interaction including reading should not be given too much weight in the interpretation. 
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Figure 4.9. Growth rate of A. holosericea (cm) (mean ± SE) per week between 22/01/2017 

and 29/03/2017. 
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CHAPTER 5. DISCUSSION 

5.1. General findings 

This study aimed to identify treatments suitable for controlling the soil seedbank of A. 

gayanus at the Rum Jungle restoration project. Treatments were found that significantly 

reduced seedling emergence and survival compared to both, the untreated control and 

to the current standard glyphosate treatment. The treatments were also found not to 

affect establishment of native woody vegetation, indicating their suitability for use in 

restoration. 

5.2. A. gayanus management objective 

2.5.1. Effect of chemical, physical and biological treatments on Andropogon 

gayanus seedling emergence and survival 

Three residual herbicides – terbacil, pro-pon and sulfometuron – were the most effective 

treatments in reducing seedling emergence and survival of A. gayanus. Residual 

herbicides used in combination with glyphosate are an effective and commonly used 

method for controlling weed seedling emergence from soil seedbanks (Nurse et al. 2006; 

Wilson et al. 2011). These treatments reduced emergence of A. gayanus to approximately 

10% of emergence in the standard glyphosate treatment (i.e. seedling density was 

reduced from a dense growth of 10 plants per 10 m2 to a much lower density of 1 plant 

per 10 m2). Flupropanate, the remaining chemical treatment, did reduce seedling 

emergence to 4 seedlings 10m-2, however, was not determined to be significantly 

different to the controls. This could be due to the low seedling density and high variability 

between samples and it is possible that the significance of the treatment may be 

established with a larger sample area. Many of the soil seedbank treatments applied do 

not act on the seed itself but rather affect the seedling once germinated and growing. 

Therefore, treatment effects on survival rather than emergence alone, should be 

considered. When taking plant mortality during the survey period into account, plant 

density compared to the controls was also significantly reduced by the three residual 

herbicides.  
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The effectiveness of residual herbicides is variable (Nurse et al. 2007) and highly 

dependent on environmental factors such a soil pH (Brown 1990; Savage 1973) soil 

structure (Landry et al. 2004) and climatic conditions (Colquhoun 2006). Suitability of this 

type of treatment to the conditions at Rum Jungle needed to be established. Furthermore, 

plant sensitivity to mode of action varies between species (Fairchild et al. 1997) and 

resistance to selected modes of action has been observed in different plants groups 

(Sherman et al. 1991). No studies were found investigating active ingredients most 

suitable for controlling A. gayanus; selected for this trial were therefore herbicides 

ranging in mode of action and active ingredient. 

The physical treatment of leaf litter application reduced A. gayanus seedling emergence 

compared to the controls, however, the reduction was not significant. An average of 0.7 

± 0.4 seedlings m-2 emerged in the leaf litter treatment compared to 2.7 ± 1.4 seedlings 

m-2 in the untreated control. However, with one in 7 plants emerged per 10 m2 not 

surviving until the end of March, the treatment did significantly affect A. gayanus seedling 

survival. Acacia species are known to affect seedling establishment in native ecosystems 

(Lorenzo et al. 2011), as well as agricultural crops (Hoque et al. 2003; Oyun 2006) through 

allelopathy (Singh et al. 2003). Residues of A. holosericea leaf litter in particular has 

allelopathic properties that have been shown to detrimentally affect seedling 

development in other invasive grass species such as mission grass (Cenchrus pedicellatus 

and C. polystachios) (Quddus et al. 2014). However, no study has examined the effect of 

A. holosericea leaf litter on seedling emergence and survival of A. gayanus. Survival of A. 

gayanus seedlings at Rum Jungle may have been reduced through allelopathy, however 

this hypothesis would require further investigation. Alternatively, the leaf litter may have 

provided habitat for invertebrates, leading to increased rates of herbivory affecting 

survival of very young seedlings. Mortality, however, has been observed in plants 

exceeding 1 m in height, suggesting that predation may not be the only cause for 

increased mortality. Furthermore, Quddus et al. (2014) found the level of effect to be 

dependent on litter depth, where 3 cm depth and 100% cover was most effective. In this 

trial, litter depth was below this threshold and increased litter depth may have increased 

strength of effect; however, increasing the volume of litter would be very resource 

intensive. To achieve litter cover used in this trial, extensive amounts of foliage was taken 
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from approximately 20 trees; to cover a one hectare are would require over 2000 trees. If 

use of this treatment is desired, a more feasible option to improve effectiveness would be 

combined use with herbicides (Marble 2015). 

The physical treatment of disturbing the soil through scarification did not significantly 

change A. gayanus emergence or survival at Rum Jungle. Previous studies have shown 

that the effect of soil disturbance on seedling emergence and survival is highly dependent 

on environmental conditions and nature and severity of soil disturbance (Barrow 1995; 

Calder & Cameron 1991; Recasens i Guinjuan et al. 2016; Ruisi et al. 2015; Setterfield et 

al. 2005, Flores et al. 2005). Success of this treatment at Rum Jungle was therefore difficult 

to predict and could only be assessed by in situ application. Emergence and survival in this 

treatment was very similar to that of the glyphosate only treatment and given the 

complete lack of even a weak trend, as well as high cost factor, further investigation of 

this treatment is only recommended when heavy equipment can be used. 

The biological treatment of resource competition through seeding of H. contortus also did 

not affect A. gayanus seedling emergence or survival. Competition for resources is an 

effective management tool for controlling weed recruitment from the soil seedbank with 

below ground competition often the more dominant factor than competition for light 

(Kosola & Gross 1999). It is a commonly used management approach in savanna 

management (Cole & Lunt 2005) and has been shown to be effective in A. gayanus 

(Setterfield et al. 2005). No increased germination of grasses other than A. gayanus was 

observed in the treatment plots, suggesting that H. contortus seedlings did not emerge as 

expected. Seeds may have been carried off the treatment plots though wind, water, 

myrmecochory or other vectors before germination could occur, however, it is unlikely 

that all germinable material would have been relocated. Rainfall in the 2016/17 wet 

season was above average (Bureau of Meteorology 2017a) and H. contortus is less 

competitive in wetter conditions (Goergen & Daehler 2002). However, overall seedling 

emergence was very low and competition was unlikely to be a factor. Alternatively, local 

soil conditions may have affected seed viability (Roem et al. 2002) as soil tests identified 

issues such as high acidity. Heteropogon contortus is commonly found at Rum Jungle, 

however, anecdotal observations suggest that populations tend to occur along road 

verges. This restriction may be due to more intensive selective management of A. gayanus 



 

  62 

in these areas, reducing competition; or it may be due to more favourable soil conditions 

in these areas, as soil contamination may have been reduced in these areas. Lack of 

emergence in H. contortus may be subject to further investigation; in the context of this 

study, however, seeding H. contortus to increase competition was not successful in 

reducing A. gayanus emergence or survival and is not recommended as a treatment. 

Levels of emergence in the soil scarification and competition treatments were similar to 

those observed in the standard glyphosate treatment. 

2.5.2. Effect of chemical, physical and biological treatments on Andropogon 

gayanus growth rate 

Growth rate is a commonly used indicator for plant health (Flores et al. 2005), however, 

treatment effect on A. gayanus growth rate could not be established. Growth of up to 25 

seedlings per plot was observed over a two-month period; however, the Rum Jungle trial 

site was subject to repeated grazing by feral cattle and wallabies. There were no 

significant differences in seedling height between treatments and controls, suggesting 

that the effect of grazing may have been stronger than any treatment effects on growth. 

However, with an average weekly growth rate of 2 cm and an average final height of 34 

cm suggest healthy plant growth in all treatments in spite of herbivory. However, the 

allelopathic effect of A. holosericea leaf litter may have reduced the capacity of A. gayanus 

to recover from herbivory. The leaf litter treatment initially showed increased, if not 

significantly different growth rates compared to all other treatments; however, it was also 

the only treatment to show a reduction in plant height at the end of the trial. Allelopathy 

of A. holosericea has been shown to reduce vigour in grass seedlings (Quddus et al. 2014) 

which may have diminished the capacity of A. gayanus plants to recover from herbivory. 

2.5.3. Spatial variability and predictive power of sub-sampling 

Spatial variability in the soil seedbank was high when assessed in the field. Spatial 

variability in seedling emergence is not uncommon, as fine scale heterogeneity in soil 

conditions may affect recruitment from the soil seedbank (Harper 1977) and such 

variability has previously been observed in A. gayanus (Flores et al. 2005). Variability in 

field seedling emergence was high even between blocks (replicates) located in close 

proximity to each other. The variability was amplified when comparing eight 25 cm x 25 
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cm quadrats as a set of sub-samples for each 4 m x 4 m plot. Quadrats emergence a strong 

predictor for whole plot emergence, explaining 70% of whole plot emergence (rs(53)=0.7, 

P(2-tailed)<0.001)). However, the data obtained from quadrat emergence was not 

sufficient for assessing treatment effect. In stark contrast to whole plot emergence, 

statistical analysis of treatment effects on quadrat emergence showed no significant 

effect on seedling emergence for any treatments except glyphosate only. This deviation 

may be due to low overall emergence and high spatial heterogeneity in the soil seedbank 

affecting smaller quadrates more severely, producing low amounts of highly variable data. 

An evaluation of variability between quadrats consistently showed standard deviation to 

be higher than average in all treatments, suggesting consistently variable emergence 

between quadrats.  

An extreme example of the high spatial variability in the soil seedbank was one of the 

sulfometuron treatments. One replicate had a cumulative emergence of 83 seedlings as 

compared to an average of 2.2 ± 0.7 cumulative whole plot emergence ± SE in all other 

plots. The outlier was analysed and treated according to common practice in 

environmental science studies (Aguinis et al. 2013). The replicate showed unusually high 

germination rates with seedlings being spatially confined within the block. Application 

error has been ruled out as a cause of this higher than normal emergence; while accidental 

omission of the replicate during treatment application would be a potential cause for this 

anomaly, detailed records confirm that the plot was treated with an equal amount of 

herbicide to all other replicates. Likely causes of this anomaly include seeds introduced to 

the site after treatment application or senesced foliage restricting herbicide contact with 

the soil. As the anomaly is located very close to the block boundary, one or more seed 

heads falling onto the treated site from outside the block may have contaminated the site 

with untreated seeds. However, sulfometuron does not affect seed viability, but requires 

uptake and translocation to actively growing tissue. Any seed landing on the plot would 

have taken up sulfometuron and would therefore also be affected by the treatment. The 

confined germination pattern may have occurred due to a large clump of senesced A. 

gayanus foliage covering the soil at the time of treatment. Remnants of senesced fallen 

over tillers, as well as individual plants showing symptoms of sulfometuron poisoning 

interspersed with healthy seedlings were observed in the area where the A. gayanus 
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seedlings are concentrated. The seedling distribution suggests that a small area within the 

treatment plot may have been covered by fallen over vegetation, preventing the herbicide 

from entering the soil. The outlier was uncharacteristic for the treatment and was 

therefore excluded from the main results. However, since the cause of the anomaly could 

not be determined, the outlier could not be completely disregarded and its influence on 

results was assessed. When including the outlier in evaluations, average seedling 

emergence and survival in the sulfometuron treatment was no longer different from the 

glyphosate treatment.  

When assessed in the shade house spatial variability was even higher. At this scale, 

emergence from 16 soil cores of 8 cm diameter per plot did not reflect emergence in the 

field and only showed very weak evidence of correlation to field emergence and it is 

therefore not possible to draw strong conclusions from the soil seedbank data obtained 

from this trial. In this instance, the process to taking and preparing soil cores for the 

germination may have accelerated seed decay though desiccation or physical damage, 

however, this is unlikely as seedling emergence where it did occur was observed at a 

density many times that observed in the field. Alternatively, the methodology may be 

confounded by seed dormancy as total seed content was not assessed through direct 

counting. However, this study aimed to assess germinable soil seed content; assessing 

seedling emergence rather than total seed content was therefore deemed more suitable. 

Sub-sampling is a commonly used methodology for vegetation recruitment studies (Alder 

& Synnott 1992; Flores et al. 2005; Scott et al. 2012; Setterfield et al. 2006) and soil coring 

is the conventional method for assessing viable propagule content of the soil seedbank 

(Setterfield et al. 2004). Soil seedbank homogeneity of A. gayanus had never been 

assessed at Rum Jungle; the experimental design of this study allowed for some scaling to 

address the issue as it became apparent. This shows that large scale in situ field studies 

are essential for assessing the effect of soil seedbank treatments on A. gayanus 

emergence. 

One of the reasons for the high spatial variability in the soil seedbank was the overall low 

seed content of the soil seedbank at Rum Jungle. Compared to previous studies showing 

13 to 61 seedlings m-2 observed in savanna and floodplain soils respectively (Flores et al. 

2005) the seedling emergence in this study was 3 seedlings m-2 on average in the 
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untreated control at a comparable time of year. This may be a chance occurrence for this 

season due to an unplanned burn on 5 June, or characteristic to the site due to local soil 

conditions. In Australia, A. gayanus seed production mainly takes place between April and 

June (Weed Management Branch 2014; Weeds in Australia 2017). The fire in early June 

had swept across the entire site, leaving little but charred tillers. During initial site 

inspections in early August, a notable absence of the dense matt of fluffy A. gayanus seeds 

carpeting the soil was observed. The fire may therefore have destroyed the majority of 

germinable material produced in that season. Alternatively, local soil conditions, found to 

be highly acidic with high levels of manganese and detectable traces of some heavy metals 

(Appendix 2) may adversely affect seed viability at the study site (Roem et al. 2002). 

Germinable seed content in untreated soil samples decreased progressively from early 

August (pilot study 978 ± 280 seeds m-2 (mean ± SE)) to October (pre-treatment 

assessment 22 ± 10 seeds m-2) to November (post-treatment assessment 16 ± 11 seeds 

m-2 in the untreated control). Similar declines have been observed in the Darwin and 

Litchfield area with 2100 ± 1100 seeds m-2 in June reduced to 20 ± 20 seeds m-2 in 

December (Setterfield et al. 2004). Rainfall in this season was not likely a limiting factor 

with close to average rainfall for the area (Bureau of Meteorology 2017a). This suggests 

that although most above-ground plant matter was consumed in the June fire, the 

germinable soil seedbank at Rum Jungle was comparable to other sites within the area, 

and low recruitment was likely due to local soil conditions. 

The study design was adapted to address issues of high spatial variability and overall low 

seedling emergence; nevertheless, low emergence may have affected statistical power of 

the models employed. High soil seedbank variability observed in the pilot study was 

addressed by increasing replication of the main study from three to six replicates. When 

field emergence remained low, the survey area was expanded from a representative sub-

sample of eight quadrats to the entire 16 m2 survey area of each plot. In the shade house 

soil seedbank assessment, the number of soil cores taken for the post-treatment 

assessment was doubled when the pre-treatment assessment yielded low germination. 

However, seedling emergence was low, yielding data positively skewed toward low counts 

and many replicates had zero values. Adapting sampling strategies by increasing replicates 
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and survey area, and statistical analysis by choosing models and distributions appropriate 

for the data obtained was successful in most cases. 

5.3. Revegetation objective 

The revegetation trial, planting Acacia tube stock, showed that no treatment 

detrimentally affected A. holosericea growth or survival. Of all treatments, the untreated 

control showed lowest survival and growth rates, along with the litter treatment. Only soil 

scarification showed A. holosericea growth rates lower than those of the untreated 

control. 

However, overall A. holosericea survival was very low in all treatments with and average 

survival of only 28 ± 4% and the lowest survival rate of 15 ± 5% of seedlings in the 

untreated control. Soil chemistry at the field site was suspected to be affecting Acacia 

seedlings and analysis of plant available toxins indicated number of possible issues. Soil 

chemistry analyses for each block revealed low soil pH, ranging from pH 4.4 (block 4) to 

pH 4.7 (block 5). Low soil pH can limit plant growth through complex interactions in the 

soil chemistry (Rengel 2003). Also identified were detectable traces of heavy metals, the 

soil mobility and bioavailability and therefore plant absorption of which is increased with 

low soil pH (Zeng et al. 2011) and may have become available at toxic levels. Furthermore, 

a high ratio of manganese to calcium (Ca) may have caused Ca deficiency in A. holosericea 

tube stock, especially in acid soils (Landon & Booker Agriculture International 1991; 

Russell 2002). Despite the acid soils, aluminium levels are not likely to be toxic. Sodicity 

and salinity, as well as levels of phosphorus and sulphur are also unlikely to affect A. 

holosericea establishment (Landon & Booker Agriculture International 1991; Russell 

2002). Although not focus of this study, soil was likely to be a contributing factor to high 

mortality rates observed in the A. holosericea tube stock, rather than applied treatments. 

5.4. General Management implications 

Seedling emergence was dramatically reduced from 1 seedling in every m2 to 1 seedling 

in every 10 m2. This 90% reduction in A. gayanus recruitment is a major improvement of 

management on mine sites, as residual herbicides now add another management tool for 

managers to add to their toolkit, integrating the seasonal burning to reduce biomass and 

post-emergent glyphosate to kill established plants with pre-emergent herbicides to 
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prevent re-colonisation from the soil seedbank. Such a tool is particularly useful for mine 

sites, as they are often in remote locations with restricted access during the wet season. 

Here, the pre-emergent herbicides can be applied in the late dry season, as mixture or in 

sequence with glyphosate and left to control A. gayanus emergence during the wet 

season.  

The very real threat of glyphosate resistance may also be abated through integrating 

herbicides with different mode of action, such as those trialled in this project. Once 

present in the soil, the residual herbicides used in this trial work by being taken up through 

the roots and translocated to growing tissues where they kill the seedling by inhibiting 

one or more vital cell processes, depending on mode of action (HerbiGuide Pty Ltd 2014). 

The same herbicides shown to kill A. gayanus seedlings are likely to also affect adult 

plants. Current management of adult A. gayanus populations relies on the use of 

glyphosate only (Barrow 1995; Head & Atchison 2015; Weed Management Branch 2014). 

Heavy reliance on glyphosate often leads to glyphosate resistance in cropping situations 

in Australia (CropLife Australia 2017; Powles et al. 1998; Preston 2012) and internationally 

(Powles 2008), inadvertently increasing weed management costs (Beckie 2011). The most 

common approach to proactively manage the risk of glyphosate resistance is 

diversification of herbicides using varying modes of action and/ or active ingredients, and 

using residual herbicides either as mixture in rotation or in sequence (Beckie 2011; Diggle, 

Neve & Smith 2003; Duke & Powles 2008; Lodge et al. 1994). The herbicides found to be 

effective in controlling the soil seedbank may also be worth investigating for their 

usefulness in proactively managing the risk of glyphosate resistance in A. gayanus. 

Economic and environmental implications need to be considered when diversifying 

chemical treatment options. The use of residual herbicides is generally considered to be 

prohibitively expensive (Beckie 2011; HerbiGuide Pty Ltd 2014). For this project, chemical 

treatments from a range of price brackets were compared (Table 3.1) and interestingly, in 

this trial price was not indicative of effectiveness. Sulfometuron, one of the most effective 

treatments in reducing recruitment of A. gayanus from the soil seedbank has a purchase 

price very similar to that of glyphosate, whereas flupropanate, a treatment over ten times 

more expensive to purchase did not significantly reduce emergence in the field. This 

suggests that cost is not necessarily a limiting factor for controlling the soil seedbank of 
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A. gayanus. Environmental impact is another important consideration when choosing an 

appropriate weed-management strategy for A. gayanus (Freemark & Boutin 1995; Relyea 

2005a). The field site at Rum Jungle was located away from water bodies or riparian 

systems with runoff not being a major issue. The treatments were applied to near 

monospecific populations of A. gayanus; impacts on non-target species (Tsui & Chu 2008) 

were therefore also not an issue. However, for many land management situations non-

toxic alternatives are required (Davis et al. 2008). Glyphosate, the currently used 

treatment of A. gayanus infestations, although considered to be of comparatively low 

environmental impact (Duke et al. 2003), is known to have devastating impacts on 

susceptible species and/ or ecosystems (Annett et al. 2014; Relyea 2005b). Physical and 

biological treatments used in an integrated management system can reduce the reliance 

on chemical treatments (Ball 1992; Marble 2015). Although showing limited success at 

controlling the soil seedbank of A. gayanus at Rum Jungle and potentially incurring higher 

application costs, physical and biological treatments may be useful for management of 

sensitive or small-scale areas. 

Economic and environmental considerations of the physical treatment soil scarification 

show that integrating physical and chemical treatments may be the most effective 

approach to control the A. gayanus soil seedbank. While soil scarification alone was not 

effective in controlling the soil seedbank of A. gayanus at Rum Jungle, soil manipulation 

has been shown to negatively impact on seedling survival of A. gayanus in other 

environments (Setterfield et al. 2005). Physical soil manipulation can be used as 

alternative or in conjunction with herbicide application, thus reducing the amount of 

herbicide required, particularly in agricultural situations where reduction of herbicide use 

may be desired due to human health concerns (Ball 1992; Singh et al. 2003). Application 

of leaf litter, although effective in reducing A. gayanus seedling survival, can be costly to 

apply (Table 3.1) and large-scale use may not be realistically achievable. Where herbicide 

use is not restricted due to environmental concerns, mulch depth required to achieve 

satisfactory levels of emergence control can be decreased through combined use with 

herbicides (Marble 2015). In highly sensitive areas mulch can provide a non-toxic 

alternative to herbicides (Singh et al. 2003) with some species such as A. holosericea 
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providing the additional benefit of allelopathy (Hoque et al. 2003; Lorenzo et al. 2011; 

Oyun 2006; Quddus et al. 2014).  

Economic and environmental implication of the biological resource competition 

treatment also suggest that combining a range of treatments may be most effective in 

controlling A. gayanus recruitment from the soil seedbank. Competition from a fast-

growing native grass as biological treatment alone was also not successful in this trial and 

is not recommended for use at Rum Jungle until the cause of germination failure can be 

determined. However, reduced seedling emergence due to resource competition is 

commonly observed (Cole & Lunt 2005; Kitajima 2000) and A. gayanus emergence had 

been shown to be subdued in highly competitive environments (Setterfield et al. 2005). 

As with physical treatments, resource competition may be used as an alternative or 

alongside reduced rates of herbicide use in sensitive areas, as well as agricultural use 

(Blackshaw et al. 2006).  

Overall, integrated management options, combining a number of different treatments, 

such as herbicides with different modes of action, physical or biological treatments are 

likely to be most effective in controlling the soil seedbank of A. gayanus at Rum Jungle. In 

this project, a number of treatments taken from various backgrounds and employing 

varying modes of actioned were assessed in isolation. This type of trial is necessary to 

establish a knowledge base, however, in practice a combination of treatments is often 

most effective and can offer multiple benefits. In agricultural systems, integrated weed 

management using combinations of herbicides and or chemical and physical treatments 

is often used to combat both weed soil seedbanks and glyphosate resistance (Davis et al. 

2008; Wilson et al. 2011). However, environmental conditions, and particularly soil 

conditions can differ significantly between agricultural cultivation, native savanna soils 

and restored substrates after mining activities (Tickell 2011). It is therefore important to 

verify the effectiveness of soil seedbank treatments in the environmental context they are 

to be employed in. Likewise, treatments found to be effective at Rum Jungle mine may 

not be suitable for other environments. The effectiveness of residual herbicides is largely 

limited by infiltration and run-off rates of the soils they are applied to. 
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Applicability of residual herbicides to reduce seedling emergence of A. gayanus to other 

environments may be limited. At Rum Jungle, chemical treatments were found to be the 

most suitable treatment option for controlling the soil seedbank of A. gayanus. However, 

as discussed above, this type of treatment may not be applicable to management of A. 

gayanus in other land use forms, such as agriculture or natural savanna. While controlling 

the soil seedbank can be a valuable management tool, every environment has its unique 

environmental conditions and suitability of treatment options – chemical, physical or 

biological – needs to be based on individual circumstances, including scale, environmental 

considerations, severity of infestation and budget constrictions. Regardless of the type of 

treatment suitable for a particular environment, the ability to control recruitment from 

the soil seedbank through treatment application in the late dry or early wet season can 

potentially revolutionise A. gayanus management and perhaps present inspiration to find 

ways to reverse, rather than just manage the ever-increasing spread of A. gayanus 

through the northern Australian savanna. 

5.5. Limitations and future research 

A limitation of these results is that no treatment completely prevented emergence of A. 

gayanus. Residual herbicides showed a significant reduction at label rates. The rate a 

herbicide is used at can have a strong impact on its effectiveness on controlling the target 

species and performance of treatments used may be improved at an optimised rate. While 

beyond the scope of this project, future research should investigate rate effect of the 

treatments. 

Another limitation of the results is that most effective treatments identified in this study 

were residual herbicides; residual herbicides is that they are subject to leaching in high 

rainfall conditions. At Rum Jungle residual herbicides were likely effective, as the capping 

material of the site has been engineered for minimum infiltration. Applicability of this type 

of treatment to other environments may therefore be limited. However, the general 

approach of targeting the soil seedbank alongside established vegetation remains valid 

and future research should investigate suitable management treatments for the A. 

gayanus soil seedbank in other environments such as agricultural settings or natural 

savanna systems. 
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5.6. Conclusions 

Seed spread is the main vector for establishment and perpetuation of A. gayanus 

populations (Weeds in Australia 2017). At Rum Jungle mine, pre-emergent herbicides 

have proven most effective in reducing A. gayanus recruitment from seeds present in the 

soil seedbank while not affecting revegetation with native woody plants. Furthermore, 

subject to further research, the herbicides used may also be effective in treating adult A. 

gayanus plants at the same time, which may help diversify herbicide use and delay the 

evolution of glyphosate resistance. Residual herbicides may therefore be used to create 

an integrated management system for A. gayanus at Rum Jungle that both, prevents 

recruitment of seedlings after treatment of existing growth, and reduces the likelihood of 

A. gayanus developing a resistance to the management plan. 
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Appendix 1. Identification of Andropogon gayanus seedlings 

As identification of grass species generally relies on characteristics found in adult plants, 

such as final tusk dimensions, inflorescence or leaf characteristics, consultation of a 

number of botanists and other A. gayanus management stake holders did not yield a 

precise identification key for A. gayanus seedlings. Physiological markers specific to 

seedlings of A. gayanus therefore needed to be identified. Detailed observations and 

comparison to adult plants of different species in the area yielded the following 

identification key for A. gayanus seedlings. Below is a description of physiological features 

characteristic of A. gayanus seedlings, followed by images contrasting A. gayanus and 

other seedlings. 

Allowing for occasional phenotypic differences A. gayanus seedlings generally feature: 

• Dark green colour 

• Medium-short soft hairs densely covering the entire length of both leaf surfaces 

• Clearly visible mid vein 

• Dark reddish to purple base 

• Rounded base (rarely flattened) 

• No stem/ sheath formation in very young seedlings? 
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Appendix Figure 1. A. gayanus seedling at Rum Jungle field site. The seedling shows all 

characteristics described in the key and was counted as A. gayanus. 
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Appendix Figure 2. Grass seedling with similar coloration and mid vein, however, lacking 

the dense hair. Theses seedlings were not counted as A. gayanus. 
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Appendix Figure 3. Grass seedling showing hair along the length of the leaf, however, hair 

is less dense, shorter and bristlier than A. gayanus seedlings. This seedling was not 

counted as A. gayanus. 
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Appendix 2. Plant available toxins at the Rum Jungle field site 

Appendix Table 1. Summary of test results testing for plant available soil toxins on each 

treatment block. Date taken 29/03/17, date analysed 08/05/17. 

 
Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

Cation Exchange Capacity (CEC)/ Exchangeable Sodium Percentage (ESP) 

Calcium (mg/kg) 230 180 310 140 390 270 

Potassium (mg/kg) <50 <50 <50 <50 <50 <50 

Magnesium (mg/kg) 120 120 180 95 200 170 

Sodium (mg/kg) <50 <50 <50 <50 <50 <50 

Aluminium (mg/kg) 31 24 35 28 18 44 

Exchangeable Ca (meq/100g) 1.2 0.9 1.6 0.7 2 1.4 

Exchangeable K (meq/100g) <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 

Exchangeable Mg (meq/100g) 1 1 1.5 0.8 1.7 1.4 

Exchangeable Na (meq/100g) <0.22 <0.22 <0.22 <0.22 <0.22 <0.22 

Exchangeable Al (meq/100g) 0.23 0.18 0.26 0.2 0.13 0.33 

Cation Exchange Capacity (meq/100g) 2 2 3 2 4 3 

Available heavy metals (DTPA) 

DTPA Copper (mg/kg) 1 1.1 0.73 1 8.5 0.52 

DTPA Iron (mg/kg) 18 26 110 24 59 120 

DTPA Manganese (mg/kg) 26 15 13 30 16 11 

DTPA Zinc (mg/kg) 0.23 0.5 0.41 0.16 2.4 0.36 

Arsenic (mg/kg) 7 7 5 7 7 10 

Cadmium (mg/kg) 0.5 0.5 0.4 0.6 0.5 0.8 

Cobalt (mg/kg) 22 14 11 33 25 13 

Nickel (mg/kg) 36 21 41 60 51 62 

Lead (mg/kg) 30 27 24 41 260 25 

Selenium (mg/kg) 4 4 2 5 4 3 

Chromium (mg/kg) 62 60 120 58 110 140 

Uranium (mg/kg) 4 3 9 5 7 20 
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Miscellaneous 
      

Colwell Phosphorus (mg/kg) 14 13 120 9 60 210 

Sulfur (KCl 40) (mg/kg) 3 3 5 4 14 10 

Chloride (mg/kg) <10 <10 <10 <10 <10 <10 

Electrical Conductivity (EC) (µS/cm) 2700 2800 2700 2800 2700 2800 

pH(CaCl2) (pH Units) 4.5 4.4 4.5 4.4 4.7 4.6 
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