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Abstract 

Many gold mines have operated and been rehabilitated in savanna vegetation between Darwin and 

Katherine in the Northern Territory, Australia.  A range of these sites were managed by Crocodile Gold 

Australian Operations and had been rehabilitated approximately 9 - 12 years previously to achieve the 

rehabilitation goal to become eucalypt-dominated savanna woodland.  The aim of this research was to 

assess the success of the sites in terms of establishment of trees and ongoing tree recruitment.  The 

effects of fire, grazing, weeds and a range of environmental parameters on the composition and density 

of mature trees, saplings and seedlings were also investigated. 

Assessment of established trees and of tree seedling and sapling recruitment was carried out over three 

years at 28 sites, including analogue sites in the natural woodland.  Understorey vegetation cover, soil 

surface condition, soil chemical contents and grazing were measured.  Fieldwork was supported by 

experimental studies into effects of media on seedling establishment undertaken in the shadehouse.   

Overall tree density and sapling densities at most rehabilitation sites were somewhat similar to natural 

woodland when analysed by General Linear Modelling. They differed markedly in tree seedling density, 

tree structure, species richness and composition.  Ordination analyses revealed litter thickness and 

cover, cattle dung, soil calcium concentration and rainfall were the environmental variables which 

correlated to significant differences in tree densities across mine rehabilitation and natural woodland 

sites.  Grass cover, aluminium concentration, sulphur concentration and soil electrical conductivity all 

had negative correlations with sapling and seedling density, while soil phosphorous, litter cover and 

litter thickness had positive correlations with sapling and seedling density.  A shade house experiment 

investigated effects of litter cover on seedling germination of Acacia and Corymbia species and showed 

that an intermediate 609 g per m2 of dry litter was a favourable litter thickness for the seedling 

emergence of Acacia and Corymbia species.  Tree seedling growth in mine rehabilitation media was 

less than in natural woodland media.  

Grazing and fire affected established trees and tree recruitment in mine rehabilitation.  Cattle grazing 

modified understorey vegetation and in doing so it benefited tree seedling establishment but was slightly 



xvii 

 

detrimental to sapling and mature trees.  The impact of cattle grazing on established trees and saplings 

was variable but generally saplings and established tree densities tended to be lower in the grazed mine 

rehabilitation sites.  Fire killed tree seedlings and small trees with diameter less than 3 cm and thus 

affects tree sustainability in mine rehabilitation.  Recruitment after fire tended to occur but was variable 

between sites.  

Rehabilitation sites on undesirable pathways will require appropriate management intervention to return 

them to the desired successional trajectory.  A set of interventions has been developed for potential 

application by rehabilitation managers to improve rehabilitation success.  These include interventions 

applicable in the initial rehabilitation as well as techniques applicable for ongoing management of the 

rehabilitation.  Potential management interventions suggested as a result of this study include 

replanting, grass management, fire and grazing management and thinning of Acacia species.  Further 

monitoring and research is needed to identify factors that cause low tree recruitment, to assess the 

impact of stocking rate and to assess effects of prescribed fires earlier during rehabilitation on tree 

establishment in savanna gold mine rehabilitation.  
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Chapter 1 GENERAL INTRODUCTION 

 

1.1. Mining and mine rehabilitation in the Northern Territory 

Mining and pastoralism are both important land uses in Australia.  Across the 8 million km2 of Australia, 

57% or 430,100,800 ha is grazed by livestock (Department of Sustainability Environment Water 

Population and Communities 2009).  In contrast, less than 0.05% of Australia has been disturbed by 

mining and mineral processing (Bell 2001).  More than half of the land disturbed by mining was 

previously used for grazing (Bell 2001), and cattle grazing is the dominant land use in northern Australia 

(Holmes 2002).  Hence, the post-mining land use for many mine sites involves grazing.  Managing the 

rehabilitation of mine sites so that it is suitable for grazing is frequently an objective of the mine site 

rehabilitation.  

In the Northern Territory (NT) of Australia the pastoral and mining industries, together with tourism, 

are the major business sectors of the economy (Department of Business 2015).  Katherine and Pine 

Creek are situated 200-320 kilometres southeast of Darwin and in this region cattle grazing and gold 

mining are key industries.  This region was rapidly occupied and used for productive pastoral and gold 

mining activity soon after the initial European exploration (Fensham and Skull 1999).  The vegetation 

of this region is tropical savanna woodland, consisting of a tree canopy dominated by Eucalyptus and 

/Corymbia species and a grass dominated understorey.  The government and community thus require 

the local mining industry in this region to rehabilitate mined lands, and re-establish the savanna 

vegetation, such that grazing is supported as a post-mining land use (Grigg et al. 2000). 

Mine site rehabilitation is needed to repair the changed abiotic and biotic factors that occur during 

mining and to prevent negative impacts on the environment.  All areas significantly disturbed by mining 

activities are required to be rehabilitated, and usually re-vegetation of the pre-existing savanna 

vegetation is required.  Rehabilitation goals include revegetation of post mining areas to create a stable 
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landscape and to allow the desired end land use.  Re-vegetation is important for ecosystem restoration 

and protection, as well as a cost-effective and environmentally sustainable method to stabilize the 

landscape (Yan et al. 2013).  Goals for the vegetated post-mining landscape include development of a 

functional, sustainable ecosystem, protection against erosion, maintenance of water quality, and 

minimisation of detrimental off-site effects (Gillespie and Mulligan 2003).  The end land use after 

mining may include the restoration of native vegetation or to re-establish land use to pastoral, 

agricultural, forestry or traditional indigenous uses (Australian Mining Industry Council 1998). 

The mining company has a statutory obligation to rehabilitate land that has been mined.  A rehabilitation 

security is required for any activity that creates a substantial disturbance to the environment under 

Mining Management Act (MMA) and examination on the environmental impacts enforce with the 

Environment Protection Act (EPA).  At the state and territory level, the State and Territory Governments 

have a responsibility to produce specific legislation related to the environment and mining 

rehabilitation, thus legislative requirements vary from state to state (Mulligan 1996).  Under the 

Environmental Assessment Act, the mining company is required to pay a bond to Mining Remediation 

Fund (MRF) to hold the money in trust to be used for remediation purposes.  Most of these legacy sites 

were created before 2005 and pre-dated the Northern Territory Government’s policy of requiring 

operators to lodge a 100% rehabilitation security bond (Fawcett and Tyrell, 2015) as stated in Mining 

Management Act.  Fund is hold the money in trust to be used for remediation purposes.  Calculation of 

the actual cost of rehabilitation of mine site is based on size, environmental risk and expected a life of 

a project.  In 2013, Mining Management Act was revised and commenced 1 January 2013.  In this act, 

the Northern Territory Government imposes a 1% levy on all environmental rehabilitation security 

bonds.  The objective of the levy is to generate the necessary funds to begin addressing historical mining 

impacts (Fawcett and Tyrrell 2015).  This levy is in addition to the security bond, applies to existing 

and new mines, is non-refundable and is paid upfront to secure compliance with environmental 

rehabilitation obligation.  Under this regulation, CGAO is responsible for the legacies of other 

companies who have owned its sites in the past is obligated to pay the levy for all the all the 

environmental impact that has been done by previous owner.  
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The long-term sustainability and success of rehabilitation is assessed against completion criteria (Grant 

2006).  Criteria for success or failure of mine rehabilitation have to be site specific because it depends 

on many factors, including type of mining.  It is also suggested that there may be different success 

criteria for different domains or parts of the mine, such as waste rock dumps, tailings storage facilities, 

voids, waterways and diversions, and infrastructure areas (Commonwealth of Australia 2006).  

Environmental Protection Act 1994 requires the post-mining rehabilitation should be able to sustain an 

agreed land use.  Grant (2003) described three criteria necessary for mined sites to be considered 

successful.  First, the mine rehabilitation sites require almost similar management input to the 

surrounding area for the same land use.  Second, there should be confidence that mine rehabilitation 

will change over time along with or towards the vegetation structure and composition of the surrounding 

area.  Third, successful rehabilitation has the capability to tolerate normal disturbances such as grazing, 

fire and flood.  It also needs to consider rehabilitation is a long process (Gould 2012), and complexity 

of the mine rehabilitation ecosystem is supposed to be investigated in all aspects to justify what is 

success or failure of mine rehabilitation.  Corbet (1999) described five types of methods to monitor the 

development and success of rehabilitation areas: 1) Quantitative ecological assessment (composition); 

2) Ecosystem functional (function); 3) Remote sensing (structure and pattern); 4) Faunal recolonization 

(function/composition) and 5) Other indices of ecosystem recovery. 

1.2. Tree development and recruitment in mine rehabilitation  

Revegetation of post-mining landscapes with trees is commonly practiced in the initial rehabilitation 

stage.  Trees may improve soil physical and chemical characteristics and hydrology of mine 

rehabilitation.  Tree development had been to indicate evidence of early indicator of post-mining 

rehabilitation success (Gould 2012; Herath et al. 2009; Ludwig et al. 2003; Norman,  et al. 2006).  It 

has been suggested to use native tree species on post mining revegetation since those species found 

tolerant to drought and disturbance, created a new source of native seed and play an essential role in 

supporting native fauna with provision of food and shelter (Gillespie and Mulligan 2003).  Assessing 

vegetation development in mine rehabilitated site focus mainly on the performance of initially planted 
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or sown trees only.  A few studies have compared tree species composition, cover, density and diversity 

in mine rehabilitation areas with the natural landscape (Gould 2012; Herath et al. 2009; Morrison et al. 

2005).  Simple vegetation measurement meets the criteria for indicators of mine rehabilitation since it 

is easy to measure, respond in sensitive, robust and predictable ways over time to stresses and 

management action.  Ludwig et al.. (2003) mentioned that the mix of tree species, tree density and trunk 

diameter are simple indicators of tree development and establishment in mine rehabilitation.  When tree 

density and composition in mine rehabilitation sites resembles that of nearby tropical savanna, it may 

be assumed that one of rehabilitation goals has been achieved.  However, there is a need to ensure that 

tree establishment is sustainable, and this is indicated by continued recruitment of trees. 

Recruitment is the establishment of new trees through natural regeneration, which may be required to 

achieve a particular density.  Subsequent to the initial establishment, continuing recruitment is 

important to ensure the rehabilitated vegetation community is sustainable.  Subsequent tree recruitment 

varies across sites and among species.  Tree species abundance and distribution depends on many 

factors including seed dispersal mechanisms (Thorsten et al. 2009), availability of seeds, light 

requirements (Dhakal et al. 2015), competition, predators, disturbance, regeneration niches (Eriksson 

and Ehrlén 1992) and the relative abundance and quality of appropriate microsites (Clark et al. 2013).  

Understanding the tree recruitment status of different tree species is fundamental to understanding tree 

population dynamics and any barriers to the tree recruitment. 

1.3. Factors affecting tree development and recruitment  

Soil, existing understorey vegetation and disturbance are the main components of microsites that may 

affect tree development and recruitment in mine rehabilitation sites.  Soil condition of mine 

rehabilitation can hinder vegetation development.  Walker and del Moral (2003) list soil condition 

problems of mine rehabilitation, which includes poor nutrient levels, unfavourable pH, heavy metals, 

and soil structure that is coarse and holding little water or of compact structure retarding root growth.  

These all have a direct effect on vegetation growth.  Low soil nutrient levels may increase vegetation 

competition and affect species composition during the initial establishment.  Thus, it creates a situation 
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where only dominant species will occupy mine rehabilitation sites.  Disturbance such as grazing and 

fire are present and sometimes become part of the land management that could also have impacts on 

vegetation establishment and development in mine rehabilitation.  It can change vegetation biomass, 

cover and structure.  The interaction of biotic and abiotic factors and how each factor impacts provide 

an understanding of land management requirements for mine rehabilitation.  

Grazing by cattle will commonly occur in northern Australia as part of the end land use after mining.  

Cattle grazing, trampling and dung production could impact soil development through compaction, 

erosion and the addition of organic matter.  Cattle affect the aboveground vegetation structure and 

composition (Bastin et al. 2003).  For example, excessive cattle grazing shifts plant species composition 

in communities from perennial to annual vegetation and decreases shrubs and grass density (Wood et 

al. 1997).  Cattle can act as a mowing machines in terms of reducing biomass (Northup et al. 2005) and 

their removal of patches of grass can create niches to promote the establishment of additional species 

(Bell 2001).  The dung may provide a more favourable microenvironment for the establishment of some 

seedlings.  Dispersal of seeds onto the site may also be a benefit if the seeds contained in the manure 

are of native species.  However, weed seeds can be also introduced.  Cattle contribute to the changes in 

seed composition and quantity in the soil seed bank (Saragih 2007).  Cattle act as endozoochorous 

dispersal vectors (Jolaosho et al. 2006) during rehabilitation of mine sites and influence the composition 

of soil seed bank.  The cattle may reduce the production of seeds due to less seed production through 

consumption of inflorescences and reducing the biomass available for seed production.  Cattle may also 

influence weed abundance through their indirect impacts on these ecological processes.  Mission grass 

and gamba grass are common weeds in the savanna woodlands of the NT and in some cases were 

previously used deliberately for mine site revegetation (Rossiter et al. 2002).  A major benefit of grazing 

by cattle for mine site rehabilitation in northern Australia is likely to be the reduction in biomass of 

grass weeds.  This in turn reduces the risk of fire for rehabilitation areas.  Cattle grazing may reduce 

weed inflorescences through direct consumption and therefore reduction of weed seeds in the soil seed 

bank. 
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Cattle grazing is considered suitable for an end land use after mining in the Northern Territory for 

various reasons.  First, the mined lands were typically grazed by cattle prior to mining.  Second, most 

of the mining areas are located adjacent to pastoral sites, thus it could be a challenge to prevent cattle 

grazing the mine rehabilitation sites after closure of the mine.  Third, the pastoral industry is still one 

of the principal industries in this region.  In other regions of tropical Australia such as Queensland, the 

government and community require the local mining industry to rehabilitate mined lands such that 

grazing is supported as a post-mining land use (Grigg et al. 2000).  It is desirable to investigate the use 

of cattle to manage the rehabilitation area to assess positive benefits and to assess when cattle can be 

reintroduced.  The presence of cattle may assist in developing a vegetation community that is functional 

and tolerant of cattle when grazed.  Understanding these processes is necessary in order to assess the 

long-term sustainability of rehabilitation areas where the end land use is grazing. 

Fire occurs on a regular basis as wildfire or prescribed fire as part of land management in some of the 

mine rehabilitation areas.  Fire may alter species richness (Ross et al. 2002), vegetation structure and 

composition (Chaffey and Grant 2000; Fisher et al. 2009; Grant and Loneragan 2001), soil nutrient 

status (Morley et al. 2004) and reduce tree growth (Murphy et al. 2010).  The impacts of fire on 

vegetation and soil in mine rehabilitation areas depend on fire frequency, intensity, and season which 

are determined by fuel load.  Mine rehabilitation sites have been observed to have high fuel loads 

compared to that of natural woodland due to fire exclusion (Bayliss et al. 2006).  This may increase fire 

risk and negative impacts on vegetation development and soil nutrient contents.  Fire could also affect 

soil condition.  Soil nutrient decrease due low litter returned to the soil after the fire.  Some species of 

plants are intolerant of fire or are intolerant when they are young, thus mine rehabilitation areas may 

require a fire protection plan for a number of years until plants are able to survive fire or have set seed 

that may germinate after fire (Grant, 2003).  For example, Chaffey and Grant (2000) suggested that 

mine sites with more than 12 year-old of rehabilitation should be burnt at low to medium intensities to 

reduce fuel load and to facilitate succession intensities.  They also recommended conducting fire during 

spring to autumn seasons, so the fire can be easily controlled.  Timing, methods and pattern of fire 
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ignition are some factors that need to take into consideration in applying fire as part of land management 

in mine rehabilitation areas (Cook 2012).  

The combination of fire and grazing may affect vegetation development in positive and negative ways.  

They are known to influence the tree-grass character of a tropical savanna (Liedloff et al. 2001).  

Frequently fire and over grazing may become hinder on vegetation development but it could be also 

used as a part of the tool of vegetation management in mine rehabilitated land.  Bachelet et al. (2000) 

stated that natural fires and moderate grazing by native herbivores have maintained the coexistence of 

trees and grasses with the contribution of the climate play an important role.  Direct impacts of grazing 

and fire on vegetation may change vegetation structure, biomass and species richness.  Cattle and fire 

can reduce vegetation cover and biomass that allow Other species to establish thus increase species' 

richness.  Cattle grazing may reduce fire fuel and the risk which decrease vegetation mortality during a 

fire event.  Kutt and Woinarski (2007) found both grazing and fire reduced ground cover about 23-51% 

in tropical savanna woodland in north-eastern Australia.  Grazed and burnt had extensive coverage of 

the forbs Tephrosia simplicifolia, Bonamia media and Sida rohlenae, the grass Enneapogon 

polyphyllus, and the shrub Acacia leptostachya.  They also discovered fire and grazing were shown to 

have a major interactive (compounding) effect on floristic composition and structure that indicated by 

highly significant association of fire and grazing factors with variation in vegetation composition.  Zida 

et al. (2007) reported that grazing and fire affected sapling morphology in savanna woodlands of 

Burkina Faso.  Those studies indicated present of fire and grazing affect vegetation condition.  

Assessing microsite condition could be done by investigating soil nutrient, soil cover, vegetation 

composition and structure, as well as disturbance.  Recruitment of trees and other vegetation is limited 

by the availability of suitable microsites.  Climate may be part of microsites variable due to its impact 

on soil and vegetation.  Some studies have be shown that variability of understorey vegetation, litter, 

compaction, soil cover, soil condition, hydrophobicity, shelter objects, landscape position and concrete 

matric had been identified to have an impact on tree recruitment (Chen et al. 2013; Dupuy and Chazdon 

2008; Howlett and Davidson 2003; Wilson and Gibbons 2014).  Tongway and Hindley (1995) 

developed a procedure for assessing indicators of soil surface condition in rangelands and mine sites.  
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Rip-lines, litter cover and decomposition were a simple and useful indicator for monitoring waste rock 

dumps (Ludwig et al. 2003).  Those studies, methods and indicators above can also apply and guide 

assessing microsite condition of rehabilitated mine.  Evaluating microsites attributes in mine 

rehabilitation areas and comparing them with values from reference sites is necessary to evaluate 

potential barriers to reestablishment of vegetation and rehabilitation success. 

1.4. General thesis aims 

This Ph.D. thesis evaluates the development of vegetation during rehabilitation of gold mines in the 

monsoonal tropical savanna in the Northern Territory, Australia in relation to cattle grazing.  The 

research aims to determine success of tree establishment and tolerance to grazing on gold mine 

rehabilitation in the Northern Territory, Australia.  The specific objectives are to (1) assess tree 

development on gold mine rehabilitation sites in relation to the microsite conditions; (2) evaluate tree 

recruitment 10 – 15 years after initial establishment on gold mine rehabilitation sites in relation to 

microsite conditions; (3) evaluate cattle grazing impacts on tree recruitment and established tree and 

the role of the cattle grazing on weed control and seed dispersal; (4) assess fire impacts on established 

tree and tree recruitment; (5) provide recommendations on vegetation management to achieve 

ecological rehabilitation goals for gold mining rehabilitation in savanna woodland in tropical Australia.  

1.5. Outline of individual chapters 

This thesis is presented in seven chapters following this introduction.  

Chapter 2 reviews the literature on the impact of cattle grazing on vegetation, soil and land sustainability 

of mine rehabilitated with a focus on Australia-New Zealand.  

Chapter 3 describes the Crocodile Gold Australia Operations Pty Ltd (CGAO) gold mine rehabilitation 

study sites and the region.  This chapter also describes mining regulation and discusses the range of 

climate, soil and vegetation attributes across the study sites.  
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Chapter 4 analyses and interprets tree abundance and composition in the gold mine rehabilitation 

compared to natural woodland (analogue sites) and distribution of tree in relation with environmental 

parameters.  Tree development and environmental parameters that could affect tree development in the 

gold mine rehabilitated were compared with natural woodland area to determine the rehabilitation 

success. 

Chapter 5 analyses and interprets current tree recruitment in gold mine rehabilitation areas in relation 

to microsite conditions.  This assessment provides an indicator of sustainability of tree recruitment in 

gold mine rehabilitation areas and how microsite conditions and cattle grazing affect it. 

Chapter 6 analyses and interprets cattle grazing impact on established tree and tree recruitment in gold 

mine rehabilitation.  The role of cattle grazing on weed control and seed weed dispersal is also discussed 

in this chapter.  

Chapter 7 analyses and interprets the impacts of an opportunistic fire on tree development and 

recruitment in rehabilitation areas at one of the gold mines.  

Chapter 8 combines the findings of this thesis, discusses overall conclusions with reference to the 

objectives of the research, and presents recommendations to improve mine rehabilitation and future 

research.  
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Chapter 2 GRAZING IMPACTS ON MINE REHABILITATION AND ITS 

IMPLICATIONS FOR LAND USE MANAGEMENT  

 

2.1. Introduction 

Mining and pastoralism are both important land uses in Australia and New Zealand. Across Australia 

430,100,800 ha or 57% of the land area is grazed by livestock (Department of Sustainability 

Environment Water Population and Communities (2009) and grassland covers around 13,508,900 ha or 

51% of New Zealand (New Zealand Statistic Bureau 2013).  More than half of the land that has been 

disturbed by mining or mining-related processes was previously used for grazing in Australia (Bell 

2001).  Hence, the post-mining land use for many mine sites involves grazing and rehabilitation need 

to be managed so that the post-mining surfaces are suitable for grazing.   

There are several reasons why cattle grazing is a desired or suitable land use after mining.  First, cattle 

grazing was often the land use prior to mining (Bell 2001; Maczkowiack et al. 2012).  Second, 

rehabilitated mine sites usually have low soil nutrients, resulting in low land productivity that is more 

suitable for cattle grazing than other agricultural uses (Maczkowiack et al. 2012).  Third, mine sites are 

often adjacent to pastoral properties, and future management is easier if the rehabilitated site integrates 

with the pastoral areas.  Fourth, many mine sites have been rehabilitated using pasture species, which 

are likely to be more manageable and controlled if grazed.  However, when considering cattle grazing 

as the end land use for mine rehabilitation, it is important to ensure that the site is capable of supporting 

animal grazing without degrading the rehabilitated or surrounding landscape.  Pastoral use of the land 

may be one of multiple end land uses after mining, together with other uses such as native vegetation, 

agriculture, forestry or traditional indigenous uses (Australian Mining Industry Council 1998).   

Cattle grazing can potentially affect vegetation structure and composition, soil properties and land 

sustainability of mine rehabilitation.  Grazing, browsing, trampling, urine and dung production can 

impact soil and vegetation directly and indirectly, in positive or negative ways.  Cattle may change 

aboveground vegetation structure and composition (Bastin et al. 2003), reduce standing biomass 
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(Northup et al. 2005) and thus creating gaps that could promote the establishment of additional species 

(Bell 2001).  The presence of cattle can also assist in developing a vegetation community that is 

functional and tolerant of cattle grazing.  Cattle dung may provide a more favourable microenvironment 

for the establishment of some seedlings (Cosyns et al. 2006).  Cattle dung may contribute to changes in 

the composition and quantity of seeds in the soil seed bank (Saragih 2007).  Cattle dung may be 

beneficial if the seeds in the dung are of native species, but it could also detrimental if the seeds are of 

weeds.  Cattle can reduce seed production due to consumption of inflorescences and reducing the 

biomass able to support seed production.  Rumen digestion by cattle may break dormancy of some seeds 

(Malo and Suárez 1995) but may also reduce seed viability in others (Carmona et al. 2013).  Compaction 

and erosion due to trampling and the addition of organic matter affect soil development and soil quality.  

Cattle may increase the rate of development of soil or may cause soil loss due to increased erosion 

(McIntosh et al. 1997).  Impacts on the soil can indirectly impact the vegetation through affecting 

growth conditions.  Impacts of the cattle grazing on the vegetation can in turn affect the soil through 

increased erosion due to decreased soil cover.  Alteration of vegetation and soil as a result of cattle 

grazing will affect land sustainability.  

The overall aim of this review is to create a framework for evaluating the risk and benefits of cattle 

grazing strategies as a tool for the management of mine site rehabilitation.  The potential beneficial and 

detrimental impacts of cattle grazing in mine rehabilitation sites will be discussed by utilising the 

broader literature on grazing and mining rehabilitation.  This review is of Australia and New Zealand 

while also drawing on relevant literature from elsewhere.  It focuses on cattle grazing since most of the 

studies of grazing impacts in mine site rehabilitation have used cattle.  This review initially focuses on 

grazing impacts on plant communities, then soil properties, and finally on land sustainability.  

This literature review identified a review paper, research papers, research notes, letters and theses that 

reported research results or observations about cattle grazing impacts on soil, vegetation and land 

sustainability.  In total, there were 78 papers, consisting of 26 papers that studied the impact of cattle 

grazing on vegetation, 33 papers on impacts of cattle soil and 19 papers on impacts of cattle on land 

sustainability.   Studies of cattle grazing impacts on mine rehabilitation were presented in 33 papers.  
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Additional papers on mining and grazing studies in Africa, Brazil, America, China, Iran and Indonesia 

are utilised.  Studies that reported on cattle grazing in unmined situations are also included that have 

provided useful information  

2.2. Cattle grazing impacts on vegetation 

 Cattle activities such browsing, grazing, trampling and dung deposition could have either positive or 

negative impacts on vegetation in mine rehabilitation.  Cattle have large rumens which are adapted to 

ferment fibrous material, therefore allowing them to browse a large amount of forage (Frost and 

Launchbaugh 2003), as well as flowers and seeds.  This could reduce biomass and cover, as well as 

seed production.  Cattle also have large hooves with the potential to create a gap that allow Other 

speciesto establish, but the hooves can damage seedlings and emerging shoots.  

Cattle grazing may reduce vegetation biomass mainly due to defoliation and trampling.  In open cut 

coal mine rehabilitation in the Bowen Basin Queensland, biomass was reduced from 19 tonne ha-1 

without grazing to 7.5 tonne ha-1 with grazing (Silcock (1991).  A similar result was revealed on a 

rehabilitated tailings dam at the Kidston Gold Mine Queensland, cattle grazing at 1 head ha-1 reduced 

standing dry matter from 4.22 tonne ha-1 to 0.69 tonne ha-1 in three months (Bruce et al. 2003).  The 

impact of cattle grazing on vegetation biomass depends on the stocking rate and grazing period.  

Vegetation biomass decreased from around 6.2 to 3.8 tonne ha-1 after four years grazing with a low 

utilization rate (20.2 head ha-1) and declined sharply from 6.5 to 0.8 tonne ha-1 with a high utilization 

rate (0.5 head ha-1) at the Goonyella Riverside mine in Queensland (Byrne 2005).  

Cattle grazing has been shown to be a potential tool for reducing weed biomass in pasture (De Bruijn 

and Bork 2006).  None of the studies has investigated the impact of cattle grazing on weed biomass in 

mine rehabilitation.  Reducing the high biomass of weeds in mine rehabilitation areas by using livestock 

grazing may be an effective solution to reduce fire risk and weed biomass.  Launchbaugh (2003) stated 

that grazing could be useful in early stages of plant invasion to reduce colonization and slow the rate of 

invasion of weeds.  
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Cattle grazing affects vegetation cover in mine rehabilitation.  The impact of cattle grazing on plant 

cover differs between species due to differences in forage palatability and resilience of plants to cattle 

grazing.  Grazing decreased vegetation cover from 82% to 59% after eight months of cattle grazing on 

a tailings dam at the Kidston mine (Bruce et al. 2003).  On rehabilitated pasture at the Blackwater mine 

vegetation cover decreased from 90% to 55% over four years of cattle grazing (Byrne 2005).  Changes 

in cover due to cattle grazing depends on the taxa.  At the Goonyella Riverside coal mine cattle grazing 

affected percentage composition of legume, but it did not affect grass cover (Bisrat (2001).  The legumes 

Macroptilium atropurpureum (siratro) and Clitorea ternatea (butterfly pea) increased from 1.1% to 

2.5% and from 4.5% to 10% respectively after eight months grazing.  In mixed pasture at coal mine 

land rehabilitation in East Kalimantan, Indonesia, cover of the weeds increased from 27 % to 45% and 

twelve weeds species increased its cover when grazing was present (Daru et al. 2012).  Cover of “Other 

species” is less affected by grazing of mine rehabilitation.  Buffel grass and Rhodes grass cover 

remained steady with 60% after eight-month cattle grazing in the at Goonyella Riverside coal mine 

(Bisrat 2001).  This could be as a result of low carrying capacity, or the grass was not palatable forage 

or it was able to replace grazed foliage.  The cattle grazing could also reduce vegetation cover in mine 

rehabilitation through browsing and trampling.  Relative frequency of cover of signal and puero 

decreased from 39% to 31% and 35% to 24% after 90 days of intensive grazing (Daru et al. 2012).  

These studies indicated some species may be more resilient to grazing than “Other species.”  Some 

species are favoured, perhaps due to lesscompetition with “Other species”, or they may be unpalatable 

to the cattle grazing.  

Cattle grazing influences species richness in rehabilitated mine sites.  Some species might be introduced 

by cattle if cattle also graze outside of the mine or if they receive extra feed containing seeds.  Other 

vulnerable species might be lost due to trampling and grazing.  Bisrat (2001) and Byrne (2005) found 

that the number of species decreased from 21 to 15 species after four years of intensive short-term cattle 

grazing at Goonyella Riverside mine in Bowen Basin Queensland.  A similar result can occur due to 

kangaroos grazing in mine rehabilitation.  Species richness in an Olympic Dam mine rehabilitation area 

grazed by kangaroos was only half that of an exclosure site (Badman (2002).  Generally, studies indicate 
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species richness decreases due to cattle grazing in mine rehabilitation, thus grazing management may 

be needed to increase or maintain species richness in mine site rehabilitation areas.  Cattle grazing does 

not always decrease species richness.  In grazed semi-natural grassland (Pykälä 2003) recorded 209 

plant species but only 156 plant species in abandoned pastures.  This indicated present of cattle may 

introduced new species to the sites.  

Cattle may affect plant seed production in mine rehabilitation.  Grazing can prevent the formation of 

seeds due to consumption of flowers, inflorescences and other tissue.  No study has investigated cattle 

grazing impacts on seed production in mine rehabilitation.  The studies in unmined sites indicate the 

impact of cattle grazing in reducing seed production.  Cattle grazing reduced buds formed, flowers and 

pods of Vicia sepium in the semi-natural pasture in Swedenby at least two thirds in grazed plots (Lenoir 

and Pihlgren 2006; Pihlgren 2007).  Cattle grazing reduced seed production of five African savanna 

species with decreases in seed production ranging from 15% for Aristida bipartita to 78% for Themeda 

triandra (O'Connor and Pickett 1992).  Thus cattle grazing can reduce seed production, a positive 

impact if weeds but detrimental if the seeds are of desired native species.  

Cattle grazing may play an important role in plants distribution in mine rehabilitation through seed 

dispersal.  Cattle can contribute to plant dispersal through endozoochory and epizoochory (Traba et al. 

2003; Wang and Smith 2002).  Epizoochory is less likely to result in the death of dispersed seeds than 

endozoochory, but it requires seeds to be attached strongly to the fur in order to travel for long distances.  

Possibly three species were introduced into mining rehabilitation at the Goonyella Riverside mine in 

Bowen Basin Queensland through cattle grazing (Bisrat 2001; Byrne 2005).  However, although species 

richness increased while grazing occurred there was no investigation whether seed dispersal through 

endozoochory and endozoochory actually occurred in this study.  Cattle grazing can move seeds long 

distances due to their extensive home ranges (Haskell et al. 2002).  Mouissie et al. (2005) reported 

many seeds remained attached to the coat for more than one kilometre.  Cattle can consume and disperse 

large numbers of seeds (Malo and Suárez 1995).  Bakker and Olff (2003) found 183.1 ± 21.1 seeds per 

100 g of cattle dung in grassland in Belgium.  Mouissie et al. (2005) reported cattle dispersed 

approximately 2.6 million seeds per year per animal in a grassland area in The Netherlands.  In pasture 
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oversown with legumes, Jones and Hayes, (1999) found the mean number of seeds in the cattle faeces 

were 35 seeds g-1 dry manure in the autumn-early winter season and 3-5 seeds g-1 on winter seasons in 

southern coastal Queensland.  Those studies above indicate cattle can potentially transport large 

amounts of seeds for long distances through endozoochory and epizoochory. 

Cattle grazing may affect seed germination and enhance the establishment of some seedlings.  

Endozoochory can increase germination and establishment due to the digestion process and nutrient 

content of dung.  When endozoochorous seeds are deposited, the dung contributes to soil nutrients and 

creates a favourable microenvironment for the establishment of some seedlings (Cosyns et al. 2006).  

Dormancy of seeds can be lost as a result of cattle grazing (Gardener et al., (1993).  The grinding action 

of the teeth may assist to break seed dormancy.  For example, prickly acacia (Acacia nilotica) 

germination increased up to 39% following breaking of seed dormancy by cattle (Blackshaw and Rode 

1991).  Conversely, some seeds can also be killed through rumen digestion.  Blacksaw and Rode (1991) 

investigated effects of ensiling and rumen digestion by cattle on weed seed viability and found that 

grass species tended to be more adversely affected by rumen digestion/ensiling of cattle than broadleaf 

species.  Loss of seed viability was greater in grasses and the digestion in the rumen killed all seeds of 

downy brome (Bromus tectorum L.), foxtail barley (Hordeum jubatum) and barnyard grass 

(Echinochloa crusgalli) for 24 hour rumen digestion.  However digestion and rumination don’t impact 

on some species.  Gut passage and dung of donkey did not have significant effects on seed germination 

of Prosopis laevigata in Mexican inter-tropical desert (Sánchez de la Vega and Godínez-Alvarez 2010).  

Thus ingestion and rumination of cattle can promote seed germination of some plants, but can also kill 

seeds through the grinding action of the teeth and rumination.  

2.3. Cattle grazing impact on soil in mine site rehabilitation 

Cattle grazing affects soil properties, both positively and negatively, through trampling, grazing, 

urination and dung deposition.  Trampling by cattle may assist soil development by breaking up stones 

and gravel, increasing the organic matter incorporated into the soil through trampling on foliage and 

litter and thus increase soil nutrients and influence the soil fertility (McIntosh et al. 1997).  In contrast, 
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trampling may increase soil compaction and soil bulk density (Hiltbrunner et al. 2012), thus reducing 

soil porosity leading to decreased soil infiltration of water.  Reduced soil macroporosity can limit plant 

growth and pasture yield (Drewry 2006; Drewry et al. 2008).  Grazing removes biomass and thus 

reduces litter returns back into the soil, which reduces soil nutrients.  Removing biomass also increases 

the extent of bare soil that can lead to soil erosion.  On the other hand, urine and dung deposition 

increase soil nutrient levels and soil organic matter (Cosyns et al. 2006).  Soil physical condition and 

soil nutrient contents may have an indirect effect on soil biota.  Changes in soil physical properties and 

soil organic matter concentration affect soil microbial community structure (Hiltbrunner et al. 2012).  

Soil physical properties that might be affected by grazing including compaction, bulk density, 

macroporosity, infiltration and permeability.  Hofmann and Ries (1989) found that heavy grazing on 

mine rehabilitation resulted in soil compaction.  However, for light and moderate stocking rates, grazing 

did not affect soil bulk density in the top 150 mm of soil.  In unmined pastures, Greenwood and 

McKenzie (2001) found the magnitude of soil compaction as a result of grazing was limited to the upper 

50-150 mm of soil.  This review also revealed that compaction increased as stocking rate increased.  

Bilotta et al. (2007) reviewed the effect of stock treading on soil structure in intensively managed 

grasslands and found deformation limited to within 50 mm of the soil surface.  Those studies showed 

that the magnitude of cattle grazing impacts on soil compaction over soil depth varied due to grazing 

period and stocking rate.  Soil compaction reduces the soil macropores (Greenwood, K. L. and 

McKenzie, B. M. 2001), thus reducing soil water infiltration and percolation, increasing surface water 

runoff and encouraging erosion (Mofidi et al. 2012).  Studies in unmined pasture and grassland show 

that cattle grazing reduced soil macroporosity and water infiltration (Drewry et al. 2000; Dunne et al. 

2011; Herbin et al. 2011; Houlbrooke et al. 2009; Pietola et al. 2005).  Low soil macroporosity occurred 

after two years cattle grazing (Houlbrooke et al. 2009) while excluding dairy cows for four months 

increased macro porosity up to 70% (Drewry and Paton 2000).  Reduced soil macroporosity affects soil 

infiltration and makes soil more prone to ponding and surface runoff.  Without cattle grazing, mined 

rehabilitation sites have already been exposed to drastic disturbance due to the heavy machinery used 

during mining and rehabilitation activities.  Shrestha and Lal (2011) found that soil bulk density 
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increased up to 54% after surface mining and reclamation.  Grazing may further increase compaction 

in mine rehabilitation and affect soil water infiltration, or it may have little further effect in this situation.  

Cattle grazing may affect nutrient cycling in mine rehabilitation.  Grazing accelerates nutrient cycling 

by direct effects, associated with dung and urine deposition, plant removal and trampling (Chaneton et 

al. 1996).  The presence of cattle grazing may contribute to soil nutrient cycling processes by assisting 

litter breakdown and increasing the nutrient cycling rate.  Grigg (2002) studied litter decomposition on 

a revegetated tailings dam at the Kidston Gold mine and reported that without physical disruption of 

the litter on the soil surface, litter breakdown was slow and contributed to slow rates of nutrient cycling.  

A similar impact of cattle on litter decomposition occurred in the unmined area.  Sanjari et al. (2008) 

stated that lack of cattle trampling reduced breakdown of litter and its incorporation into the soil in a 

pasture in Queensland, Australia.  They concluded that litter decomposed more rapidly when it was 

trampled and broken down as animals grazed.  Both mining rehabiiltation and unmined studies indicate 

that cattle trampling can accelerate nutrient cycling. 

Cattle grazing may also decrease soil nutrient levels in mine rehabilitation.  Reduction of vegetation 

biomass through browsing and grazing may reduce litter return into the soil.  None of the mine 

rehabilitation studies reviewed has investigated impacts of cattle grazing soil nutrient levels.  Unmined 

studies in grassland, rangeland and pasture show that cattle grazing decreases soil organic matter 

(Banning et al. 2008; McIntosh et al. 1997; Mofidi et al. 2012; Naeth et al. 1991; Steffens et al. 2008; 

Zhou et al. 2010), soil nitrogen and soil carbon (Beyer et al. 2011; Han et al. 2008; Qiu et al. 2013).  

Grazing reduced total soil organic carbon by 15-30% in Australian semi-arid savanna (Beyer et al. 

2011) and total C decreased by 2.1 kg C m-2 after two decades of cattle grazing in New Zealand pasture 

(Schipper et al. 2007).  Mining activities without cattle grazing generally also reduce soil nutrients.  

Ward (2000) found the total nitrogen concentration declined from 0.122 % pre-mining to 0.037% after 

rehabilitation.  Deficiencies in soil nutrients, low organic content and high heavy metal concentrations 

are general soil chemical problems in mine rehabilitation (Walker and del Moral 2003).  Whether the 

combination of rehabilitation processes and cattle grazing further exacerbates soil organic matter and 

soil nitrogen in mine rehabilitation.  
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However, cattle dung and urine deposition could add nutrients to mine rehabilitation.  Cattle urinate 

about nine times per day (Richards and Wolton 1976), and a single fresh urination contained 4.4 g N 

kg-1 (Hoogendoorn et al. 2010).  Increased pasture growth in the urine patches (Saunders 1982) indicates 

a growth response to increase soil nutrients.  Similarly cattle dung increased total N, and also organic 

C, exchangeable Mg and Ca in pasture areas (During et al. 1973).  Thus urine and dung deposition 

could increase soil nutrients in mine rehabilitation.  

Cattle grazing can affect soil pH and electrical conductivity.  Soil pH can decrease due to increased 

ammonium from dung and urine deposition, which through nitrification produced nitrate plus hydrogen 

ions (Zaman et al. 2009).  However, cattle dung can also increase the pH of acid soils (Whalen et al. 

2000).  Salts in dung and urine could increase electric conductivity (EC).  Few studies have been 

investigated the impact of cattle grazing on soil pH and electrical conductivity in mine rehabilitation.  

Ganjegunte et al. (2009) investigated soil pH and EC at a reclaimed coal mine in Wyoming after three 

years of cattle grazing.  Soil pH was higher (7.4 - 8.2) in mine rehabilitation areas than unmined grazed 

areas (6.1 - 6.5) and EC of grazed mine rehabilitation was slightly higher (0.21 - 0.40 dSm-1) than 

unmined grazed area (0.10 - 0.41 dSm-1).  Grigg (2002) found soil pH of tailing dam rehabilitation was 

similar to the adjacent natural forest while electrical conductivity was higher in the grazed tailing dam 

at Kidston gold mine, Queensland after five years of rehabilitation.  These studies indicated the present 

of grazing could increase soil pH, but its impacts varied on soil EC.  Cattle grazing in mine site 

rehabilitation areas may affect soil pH and electrical conductivity, but the effects are likely to be site 

specific.  

Soil macrofauna and mesofauna diversity may be affected by cattle grazing in mine rehabilitation.  Ants 

are used as an indicator of mine rehabilitation success (Andersen, Hoffmann, et al. 2003; Ottonetti et 

al. 2006; Rabello et al. 2015; Ribas et al. 2012; Williams, ER et al. 2012).  Williams et al., (2012) 

examined the influence of grazing history on the assemblage of ants in rehabilitated pasture at the 

Norwich Park coal mine in Queensland.  They reported that higher species richness of ants in mine 

rehabilitation pasture with the low grazing rate (28 species) compared to pasture mine rehabilitation 

without grazing (18).  Unmined pasture nearby mining area with high grazing density (3 head ha-1) also 
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showed having high ant species richness (34 ants species).  This study indicates that the presence of 

cattle grazing tends to increase ants species richness.  Ants species richness was associated with 

vegetation structure, more variation instructure increased ants species richness.  The role of cattle in 

modifying vegetation structure could create suitable habitat for ants.  For example, the relative 

abundance of ants was slightly higher in in continuously grazed rehabilitated pasture (386 ants) than 

ungrazed rehabilitated pasture (338 ants) in Norwick Park Coal Mine in the central Queensland 

(Williams, ER et al. 2012).  In the unmined area, the abundance of Myrmicinae sp was increased 

dramatically following grazing in the Olympic Dam pasture but it decreased Meranoplus sp (Read and 

Andersen 2000).  Those studies indicated the present of cattle could affect the abundance of ants.  

However, ant response depends on the degree of modifications in habitat complexity (Williams, ER et 

al. 2012).  Thus the ability of cattle grazing to alter ants habitat will affect the ants abundance.  Williams 

et al., (2012) suggested that ants biodiversity would increase when buffel grass cover decreased in 

Norwich Park Mine.  Thus cattle grazing on and modifying vegetation structure could increase ant 

biodiversity.  

Cattle grazing may increase the abundance of particular soil macrofauna and mesofauna, but it could 

also decrease the abundance of other fauna species in mine rehabilitation.  Some studies on soil fauna 

have been carried out in mine rehabilitation without cattle grazing (Andrés and Mateos 2006; Boyer et 

al. 2011; Claassens et al. 2008; Claassens et al. 2006; Frouz et al. 2013; Frouz et al. 2001; Gould 

2011a).  Those studies indicated an abundance of soil macrofauna and mesofauna were lower in mine 

rehabilitation than unmined areas.  Whether the presence of cattle grazing further exacerbates decreased 

soil macrofauna and mesofauna in mine rehabilitation, depends on habitat modification and type of 

fauna. 
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2.4. Cattle grazing impact on land sustainability 

Cattle impacts on rehabilitated mines need to be sustainable.  Sustainability issues include off-site water 

quality, maintenance of vegetation, resilience to fire and maintenance of fauna habitat.  Few studies 

have investigated the sustainability of cattle grazing on mine rehabilitation areas.  This section will 

explain how cattle grazing affects offsite water quality through direct and indirect ways, affect fauna 

establishment and assist in reducing fire risk.  

Cattle grazing directly and indirectly impacts offsite water quality.  Direct negative impacts of cattle 

grazing on offsite water quality can occur through excessive amounts of nutrients from cattle excretion 

flowing into the surface waters causing eutrophication problems (Bilotta, GS et al. 2007).  Indirect 

impacts occur due to changes in vegetation cover.  Grazing and trampling may increase bare soil that 

leads to erosion, which can negatively affect water quality through erosion and sediment transport into 

surface water (Hubbard et al. 2004; O’Reagain et al. 2005).  Soil erosion associated with the vegetative 

cover.  The vegetative cover was greatly reduced erosion from 30-35 t/ha at 0% of vegetative cover to 

0.5 t/ha at 47% vegetative cover.  A sufficiently low stocking rate is needed to maintain vegetation 

cover.  Carroll and Tucker (2000) found sediment loss decreased when vegetation cover increased in 

pasture mine rehabilitation in central Queensland where the erosion rates after six years were very low 

(< 1 tonne ha-1) when the plot with covered by 50% of buffel grass compared to bare soil plots (309 

tonne ha-1).  Several studies had been investigated water runoff, erosion and sediment transport in 

ungrazed mine rehabilitation and its effects on surrounding water bodies (Hancock et al. 2006b; Loch 

2000; Nyamadzawo et al. 2007).  Hancock et al., (2006a) investigated sediment and radionuclide 

transport at the former Nabarlek uranium mine, Northern Territory and found sediment concentrations 

in Cooper creek were affected by the vegetation cover of the mine rehabilitation.  This study showed 

that vegetation cover played an important role on the quality of water runoff from mine rehabilitation 

to surrounding area without cattle grazing.  Studies in unmined pasture and grassland indicated cattle 

grazing can have negative impacts on water quality due to trampling, defoliation, urinating and 

excretion (Dunne et al. 2011; Silburn 2011).  As both mining and grazing can decrease water quality if 
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vegetation cover is reduced then, cattle grazing in mine rehabilitation areas might further reduce water 

quality.  Thus, grazing management is needed to maintain vegetation cover in grazed mining 

rehabilitation to reduce erosion and sediment transport into surface waters.  

Cattle grazing may be required to maintain pasture productivity when rehabilitation areas have been 

sown with pasture grass species.  Silcock (1991) investigated the pasture condition in Hunter Valley 

mine rehabilitation areas in the absence of 15 years grazing and concluded that without grazing the 

pasture condition became rank and unproductive.  The high fuel load may increase fire risk.  The study 

suggested grazing was needed to maintain pasture quality and production.  However, overgrazing may 

prevent vegetation succession towards desired vegetation communities.  Reduced seed production and 

effects on vegetation may slow vegetation succession or in the worse scenario, the established 

vegetation could be destroyed. 

Fire may have positive and negative impacts on mine site rehabilitation.  Cook (2012) indicated a fire 

in mine rehabilitation is an important part of the disturbance regime if the intention is to recreate 

ecosystems that blend with the surrounding landscape.  The fire could increase species richness on mine 

rehabilitation by enabling fire-tolerant species to compete with more competitive species.  The fire 

could also promote regrowth and makes grasses more palatable (Savadogo et al. 2008).  This suggested 

that quality of grass increased after the fire, thus it benefits cattle grazing.  However, excessive fire 

frequency or high intensity fire may increase vegetation mortality (Cook 2012), decrease fauna species 

richness (Brady and Noske 2010) and cause nutrient loss (Cech et al. 2010).  Fire exclusion generally 

occurs during initial rehabilitation and later land managers can be hesitant or incorporate fires as a 

management tool for mine rehabilitation (Brady and Noske 2010).  

Grazing may assist in fire management in mine rehabilitation.  In mine rehabilitation that has been sown 

with grass, cattle grazing could reduce fire risk due to consumption of fuel-forage.  However, fuel load 

reduction will not occur when vegetation is not palatable.  In unmined areas, cattle grazing significantly 

reduces total fuel load through browsing and grazing (fuel consumption) in savanna and rangeland 

(Liedloff et al. 2001; Savadogo et al. 2007).  Thus grazing would reduce fire risk due to a decrease of 
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fuel load.  However, cattle grazing did not significantly lower the severity of fire in closed and open 

heath area in the Bogong High Plains in Victoria (Williams et al. 2006).  This study indicated the 

severity of the fire was determined primarily by vegetation type and the lack of a grazing effect in terms 

of fuel flammability.  This suggested that the role of cattle grazing in reducing fire risk could depend 

on the type of vegetation on the sites.  The annual and perennial plants have a different grazing approach 

on fuel treatment (Nader et al. 2007).  The grazing treatment for annuals plant was the plants need to 

remove while they are still green each year prior the fire season to prevent seed set.  Grazing treatment 

for perennials plant is to set up grazing to target on depleting root carbohydrate to reduce plant vigor. 

The presence of cattle grazing might either advantage or disadvantage fauna establishment in mine 

rehabilitation.  Cattle grazing may modify vegetation conditions that affect fauna habitat such as shelter 

and food.  For example, small insectivorous birds may lose their food sources due to changes in 

vegetation condition and disturbance.  However, cattle grazing could attract some avifauna species that 

have symbiosis mutualism with cattle.  Studies in unmined grassland area found grazing caused 

significant changes in fauna species richness.  Luoto, et al. (2003) found total bird and rare bird species 

richness were higher in continuous grazing areas (22.5±4.6 and 1.24±1.0) than abandoned land 

(22.3±6.7 and 0.75±0.7) in semi-natural grassland in southern Finland.  However, changes in habitat 

structure as a result of cattle grazing decreased bird species richness and abundance in savanna 

woodland of northern Australia (Kutt and Fisher 2011).  Those studies indicate the presence of cattle 

may disturb some avifauna species, but attract the few bird species that have a symbiosis mutualism 

with cattle grazing.  Investigation into how cattle grazing affects fauna density and biodiversity in mine 

rehabilitation are needed as studies on grassland and rangeland show that cattle grazing affects fauna 

abundance and species richness.  Birds could be a useful bioindicator of mining and grazing impacts in 

arid south Australia (Read et al. 2000).  The presence of fauna in mine rehabilitation is crucial as it is 

an integral component of the ecosystem, and they have a crucial role in many soil and vegetation 

processes (Cristescu et al. 2012).  
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2.5. Conclusion 

Generally impacts of cattle grazing on vegetation, soil and land sustainability are negative, but they 

could be managed through grazing management.  Impacts of cattle grazing in mine rehabilitation on 

seed production, species distribution, seed germination, soil nutrient, offsite water quality, fire and on 

fauna are not well understood due to insufficient published research.  Based on impacts on rangelands, 

however, it can be concluded that cattle could prevent seed formation, disperse seeds, alter soil nutrients, 

reduce fuel load and risk, change diversity and density of fauna.   

A summary of study results in mine rehabilitation and unmined grassland, pasture and rangeland on the 

impact of cattle grazing on vegetation, weed, seed, soil, land sustainability and their relationship are 

shown in Figure 1. 
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Figure 2.1 Positive and negative impacts of cattle grazing on vegetation and soil that affect land sustainability. 
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Cattle grazing has direct impacts on vegetation and soil in mine rehabilitation and indirect impacts on 

water quality and fauna.  It alters vegetation composition, species richness, vegetation biomass and 

cover.  Cattle may also potentially disperse weed seeds and or inhibit weed seed production.  Cattle 

assist soil development and nutrient cycling but also create soil compaction, reduce micro soil porosity 

and reduce soil infiltration rates.  Off-site water quality and fauna habitat quality, tend to decrease as a 

result of the impacts of cattle grazing on soil and vegetation.  However cattle grazing reduced fire risk 

and vegetation mortality during a fire event.  Most of the cattle grazing studies in mine rehabilitation 

have been carried out in coal mine rehabilitation areas and the studies are generally monitored for less 

than three years.  There is a lack of studies in gold or other mine rehabilitation areas.  There are no long-

term studies to assess the cattle impacts on soil, exotic and native species, weeds or sustainability of 

mining rehabilitation, and these are crucial for long-term monitoring of mine rehabilitation.  More 

investigations of the combined effects of fire and grazing are needed to inform land management of 

mine rehabilitation. 
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Chapter 3 DESCRIPTION OF STUDY AREA: HISTORY AND 

REHABILITATION ISSUES OF GOLD MINE REHABILITATION IN 

THE NORTHERN TERRITORY OF AUSTRALIA 

 

3.1. Introduction 

 The Australian golden age began in 1851 when a huge amount of gold found in Bathurst, west of 

Sydney (Mudd 2007).  This led to a gold rush in the 1850s -1860s and a gold boom from 1890 - 1910 

(Huleatt and Jaques 2005).  The Australian gold industry has developed and is ranked third in size in 

the world after South Africa and the Unites State of America.  Gold is important for the Australian 

economy.  Gold is Australia’s third largest commodity export, worth an estimated A$ 5.3 billion in 

2003 - 2004 (Huleatt and Jaques 2005) to A$15.2 billion in 2012 (Mudd et al. 2013). 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Australian gold mines and deposits (approximate only, adapted from the online Australian 

Mines Atlas (Mudd et al.,2013). 

 

Darwin 

Katherine 
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Gold mining has a long history in the Northern Territory (NT).  Gold discovery in the NT dates back to 

1862, when shipwrecked Portuguese found gold on the coast of Arnhem Land (Huleatt and Jaques 

2005).  The South Australian Land Survey discovered gold in the Top End in 1865 and in the Litchfield 

area in 1869  (Hopper. 1970).  Since 1870, gold has continuously been mined in the Northern Territory 

where gold rushes and booms occurred between 1872 and 1933.  During this period (1982-1933), gold 

was discovered in Grove Hill, Margaret River and from Pine Creek up to Tennant Creek. In 1980-1981, 

there were fifteen mine sites (1% of the Australian total) established in the Northern Territory (Heatley 

1983) and contributed to the development of the area.  

Mining is one of the most significant contributors to the economy in the NT besides pastoralism and 

tourism (Carment 2003) and is a major employer.  In 2010 - 2011, the mining industry contributed about 

17%  or $2.8 billion to the Territory’s economy with 4% of total employment or around 4561 full-time 

workers in 2012 (Blackwell and Dollery 2014).  In 2013, it accounted for $2.5 billion in revenue and 

employed 4600 people (The Department of Mines and Energy 2013).  Pine Creek, Tennant Creek and 

Tanami are areas of significant mineralisation in the NT. 

3.1.1. Gold mine rehabilitation  

Rehabilitation is needed to repair disturbance after gold mining ceases and is an integral part of the 

mining operation.  The rehabilitation planning should establish the expected end land use of the site and 

its general characteristics at the completion of rehabilitation.  Closure criteria have to be specified in 

the Mining Management Plan (MMP) for every domain of the rehabilitated minesite.  Rehabilitation 

goals are important to monitor rehabilitation success and should be in line with Australian government 

regulation on mine rehabilitation, which require the post-mining landscape to be rehabilitated to a safe 

and stable condition. 

It can be a challenge to rehabilitate post gold mine areas due to a number of fundamental issues, 

including: a massive footprint and deep pits that result in substantial amounts of solid waste; acid rock 

drainage problems in the solid waste rock; and chemicals used during the gold processing.  Those factors 

need to be taken into account when the mining is started and should meet an array of environmental 
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requirements set by the legislation of statutory authorities.  For example, treatment of any pollutants 

must be in line with the Northern Territory Environment Protection (National Pollutant Inventory 

(NPI)) Objective Regulation 2004 and the International Cyanide Management Code (ICMI).  Those 

regulations have standard criteria that need to be achieved to be acceptable as meeting minimum 

pollutant and cyanide waste levels in legacy mines. 

3.1.2. Aim and objectives of this chapter 

This aim of this chapter is to describe the gold mine rehabilitation study sites and specific variation 

among them that may affect the results of the study.  Differences in study site vegetation, topography, 

climate and soil types are discussed.  These differences are largely due to the location of mines in 

relation to a climate gradient and due to the distribution of soil units.  Site differences may also in part 

be due to the history of the mines rehabilitation as determined by mine legislation existing at the time 

and how well these requirements were enforced.  In many cases, full details of these rehabilitation 

activities are not available.  

3.2. Description of study sites 

3.2.1. Location 

The study sites are located in the project areas of the Crocodile Gold Australia Operation Pty Ltd 

(CGAO) Resources and Tenements in the Northern Territory (Figure 3.2).  They occur in a north to 

south direction at a distance of 90 to 285 kilometres from the capital city of Darwin.  Study sites 

occurred across seven mines: the Toms Gully (Mine 1), Woolwonga (Mine 2), Brocks Creek (Mine 3), 

Pine Creek (Mine 4), Union Reefs (Mine 5), Moline (Mine 6) and Maud Creek mines (Mine 7) (Figure 

3.3).  Those mines were selected due to being of a similar age of rehabilitation (>10 years); adjacent to 

or within grazing areas, except for Pine Creek; having a long history of mining; accessibility all year 

round; similar climate; and similar dominant vegetation.  Every mine had either one or several waste 

rock dump or tailings dam site or both, plus an unmined area adjacent to the rehabilitation areas.  Seven 

unmined areas adjacent to mine sites (within 5 km) were used as analogue sites.  Prior to mining, all of 
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the study areas were savanna woodland dominated by Eucalyptus and Acacia trees with a grass 

understorey and typically grazed by cattle (Fensham and Skull 1999; Holmes 2002). 

Waste rock dump, tailing dam and analogue sites comprised both sloping sides and flat areas.  Slope 

and flat areas were treated as different sites due to potentially different site characteristics (e.g. soil 

texture compaction).  Inclusion of slope and flat sites in this study depended on the availability of slope 

and flat sites in the waste rock dump, tailings dam and analogue sites.  There were nine slope sites and 

seven flat sites in waste rock dam landform domain.  In the tailings dam sites, there was only one slope 

site and three flat sites.  The analogue sites comprised four slope sites and four flat sites.  A list of mine 

rehabilitated sites and unmined sites included in this study can be found in Tables 3.1 to 3.5. 
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Figure 3.2 Map showing the seven chosen mines for this study: Toms Gully, Woolwonga, Brocks 

Creek, Pine Creek, Union Reefs, Moline and Maud Creek in the Pine Creek and Katherine regions, 

owned by Crocodile Gold Northern Territory Operation. 
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Table 3.1 Mine names, site types, site codes (W: Waste rock dump site, T: Tailings dam site, A: 

Analogue site, 1-7: number of mine, A-D: site, g: grazed, u: ungrazed), site position, within or nearby 

pastoral sites.  See Figure 3.2 for location of study sites.  Mines are listed below in a north to south 

order. At Brocks Creek mine, sites W3A and W3B are known as Faded Lily; sites W3C and W3D as 

Alligator.  

Mine name Site type Site code 
Grazed/ 

Ungrazed 

Slope/ 

Flat 
Within or nearby pastoral sites 

Mine rehabilitated sites 

Toms Gully  Waste rock dump W1Au ungrazed slope 
Within Old Mount Bundy 

station 

Toms Gully Waste rock dump W1Bu ungrazed slope 
Within Old Mount Bundy 

station 

Toms Gully Waste rock dump W1Cu ungrazed flat 
Within Old Mount Bundy 

station 

Woolwonga Waste rock dump W2Ag grazed slope 

Adjacent Ban Ban Springs 

station to the north and 

Douglas station to the south  

Woolwonga Waste rock dump W2Bg grazed flat 

Adjacent Ban Ban Springs to 

the north and Douglas station 

to the south 

Brocks Creek (Faded Lily) Waste rock dump W3Au ungrazed slope 
Adjacent Douglas station and 

Ban Ban Springs Station 

Brocks Creek (Faded Lily) Waste rock dump W3Bu ungrazed flat 
Adjacent Douglas station and 

Ban Ban Springs Station 

Brocks Creek (Alligator) Waste rock dump W3Cg grazed slope 
Adjacent Douglas station and 

Ban Ban Springs Station 

Brocks Creek (Alligator) Waste rock dump W3Dg grazed flat 
Adjacent Douglas station and 

Ban Ban Springs Station 

Pine Creek Waste rock dump W4Ag grazed flat 
Adjacent to Pine Creek 

township  

Pine Creek Waste rock dump W4Bg grazed slope 
Adjacent to Pine Creek 

township  

Union Reefs Waste rock dump W5Au ungrazed slope 
Adjacent Mary River West 

station 

Union Reefs Waste rock dump W5Bu ungrazed flat 
Adjacent Mary River West 

station 

Moline Waste rock dump W6Ag grazed slope 
Adjacent Mary River pastoral 

lease 

Maud Creek Waste rock dump W7Ag grazed flat Within Maud Creek station 

Maud Creek Waste rock dump W7Bg grazed slope Within Maud Creek station 

Pine Creek Tailings Dam T4Au ungrazed slope 
Adjacent to Pine Creek 

township  

Pine Creek Tailings Dam T4Bu ungrazed flat 
Adjacent to Pine Creek 

township 

Union Reefs Tailings Dam T5Ag grazed flat 
Adjacent Mary River West 

station 

Moline Tailings Dam T6Ag grazed flat 
Adjacent Mary River pastoral 

lease 
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Table 3.1 continued 

Analogue sites 

Toms Gully Analogue site A1Au ungrazed slope 
Within Old Mount Bundy 

station 

Toms Gully Analogue site A1Bg grazed slope 
Within Old Mount Bundy 

station 

Woolwonga Analogue site A2Ag grazed flat 

Adjacent Ban Ban Springs 

station to the north and 

Douglas station to the south 

Brocks Creek Analogue site A3Ag grazed flat 
Adjacent Douglas station and 

Ban Ban Springs station 

Pine Creek Analogue site A4Au ungrazed slope 
Adjacent to Pine Creek 

township  

Union Reefs Analogue site A5Au ungrazed flat 
Adjacent Mary River West 

station 

Moline Analogue site A6Ag grazed slope 
Adjacent Mary River pastoral 

lease 

Maud Creek Analogue site A7Ag grazed flat Within Maud Creek station 

 

 

3.2.2. Soil types and topography 

Topography and the soil type varied across the mine sites in a north to south direction.  In general, the 

topography of the study area was low, flat-topped hills with moderate to gentle slopes in the north to 

rugged hills in the south.  The northern study sites (Toms Gully, Woolwonga, Brocks Creek, Pine Creek, 

and Union Reefs) tended to have skeletal and gravelly yellow to loamy lithosols soil types.  Loams, 

sandy, calcareous and clays were the types of soil in the southern study sites (Moline and Maud Creek).  

Topography and the soil types of each mine are described in Table 3.2. 
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Table 3.2 Topography and soil types of study sites. See Figure 3.2 for location of study sites. Mines 

are listed below in a north to south order. 

Mine Topography Soil types 

Toms Gully 
Low, flat-topped hills with 

moderate to gentle slopes 

Skeletal and gravelly yellow lithosols, 

shallow lithosols and deep red earth, 

extensive alluvium black soils 

Woolwonga 

Undulating terrain with scattered 

hills, isolated strike ridges and 

alluvial flats 

Loamy lithosols, earthy sands and red 

/yellow earth 

Brocks Creek 
Low, flat-topped hills with 

moderate to gentle slopes 

Loamy lithosols, earthy sands and red/yellow 

earth  

Pine Creek 
Flat, lower slope of undulating 

hills 
Stony and shallow (lithosols) 

Union Reefs 

Ridges crests, upper hill, upper hill 

slopes, lower slopes and alluvial 

flats  

Skeletal soil/thin stony and poorly developed,  

duplex soil with yellow and red subsoils  

Moline 
Low hill and gentle slopes ridge 

with steep slopes and sharp crests  

Skeletal, shallow, stony soil, colluvial, sandy, 

clay, alluvium  

Maud Creek 
Undulating rises to rugged hills 

with rounded crests 
Loams, sandy, calcareous and clays  

Sources: Mining management plan for Toms Gully, Woolwonga, Brocks Creek, Union Reefs, Moline and Maud Creek as provided by the Environmental 

Department of Crocodile Gold Northern Territory Operation. 

 

3.2.3. Climate 

The climate of entire study area is broadly classified as tropical monsoonal.  Two distinct seasons can 

be identified: dry and wet seasons.  The dry season occurs from May to October and is characterised by 

prevailing south-easterly winds.  The wet season occurs from November to April with dominant north-

west to westerly winds.  Average rainfall decreases with distance from Darwin, from 1818 mm in 

Darwin to less than 1181 mm in Katherine.  Annual evaporation also increases with distance from the 

coast, from 2008 mm near the cost (Darwin) to 2300 mm far away from the coast (Katherine area).  

Temperature ranged from 15 °C in the dry season to 37 °C in the wet season across study sites.  Rainfall 

data from three of the nearest meteorology stations to the study sites were used so that gaps in rainfall 

measurements were covered (Table 1.3).  The climate data for the last 12 years was used in this study, 
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since most of the mine rehabilitation sites were 12 years old.  Climate data was generated from two to 

three of the nearest weather stations to the mine site due to most of this weather stations having 

incomplete climate data across all of the 12 years. 

Table 3.3 Average annual rainfall (mm) and temperature (oC) across study sites. 

Mine Nearest weather station 

Average 

annual rainfall 

(mm) 

Temperature 

(°C) 

Toms Gully Middle Point Rangers Station, Humpty Doo 

Fire Station and McMinn’s Lagoon 

1818 21-24 

Woolwonga Hayes Creek, Ban Ban Springs Station and 

Emerald Springs 

1326 20-34 

Brocks Creek Hayes Creek, Ban Ban Springs and 

Emerald Springs 

1326 20-34 

Pine Creek Pine Creek, Pine Creek Council and the 

Pines 

1419 22-34 

Union Reefs Pine Creek, Pine Creek Council and the 

Pines 

1419 22-34 

Moline Wandie Creek, Mary River and Upper 

Ferguson River 

1253 21-33 

Maud Creek Katherine Aviation Museum, Katherine 

Council and CDU Kathrine Rural Campus 

1181 20-35 

 

3.2.4. Vegetation 

Savanna woodland vegetation is mainly dominated by Eucalyptus species in the upper storey, with a 

variety of annual and perennial grass, herbs and small shrubs in the understorey (Williams et al. 1997).  

Dominant woody species are slightly different from south to north direction depend on rainfall and soil 

types.  In the northern area, an upper storey of evergreen Eucalyptus/Corymbia species dominate forest 

and woodland, while in the southern part, Acacia-dominated woodland and shrublands (Ma et al. 2013).  

Some studies indicate dominant woody species in the tropical savanna woodland were Eucalyptus 

tetrodonta, Eucalyptus porrecta, Erythrophleum chlorostachys, Eucalyptus miniata, Eucalyptus 

tetrodonta, Terminalia ferdinandiana, Cochlospermum fraseri, Buchanania obovate, Planchonia 

careya, Xanthostemon paradoxus (Hutley et al. 2011; Williams et al. 1996; Williams et al. 1997).   
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The vegetation composition unmined sites (analogue sites) is slightly different from mine rehabilitation 

sites.  In mine rehabilitation sites, the upper storey is dominated by Acacia and Eucalyptus species with 

annual and perennial exotic grass in the understorey, while the upper storey of unmined sites is 

dominated by Eucalyptus species with native grass as understorey vegetation.  Some dominant tree 

species in the unmined study sites were Corymbia polycarpa, and Eucalyptus tintinnans, Erythrophleum 

chlorostachys, Buchanania obovate and Hakea arborescens.  Corymbia papuana and Hakea 

arborescens were only abundant in the northern study sites.  Acacia holosericea, Acacia oncinocarpa 

and Corymbia polycarpa were the dominant tree species in the mine rehabilitation sites.  Dominant tree 

species in mine rehabilitation and unmined areas are listed in Table 3.4. 

Weeds have become established and are widely distributed in the savanna woodland of the Northern 

Territory.  A significant proportion of the exotic grasses originally introduced for pastoral uses are now 

considered to be weeds.  These include Andropogon gayanus (Bayliss et al. 2006), and some shrub 

species such as Hyptis suaveolens (L.) and Calotropis procera, which have occupied undisturbed areas 

(Firn et al. 2008; Parsons and Cuthbertson 2001).  The dominant weed species in the study sites were 

Andropogon gayanus, Hyptis suaveolens, Passiflora foetida, Pennisetum polystachion, Senna 

obtusifolia, Stachytarpheta spp, Calotropis procera.  The list of weed species in every site is described 

in Table 3.4. 
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Table 3.4 Dominant trees and weeds in study sites based on the Mine Management Plan (MMP) 

reports of Crocodile Gold Australian Operation Pty Ltd (CGAO). W: waste rock dump; T: tailing 

dam; A: analogue site. 

Site code Dominant trees Dominant weeds 

Mine rehabilitation sites 

W1Au Acacia holosericea, Eucalyptus 

camaldulensis, Corymbia foelscheana, 

Melaleuca dealbata  

Andropogon gayanus, Calopogonium mucunoides, 

Cenchrus ciliaris, Centrosema molle, Crotalaria 

goreenis, Hyptis suaveolens, Passiflora foetida, 

Pennisetum polystachion, Senna alata, Senna obtusifolia, 

Stachytarpheta spp 

W1Bu Acacia holosericea, Acacia oncinocarpa, 

Corymbia polycarpa, Corymbia 

foelscheana  

Andropogon gayanus, Calopogonium mucunoides, 

Cenchrus ciliaris, Centrosema molle, Crotalaria 

goreenis, Hyptis suaveolens, Passiflora foetida, 

Pennisetum polystachion, Senna alata, Senna obtusifolia, 

Stachytarpheta spp 

W1Cu Acacia holosericea, Corymbia polycarpa, 

Corymbia foelscheana  

Andropogon gayanus, Calopogonium mucunoides, 

Cenchrus ciliaris, Centrosema molle, Crotalaria 

goreenis, Hyptis suaveolens, Passiflora foetida, 

Pennisetum polystachion, Senna alata, Senna obtusifolia, 

Stachytarpheta spp 

W2Ag Acacia difficilis Maiden, Acacia 

holosericea, Corymbia confertiflora  

Chloris virgata, Hyptis suaveolens, Passiflora foetida, 

Pennisetum pedicellatum, Calotropis procera 

W2Bg Acacia difficilis Maiden, Corymbia 

polycarpa, Corymbia confertiflora, 

Eucalyptus phoenicea  

Calotropis procera 

W3Au Acacia hammondii, Acacia latescens, 

Acacia platycarpa, Corymbia confertiflora, 

Eucalyptus dichromophloia 

Andropogon gayanus, Pennisetum polystachion, Hyptis 

suaveolens, Pennisetum pedicellatum, Calotropis 

procera and Passiflora foetid  

W3Bu Acacia oncinocarpa, Corymbia ferruginea, 

Eucalyptus tintinnans 

Andropogon gayanus, Pennisetum polystachion, Hyptis 

suaveolens, Pennisetum pedicellatum, Calotropis 

procera and Passiflora foetid  

W3Cg Acacia hammondii, Eucalyptus phoenicea,  

Eucalyptus tintinnans 

Passiflora foetida, L. gamba, Pennisetum polystachion, 

Hyptis suaveolens, Calotropis procera 

W3Dg Acacia difficilis, Acacia latescens, 

Eucalyptus tectifica 

Passiflora foetida, L. gamba, Pennisetum polystachion, 

Hyptis suaveolens, Calotropis procera 

W4Ag Corymbia polysciata, Eucalyptus tectifica, 

Eucalyptus tintinnans  

Andropogon gayanus, Passiflora foetid and Calotropis 

procera  

W4Bg Acacia plectocarpa, Acacia difficilis, 

Eucalyptus tintinnans 

Andropogon gayanus, Passiflora foetid and Calotropis 

procera  

W5Au Acacia plectocarpa, Corymbia polycarpa, 

Eucalyptus alba, Eucalyptus 

dichromophloia, Eucalyptus phoenicea 

Hyptis suaveolens s and Calotropis procera 

W5Bu Acacia plectocarpa, Corymbia polycarpa, 

Eucalyptus dichromophloia, Eucalyptus 

phoenicea, Corymbia porrecta 

Hyptis suaveolens s and Calotropis procera 
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Table 3.4 cont. 

W6Ag Acacia holosericea, Corymbia foelscheana, 

Eucalyptus tectifica 

Andropogon gayanus, Pennisetum polystachion, 

Hyptis suaveolens, Pennisetum pedicellatum, 

Calotropis procera and Passiflora foetid  

W7Ag Corymbia confertiflora, Eucalyptus 

dichromophloia, Corymbia foelscheana  

Hyptis suaveolen and Senna obtusifolia 

W7Bg No trees Hyptis suaveolen and Senna obtusifolia 

T4Au Acacia latescens, Corymbia polycarpa, 

Eucalyptus tintinnans  

Andropogon gayanus, Passiflora foetid and Calotropis 

procera  

T4Bu Acacia leptocarpa, Acacia platycarpa, 

Corymbia ferruginea, Eucalyptus phoenicea  

Andropogon gayanus, Passiflora foetid and Calotropis 

procera  

T5Ag Acacia hemignosta, Acacia plectocarpa, 

Corymbia polycarpa, Eucalyptus bigalerita. 

Hyptis suaveolens and Calotropis procera 

T6Ag Acacia holosericea, Corymbia polycarpa  Andropogon gayanus, Pennisetum polystachion, 

Hyptis suaveolens, Pennisetum pedicellatum, 

Calotropis procera and Passiflora foetid  

Analogue sites 

A1Au Erythrophleum chlorostachys, Corymbia 

bleeseri, Eucalyptus tetrodonta, Corymbia 

confertiflora, Eucalyptus phoenicea 

Andropogon gayanus 

A1Bg Corymbia bleeseri, Eucalyptus tetrodonta, 

Corymbia polysciada, Eucalyptus phoenicea 

Andropogon gayanus 

A2Ag Eucalyptus miniata, Corymbia foelscheana, 

Melaleuca dealbata, Eucalyptus phoenicea. 

Calotropis procera 

A3Ag Corymbia disjuncta, Corymbia polycarpa, 

Buchanania obovata, Terminalia volucris, 

Melaleuca nervosa 

Pennisetum polystachion 

A4Au Erythrophleum chlorostachys, Croton sp., 

Eucalyptus tintinnans, Corymbia disjuncta 

Calotropis procera 

A5Au Corymbia dunlopiana, Eucalyptus tectifica, 

Eucalyptus tintinnans, Erythrophleum 

chlorostachys 

Pennisetum polystachion and Hyptis suaveolens 

A6Ag Erythrophleum chlorostachys, Eucalyptus 

tectifica, Cochlospermum fraseri 

Andropogon gayanus 

A7Ag Corymbia foelscheana, Hakea arborescens, 

Corymbia papuana 

 Hyptis suaveolens, Senna obtusifolia  

Sources: Mining management plan for Toms Gully, Woolwonga, Brocks Creek, Union Reefs, Moline and Maud Creek.by environmental department of 

Crocodile Gold Northern Territory Operation. 
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3.2.5. Crocodile Gold Australian Operation Pty Ltd (CGAO): gold mining history  

The Crocodile Gold Australian Operation Pty Ltd is the proponent project, 100% owned by Crocodile 

Gold Australia Pty Ltd (CGA), which is a wholly-owned subsidiary of Crocodile Gold Corporation 

(CGC).  It is a Canadian corporation and has operating gold mines in the Northern Territory and in the 

state of Victoria in Australia.  In the Northern Territory, the assets of CGA comprise an area greater 

than 2,500 km2 with four broad project areas: Burnside, Union Reefs, Pine Creek and Maud Creek 

(Crocodile Gold Coorporation 2012) (Figure 3.3). 

Gold mining activity has taken place for a long period in the most of study areas; from the early 1850s 

to 1900.  By 1950, exploration and extraction had been started in the most of the mine sites, except for 

Toms Gully.  Thus, most of the mine sites have been mined for more than a hundred years (Table 3.5).  

The main product of all mining is gold, but Woolwonga and Union Reefs mines also produced diamonds 

prior to 1900 (Environmental Department of Crocodile Gold Australian Operation, 2013).  
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Figure 3.3 Map showing main Crocodile Gold Australian Operation sites in the Pine Creek and  

Katherine regions. Mine leases are shown shaded in green. (http://crocgold.com/Operations/Northern-

Territory/default.aspx). 
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There is a lack of information of ownership of gold mines in NT prior to 1900, as well as the 

rehabilitation documentation of included mine study sites.  For example, before 1900, owners are 

referred to as “European” and “Chinese” tributers in most of the gold mining history literature (Hugh 

Anderson 1975; Huleatt and Jaques 2005; Read 1977).  Most of the gold mine sites of Crocodile Gold 

Northern Teritory Operation including the study sites had also been previously owned by many 

companies since 1900.  Since 1900, available literature indicated most of the study sites have been 

owned by more than ten owners, except for the Tom Gully and Woolwonga mine sites (Table 3.5).  

Consequently, it is very difficult to trace the history of rehabilitation actions and decision making for 

most mines, including the ones used in this study.  The literature also indicated that some mine sites 

had been owned by the same owner for long periods under different company names.  The 

documentation of information are still limited for all mines.  For example, Tom Gully Mine had been 

owned by one company for 14 years from 1993 to 2007.  During this period, the company name has 

been changed from Kakadu Resources NL to Sirocco Resources NL and Renison Consolidated Mines 

NL and then become GBS Gold Australia Pty Ltd.  All of gold mines owned by CGAO Pty Ltd in the 

Northern Territory, including the study areas, were previously owned by GBS Gold Australia Pty Ltd. 

Crocodile Gold Corporation (CGC) completed the acquisition of numerous gold mine assets in the 

Northern Territory in November 2009 (CGAO MMP, 2013).  Thus all the study sites have been owned 

by CGAO Pty Ltd for  six years.  

Table 3.5 Mining period, products and mine site ownership of mines owned by Crocodile Gold 

Australian Operation Pty Ltd (CGAO) in the period of 1900-2015. 

Mine 
Mining period 

(Years) 
Mining product 

Number of owners 

(1900-2015) 

Toms Gully 24 gold 6 

Woolwonga 126 gold and diamonds 4 

Brocks Creek 123 gold 12 

Pine Creek 163 gold >12 

Union Reefs 124 gold and diamonds 9 

Moline 110 gold 11 

Maud Creek 111 gold 11 

Sources: Mining management plan for Toms Gully, Woolwonga, Brocks Creek, Union Reefs, Moline and Maud Creek.by environmental department of Crocodile 

Gold Northern Territory Operation. 
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3.2.6. Current status of study sites 

All study sites are on “care and maintenance” status, which means a closed mine site where there is the 

potential to recommence operation at a later date.  CGAO Pty Ltd is undertaking all required care and 

maintenance activities as outlined in the Mining Management Plan (MMP) and associated 

Environmental Management Plans (EMPs).  Care and maintenance status allows a mining company to 

explore and carry on the mining activity in the mine site.  Some mining activities were still taking place 

in the Moline and Brock Creek mine sites, which were on a care and maintenance status.  For example, 

actions such as the removal of the old ore took place in Moline mine in 2011 and exploration in Brock 

Creek site was carried out in 2012.  Part of the Union Reefs mine is still being used as an ore processing 

area.  There is an expectation of re-excavating some of the mine sites if the price of gold increases.  This 

could pose a risk to mine rehabilitation, since there is a possibility of disturbing and re-working the 

rehabilitation area if the mining company recommences operation on this area.  Thus, it is likely that 

rehabilitation of these mines will need to be repeated several times in some cases. 

3.2.7. Legal responsibility 

Mining companies have an obligation to protect the environment from the disturbance of mining 

activity.  The requirements are varied and depend on what resource is being mined.  Mining and 

extractive minerals are controlled by Commonwealth and State Governments.  Prior to the period of 

NT self-government in 1978, the environment and mining acts and regulations of the Northern Territory 

were based on South Australia.  

The Northern Territory Mineral Act,  the Northern Territory Mining Management Act (NT MMA), the 

Environment Protection Act 1974 and the Australian Environmental Protection and Biodiversity 

Conservation Act 1999 regulate mining management and environmental protection in the Northern 

Territory.  Under the Environmental Assessment Act, the mining company is required to pay a bond to 

the Mining Remediation Fund (MRF), which holds the money in trust to be used for remediation 

purposes.  According to Mining Management Act, mining operators reguire to lodge a 100% 

rehabilitation security bond (Fawcett and Tyrell, 2015) for legacy mine sites that were ceated before 
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2005 and pre-dated in the Northern Territory.  Calculation of the actual cost of rehabilitation of a mine 

site is based on size, environmental risk and the life expectancy of a project.  In 2013, the Mining 

Management Act was revised and commenced on the 1st of January, 2013.  In this act, the Northern 

Territory Government imposes a 1% levy on all environmental rehabilitation security bonds.  The 

objective of the levy is to generate the necessary funds to begin addressing historical mining impacts 

(Fawcett and Tyrrell 2015).  This levy is in addition to the security bond, applies to existing and new 

mines, is non-refundable, and is paid upfront to secure compliance with environmental rehabilitation 

obligation.  Under this regulation,  CGAO is responsible for the legacies of other companies who have 

owned its sites in the past, and is obligated to define the environmental objectives.  The primary 

environmental objective of CGAO is to maintain the site in the best possible way; focusing on gaining 

knowledge of the site and minimising the impact on the landscape.   

3.2.8. Rehabilitation objectives 

All of study sites have been rehabilitated with focus on revegetation with trees, and grass as understorey.  

In general, the age of mine rehabilitation across study sites ranged from 13 to 15 years (Table 3.6).  

Rehabilitation has been done in waste rock dump, tailings dam, open pit and ex-infrastructure areas.  

Across all the study sites, there is a lack of information on rehabilitation activities such as composition 

of species in the seed mix used during initial rehabilitation.  This is partially due to CGAO Pty Ltd only 

having owned the mine sites for the last six years.  The main issue is the high turnover of ownership 

together with limited rehabilitation information passed from the previous owner to next owner, and 

documentation of rehabilitation was not required by government regulation in the past.  

The final land use after mining is not stated clearly due to the possibility of re-working in most of the 

study sites (Table 3.6).  The ‘care and maintenance’ status allows the company to carry on mining 

activity in the future, for most of study sites.  Two mines, Toms Gully and Moline, had a clear end land 

use as cattle grazing and a mixed native forest and grassland, specifically for limited grazing and nature 

conservation (Table 3.6).  The end land use of other mines was not clearly stated in the MMP and/or 

EMPs.  It is the obligation of the mining company to conduct consultation with a relevant interest group 
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to determine the end land use after mining (Department of Mine and Energy 2016; Doley et al. 2012).  

For example, the land use of the Toms Gully mine rehabilitation site had been developed in consultation 

with private landholders, Old Mount Bundy station owners, government departments, local government 

councils, and non-governmental organisations during closure planning (Environmental department of 

CGAO 2012).  

CGAO Pty Ltd has carried out monitoring across mine rehabilitation sites annually.  Monitoring 

included flora and fauna, sediment, water quality, and weeds.  The key land management 

recommendations included air quality, cultural heritage, fire, native flora and fauna, surface and 

groundwater, hazardous material, landform, erosion control and presentation, rehabilitation, social, 

economic, tailing, waste, and weed and pest management.  

Table 3.6 Mining status, and age of rehabilitation based on the Mining Management Plan (MMP) of 

Crocodile Gold Australian Operation Pty Ltd (CGAO) 

Sources: Mining management plan for Toms Gully, Woolwonga, Brocks Creek, Union Reefs, Moline and Maud Creek.by environmental department of 

Crocodile Gold Northern Territory Operation. 

3.3. Discussion of study site issues  

3.3.1. Impact of site variability on the research design  

Much of the variation among mines could not be accounted for in the design of this study.  Mine site 

selection was based on the predetermined location of available mines, logistic considerations associated 

Mine 
Age of 

rehabilitation 
Proposed end land use 

Toms Gully 15 Cattle grazing  

Woolwonga 13 Not yet determined, likely to be re-mined 

Brocks Creek 14 Not yet determined, likely to be re-mined 

Pine Creek 14 Not yet determined, likely to be re-mined 

Union Reefs 13 Not yet determined, likely to be re-mined 

Moline 15 
Mixed native forest and grassland, specifically for 

limited use and nature conservation 

Maud Creek 13 Not yet determined, likely to be re-mined 
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with access, as well design factors where possible.  Variation in soil type and topography from north to 

south may affect plant species establishment in mine rehabilitation.  For example, Corymbia papua was 

more abundant in the southern part of study area and Corymbia polycarpa, Corymbia confertiflora, and 

Eucalyptus phoenicea were dominant in the northern part of study area.  This may be due to geographic 

rather than mine rehabilitation factors.  Therefore, the position on the north-south axis may have a 

confounding effect on the results of the study. 

Rainfall tended to decrease from north to south direction and will impact on vegetation establishment.  

Hutley et al., (2011) reported different spatial patterns of savanna vegetation over a rainfall gradient in 

northern Australia.  Eucalyptus miniata, E. tetrodonta, Erythrophleum chlorostachys, Cycas 

armstrongii, Sorghum spp., Heteropogon triticeus were open-forest savanna species in Howard Springs 

which has an annual rainfall of 1714 mm, while Acacia cowleana, Eucalyptus dichromophloia, 

Lysophylum cunninghamii were vegetation in the low woodland of Sturt Plains which has an annual 

rainfall of 535 mm.  Across study sites, Corymbia papuana was only present in the southern part of the 

study sites (Maud Creek Mine) where there is less rainfall, while Corymbia foelscheana is established 

in the northern part of study area.  This indicated that species richness across study site might be slightly 

different due to the rainfall.  

 3.3.2. History of mine sites and rehabilitation  

The long history of mining and the high turnover of mine ownership has led to a lack of documented 

information on mining and rehabilitation across study sites.  This may include re-working on 

rehabilitation areas at some mines, and initial rehabilitation processes.  For example, information on the 

composition and species of seed mixes during initial rehabilitation are unavailable for most of mine 

study sites except Union Reefs and Brock Creek.  Vegetation lists during initial rehabilitation could be 

useful information for vegetation assessment in mine rehabilitation.  The composition and species of 

established vegetation could become of picture of the composition and species seed mix during initial 

rehabilitation.  For example, the seed mix of initial rehabilitation at Union Reefs and Brock Creek show 

that the composition and species seed mix consisted of 13 species of Acacia, 21 species of Eucalyptus 
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and 27 species of other genera than Acacia and Eucalyptus (Table3.7).  Acacia difficilis, A. dimidata, 

A. gonocarpa, A. hammondii, A.hemignosta, A.latescens, A. oncinocarpa, A. platycarpa, A. umbulata, 

E.bleeseri, E.dichromophloia, E.ferruginea, E.foelscheana, E.herbertiana, E.miniata, E.phoenicia, 

E.polycarpa, E.tetradonta, E.tintinans are Acacia and Eucalyptus species that are common used in the 

seed mix suring initial rehabilitation.  Brachychiton megaphyllus, Calytrix exstipulata, Cochlospernum 

fraseri, Erythrophloem chlorostachys, Grevillea and Terminalia species are other genera than Acacia 

and Eucalyptus.  Those other species are popular species in the seed mixes that sown in waste rock 

dump and tailing dam sites during initial rehabilitation.  The Table 3.7 also indicates that different 

landform domains could have different species composition during the initial rehabilitation.  For 

example, Eucalyptus alba, E .apodophylla, E.bigalerita were included in tailing dam areas but were 

absent from waste rock dump areas.  This indicated the importance of the availability of information on 

the composition and species of seed mixes during initial rehabilitation to assess the established species 

after a certain period.  Assessing species and composition in seed mixes against present vegetation 

species would be beneficial for determining the return on the initial rehabilitation effort, and the role of 

unaided dispersal of propagules into rehabilitation sites.  
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Table 3.7 List of species and composition of the seed mix in the tailing dam and waste rock dump sites of the Union Reefs and Brocks Creek mines during 

initial rehabilitation. x= present at the site ; o=absent at the site 

 

 Mine Union Reefs 

Landform/size 

TD1 TD2 WRD1 WRD2  WRD3 WRD  WRD WRD  WRD  WRD WRD  

(wet)   (dry)  (west) (east)  (north) (office) (Dam A)  
(east 

west) 

(trop 

fingers)  

(Union 

north)  

(low grade 

stockpile)  

Size (ha) 25 56     4 3 3 7 25 

Rehabilitated time 2002/2003 2002/2003 2002 2002 2002 2002 
2002/2003 

*2003/2004 
1999/2000 2003/2004 2003/2004 2003/2004 

Acacia             

A. aulacocarpa o o o o o o x o x x o 

A. auriculiformis o o o o o o x o x x o 

A. difficilis x x x x x x x x o x x 

A. dimidiata x x x x x x x o o x x 

A. gonocarpa x x x x x x x o o o x 

A. hammondii x x x x x x x o o o x 

A. hemignosta o o x x o x x x o x x 

A. latescens x x x x x x x o o x x 

A. multisiliqua o o o o o o o o o o x 

A. oncinocarpa x x x x x x x o o o x 

A. platycarpa x x x o o x x x o x x 

A. plectocarpa o o x x x x x o o x o 

A. umbellata x x x x x x x o o o x 
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Table 3.7 Continued 

Landform/size 

TD1 TD2  WRD1 WRD2  WRD3 WRD  

Dam A  

WRD  WRD  WRD WRD  

(wet)  (dry)  (west) (east)  (north) (office) (east west) 
(trop 

fingers)  

(Union 

north)  

(low grade 

stockpile)  

Size (ha) 25 56     4 3 3 7 25 

Rehabilitated time 2002/2003 2002/2003 2002 2002 2002 2002 
2002/2003 

*2003/2004 
1999/2000 2003/2004 2003/2004 2003/2004 

Eucalyptus            

E. alba x o o o o o x* o x x o 

E. apodophylla x o o o o o x* o x x o 

E. bigalerita x o o o o o x* o x x o 

E. bleeseri x x x x x x x x o o x 

Corymbia clavigera x x x x x x x o o o o 

E. confertiflora x x x x x x x o o o o 

E. dichromophloia x x x x x x x x o o x 

E. ferruginea x x x x x x x o o o x 

E. foelscheana o x x x x x x o o o x 

E. grandifolia o o o o o o x* o x x o 

E. herbertiana x x x x x x x x o o x 

E. latifolia x x x x x x x o o o o 

E. miniata x x x x x x x x o o x 

E. papuana x o o o o o x* o x x o 

E. phoenicia x x x x x x x x o o x 

E. polycarpa x x x x x x x* o x x x 

E. porrecta x x x x x x x o o o o 

E. ptychocarpa x o o o o o x* o x x o 

E. tectifica x x x x x x x x o o o 

E. tetrodonta x x x x x x x o o o x 

E. tintinnans x x x x x x x o o o x 
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Table 3.7 Continued 

Landform/size 

TD1 TD2 WRD1 WRD2 WRD3 WRD  

Dam A   

WRD  WRD  WRD  WRD  

(wet)   (dry)  (west) (east)  (north) (office) (east west) 
(trop 

fingers)  

(Union 

north)  

(low grade 

stockpile)  

Size (ha) 25 56     4 3 3 7 25 

Rehabilitated time 2002/2003 2002/2003 2002 2002 2002 2002 
2002/2003 

*2003/2004 
1999/2000 2003/2004 2003/2004 2003/2004 

Other genera            

Alphitonia excelsa x x x x x x x x o o x 

Brachychiton megaphyllus x x x x x x x x o x x 

Buchanania obovata o o o o o o o o o o x 

Calytrix exstipulata o x x o x x x o o o x 

Callitris intratropica o o o x o o o o o o x 

Cochlospermum fraseri x x x x x x x x o x x 

Erythrophleum chlorostachys x x x x x x x o o o x 

Grevillea decurrens o x x x x x x o o x x 

Grevillea refracta o x x x x x x o o x x 

Grevillea mimosoides o x x x o x x o o o x 

Grevillea pteridifolia x x x x x x x x o o o 

Hakea arborescens o x x x x x x o o o x 

Livistona humilis x x x x x x x o o x x 

Melaleuca argentea o o o o o o x* o x x o 

Melaleuca cajuputi x o o o o o  x* o x x o 

Melaleuca leucadendra x o o o o o o o o o o 

Melaleuca viridiflora x o o o o o x* o x x o 

Pandanus spiralis x o o o o o o o o x o 

Petalostigma pubescens x x x x x x x o o o x 

Sesbania formosa x o o o o o o o o o o 

Terminalia carpentariae x x x x x x x o o x x 

Terminalia ferdinandiana x x x x x x x x o o x 

Terminalia latipes o o o o o o o o o o x 

Terminalia platyphylla x x o o o o o o o o o 

Terminalia pterocarya x x x x x x x o o x x 

Terminalia platyptera o x o o o o o o o o o 
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Table 3.7 Continued 

Mine Union Reefs 
Brocks 

Creek 

Landform/size 

WRD  WRD  TD  WRD  WRD  TD WRD  WRD  WRD  
Hughes 

drilling  

WRD  

(Lady 

Alice)  
(Magz) cell  

(Roche L. 

slope)  
(Crop)  

 (stone 

pile) 
(Trop) (Roche)  (Orica)  

(Faded 

Lily) 

Size (ha) 16 9 8 5 4  3 3 2 2  

Rehabilitated time 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2002 

Acacia            

A. difficilis x x x x x x x x x x x 

A. dimidiata x x x x x x x x x x x 

A. gonocarpa x x x x x x x x x x x 

A. hammondii x x x x x x x x x x x 

A. hemignosta x x x x x x x x x x x 

A. latescens x x x x x x x x x x x 

A. multisiliqua x x x x x x x x x x x 

A. oncinocarpa x x x x x x x x x x x 

A. platycarpa x x x x x x x x x x x 

A. plectocarpa  x x x x x x x x x x 

A. umbellata x x x x x x x x x x x 
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Table 3.7 Continued 

Mine Union Reefs 
Brocks 

Creek 

Landform/size 

WRD  WRD  TD  WRD  WRD  TD WRD  WRD  WRD  
Hughes 

drilling  

WRD  

(Lady 

Alice)  
(Magz) cell  

(Roche L. 

slope)  
(Crop)  

 (stone 

pile) 
(Trop) (Roche)  (Orica)  (Faded Lily) 

Size (ha) 16 9 8 5 4  3 3 2 2  

Rehabilitated time 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2002 

Eucalyptus                       

E. bleeseri x x x x x x x x x x o 

E. dichromophloia x x x x x x x x x x o 

E. ferruginea x x x x x x x x x x o 

E. foelscheana x x x x x x x x x x o 

E. herbertiana x x x x x x x x x x o 

E. miniata x x x x x x x x x x o 

E. phoenicia x x x x x x x x x x o 

E. polycarpa x x x x x x x x x x o 

E. tetrodonta x x x x x x x x x x o 

E. tintinnans x x x x x x x x x x o 
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Table 3.7 Continued 

 

Mine Union Reefs 
Brocks 

Creek 

Landform/size 

WRD  WRD TD WRD  WRD  T dam    

(stone 

pile) 

WRD  
WRD 

(Roche)  

WRD 
Hughes 

drilling  

WRD 

Faded 

Lily 
(Lady 

Alice)  
 (Magz)  cell  

(Roche L. 

slope)  
(Crop)  (Trop)  (Orica)  

Size (ha) 16 9 8 5 4  3 3 2 2  

Rehabilitated time 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2003/2004 2002 

Other genera            

Alphitonia excelsa x x x x x x x x x x o 
Brachychiton megaphyllus x x x x x x x x x x o 
Buchanania obovata x x x x x x x x x x o 
Calytrix exstipulata x x x x x x x x x x o 
Callitris intratropica x x x x x x x x x x o 
Cochlospermum fraseri x x x x x x x x x x o 
Erythrophleum chlorostachys x x x x x x x x x x o 
Erythrina variegata x o x x x x x x x x o 
Grevillea decurrens x x x x x x x x x x o 
Grevillea refracta x x x x x x x x x x o 
Grevillea mimosoides x x x x x x x x x x o 
Hakea arborescens x x x x x x x x x x o 
Livistona humilis x x x x x x x x x x o 
Melaleuca argentea o o o o o o o o o o x 

Melaleuca cajuputi o o o o o o o o o o x 

Melaleuca dealbata o o o o o o o o o o x 

Melaleuca leucadendra o o o o o o o o o o x 

Melaleuca nervosa o o o o o o o o o o x 

Petalostigma pubescens x x x x x x x x x x o 
Terminalia carpentariae x x x x x x x x x x o 
Terminalia ferdinandiana x x x x x x x x x x o 
Terminalia latipes x x x x x x x x x x o 
Terminalia pterocarya x x x x x x x x x x o 
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The status of the mine sites as “care and maintenance” poses a risk to the rehabilitation sites.  Under 

this status, re-working is allowed in the rehabilitation sites and  the end land use of post-mining is not 

yet necessary to decide.  The monitoring on mine rehabilitation is only carried out as required by 

government regulation.  The monitoring, as described in the MMP and EMPs, only focuses on 

maintaining sites in the best possible way; focusing on gaining knowledge of the site and minimising 

the impact on the landscape.  This is the environmental objective of the Crocodile Gold Australian 

Operation.  However, monitoring of rehabilitated areas is needed to identify areas where further work 

is required, to improve rehabilitation techniques, and to determine the long-term sustainability of 

rehabilitation and its ability to be integrated into normal woodland management practices.  Thus, focus 

on maintaining the sites in the best possible way may not determine the long-term sustainability and 

ability of post-mining sites to be integrated into normal woodland management practices.  As the 

government has imposed rehabilitation regulation to ensure land function and sustainability after 

mining, setting up a clear goal and end land use after mining is necessary.  Government authorities also 

demand successful rehabilitation to ensure that they are not inheriting ongoing responsibility.  The 

public wants to ensure the land has been restored sustainably, as determined by appropriate monitoring 

methods and acceptable success criteria.  Taking into account all the aspects of mine rehabilitation 

conditions, planning, and stakeholder involvement in determining end use, monitoring and research 

may help the mining company to rehabilitate and achieve rehabilitation goals.  
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Chapter 4 TREE COMPARISON OF POST GOLD MINING 

REHABILITATION WITH ANALOGUE SITES IN MONSOONAL 

WOODLANDS IN THE NORTHERN TERRITORY 

 

4.1. Introduction 

Mining rehabilitation success ideally results in an ecosystem that is equivalent to the pre-mining 

ecosystem in natural diversity, structure and function.  Thus, one of the common mining rehabilitation 

goals is to recreate the site so that it is similar to the local native ecosystem.  Rehabilitation is a long-

term process, and a considerable amount of work and effort is needed to achieve this goal (Gould 2012).  

Rehabilitation must be monitored and assessed against a goal.  Thus, the ability to interpret early signs 

of rehabilitation success or failure is desirable for management (Ludwig et al. 2003).  Comparing the 

mine site with an undisturbed target area or reference site is a common approach for assessing 

rehabilitation success.  The selected reference site or sites should occur in close geographical proximity 

to the rehabilitated sites and become a model plant community from which to develop rehabilitation 

targets (Koch, John M. 2007).  If a site in the surrounding undisturbed area is selected, the composition, 

structure, and environmental functioning of vegetation are more likely to be similar to those of the 

rehabilitated sites prior to disturbance than at more distant sites (Herath et al. 2009). 

Re-vegetation is often the most important component of rehabilitation.  Corbett (1999) stated that the 

establishment of vegetation on a rehabilitated site indicates the soil condition has been stable, and basic 

ecosystem function has been restored.  Simple plant measurements can be an useful indicator of whether 

the rehabilitating system shows evidence of development toward the natural forest or other target 

vegetation community.  Ludwig et al. (2003) found that tree composition and size were useful indicators 

of vegetation development for mine rehabilitation.  Other plant measurements such as tree density and 

structure also meet the criteria of good indicators as they are easy to measure, and they respond in 

sensitive, robust, and predictable ways over time to stresses and management actions (Dale and Beyeler 

2001).   
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Tree development and establishment are related to environmental factors, namely the sum of all external 

factors affecting the growth, structure, and reproduction of a plant are defined as the environmental of 

the plant (Billings 1952).  Environmental factors have been identified affecting tree density (Riginos 

and Grace 2008; Sitters et al. 2015), vegetation composition (He et al. 2007), species richness (Bassa 

et al. 2012; Foster and Gross 1998), growth (Ryan 1995), and vegetation pattern (Pellerin et al. 2009).  

The soil chemical contents (nitrogen enrichment and fluxes, organic matter), plant litter, landscape 

heterogeneity (elevation), field management (substrate and thinning), habitat assemblage, disturbance 

(fire and grazing), and climate (in relation to soil moisture and drought) consider as key environmental 

factors. Some of those key environmental factors are investigated in this study. 

This study investigated tree development in gold mine rehabilitation areas in the Northern Territory, 

Australia, and its relationship with environmental factors.  Environmental factors expected to affect tree 

development and composition in mine rehabilitation sites include soil chemistry, ground cover, and 

understorey cover.  Three objectives were addressed. (1) Are tree density, species composition and tree 

size in gold mine rehabilitation sites similar to that in analogue woodland sites? (2) Do soil chemistry, 

ground cover or understorey cover affect tree development? (3) What are the implications of the study 

for mine rehabilitation management and ecology? 

 

4.2. Methods 

4.2.1. Study area and experimental design 

Mining rehabilitation areas and nearby analogue sites were assessed at seven mine sites.  Study sites 

consisted of 16 waste rock dump sites, four tailings dam sites, and eight analogue sites.  Details of the 

study sites were described in Chapter 3, including mine names, site codes, whether sites were sloping 

or flat, waste rock type, grazing status, and the age of rehabilitation.  The rehabilitation sites were waste 

rock dumps and tailing dams that had been rehabilitated more than ten years previously and had been 

sown with a mix of Australian native trees, exotic grasses and native grass seeds.  Analogue sites were 
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selected in woodland areas surrounding the mine sites, and had received little or no disturbance due to 

mining activity.  The analogue sites were representative of the vegetation types surrounding the mine 

and also of the range of natural disturbance within this region.  Some of the analogue sites and some of 

the mine rehabilitation sites were subjected to low levels of grazing by cattle.  Different sites were at 

least 500 m apart.   

At each site, three transects were established within a distance of 300 m.  The transects were positioned 

either on generally flat or steeply sloping areas.  If a rehabilitation area included both substantial steeply 

sloping and flat areas such as the tops of and sides of a waste rock dump, then the steeply sloping and 

flat areas were considered as separate sites.  All transects were orientated downslope. 

4.2.2. Rainfall  

Average annual rainfall data from the last 12 years was used to determine rainfall impact on tree density.  

Rainfall data generated from the nearest weather station to the study site.  Rainfall data from The Middle 

Point, Humpty Doo Fire Station and McMinns Lagoon weather stations were used for the Toms Gully 

mine.  Rainfall data from Hayes Creek, Ban Ban Springs and Emerald Springs weather stations were 

used for the Woolwonga and Brocks Creek mines.  The Pine Creek, Pine Creek Council and the Pines 

weather stations were used as sources of rainfall data for the Pine Creek and Union Reef mines.  The 

Wandie Creek, Mary River and Upper Ferguson River were weather stations for the Moline mine.  The 

Katherine Aviation Museum, Katherine Council and Charles Darwin University Katherine Rural 

Campus weather stations were used as a source of rainfall data for the Maud Creek mine. 

4.2.3. Tree assessments  

A tree was defined as a woody plant that had a height of more than 2 m.  This definition is according to 

the height classes of vegetation strata that are defined in the Australian National Vegetation Information 

System (NVIS) (Department of Sustainability Environment Water Population and Communities of 

Australia 2011).  Tree assessments were carried out in the mid-dry season between July and August, 

2013.  
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Three transects of 30 m x 2 m were used to assess the density, composition, species richness, and 

diameter of the trees at each site.  Tree density was assessed by counting the number of trees with a 

height of more than 2 m within the whole of each transect.  Tree density per hectare  calculated base on 

the tree density per transect.  All tree species were identified (to genus or species level where possible).  

The tree species were grouped into three categories: Acacia, Eucalyptus/Corymbia, and other genera.   

The diameter at breast height (DBH; at 1.3 m height from ground level on the tree trunk; all stems > 1 

cm included) was recorded.  Mean tree DBH per transect for each species and genus grouping was 

calculated.  Trees were also categorised into five diameter classes: 1 - 5 cm, 6 – 10 cm, 10 – 20 cm, and 

20 - 30 cm. 

4.2.4. Understorey vegetation assessment 

Grass and non-grass as understorey vegetation were assessed separately.  Non-grass vegetation 

consisted of non-woody and woody vegetation less than 0.5 m in height and included shrubs, forbs, 

herbs, and tree seedlings.  Grass and non-grass cover were each visually estimated inside ten quadrats 

(1 m x 1 m in size) that were established randomly along the transect, five quadrats on each side.  

Understorey assessment was carried out in the late dry season between September and October, 2013.  

For the dry grass biomass assessment, grass cover was visually ranked into three categories (low, 

medium, and high) for ten sample quadrats per transect.  One quadrat of each of those categories per 

transect was then randomly selected, and the grass clipped off at ground level.  The grass biomass 

samples were oven dried at 65 °C for 48 hours and weighed.  The average biomass across all categories 

was determined using dry biomass values from the biomass category quadrats across the three transects.  

Similarly, the average biomass of the three medium and three high biomass category quadrats were 

determined.  To determine the biomass per transect, the average dry biomass per category was 

multiplied by the total number of quadrats in that category. 
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4.2.5. Soil surface condition assessment 

Litter, stone cover, gravel, and bare soil cover were visually estimated in ten quadrants that were 

established randomly along the transect, five quadrants on each side.  Litter cover and depth were litter 

parameters.  The litter included leaves, dry seed, bark, twigs, and decomposed logs on the ground.  Litter 

thickness from the top of the litter to the mineral soil level was measured to the nearest millimetre at 

five points along the transect using a metal ruler after removal of the litter until there was no fragment 

of organic matter.  Soil surface condition assessment was carried out between September and October, 

2013.  

4.2.6. Soil nutrient content assessment 

In June, 2014, samples of the litter layer plus the top 5 cm of the mineral soil were collected from five 

points along the transects by using a soil auger with cores 10 cm diameter x 5 cm deep.  Soil samples 

were bulked to create one composite soil sample per transect, then sieved (2 mm mesh size) to remove 

gravel, roots, and vegetation.  Only the soil samples from the flat sites were included in nutrient analyses 

as they were considered to be more stable than slope areas and less likely that erosion affect soil nutrient 

content.  Those soil samples were sent to Nutrient Advantage Company, Victoria, Australia, for 

analysis.  The soil nutrient analyses determined available nitrogen (ammonium plus nitrate with method 

code 7C2b, 7C2b), phosphorus (Colwell) (method 9B2), exchangeable cations (Al, Ca, K, Mg, Na 

(method 15D3, 15G1) CEC), sulphur (MCP) (method 10B3), pH (1:5 water) (method 3A1), electrical 

conductivity (1:5 water) (method 4B4) and chloride (method 5A2b)).  Soil samples were collected 

between September and October, 2013, and stored in the ecological room laboratory of Charles Darwin 

University, and nutrient analyses were carried out in August, 2015.  

4.2.7. Data analyses 

Data analyses on tree attribute data were conducted using Minitab 14.  Tree attribute data included tree 

density (number of trees ha-1), species richness per site, and the number of trees per tree diameter class.  

As well as total tree data, three taxonomic subgroups were analysed separately: Acacia, 

Eucalyptus/Corymbia, and a third grouping of all other genera.  There was an unequal replication of 
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sites, as a result of varying availability of grazed and ungrazed study sites, which created an unbalanced 

design.  There was 20 mine rehabilitation sites across the seven mines, including four tailings dam sites, 

16 waste rock dumps sites, and eight analogue sites.  Nine WRD, two TD sites and five analogue sites 

were grazed and the remaind were ungrazed.  

Differences in tree attributes between the three landform (WRD, TD, AS) were possible to analyse at 

three mines (Mine 4, Mine 5, Mine 6).  Differences in tree attributes between WRD and analogue sites 

were also analysed across all mines (Mines 1-7).  The above comparisons were analysed using  General 

Linear Model (GLM) test to determine significant differences (P<0.05) between mines, landform 

domains (within mine), and sites (within mine and landform domain).  In the model, the factors: mine, 

landform domain (waste rock dump, tailing dam or analogue site) and site (nested within a mine and 

landform domain) were fixed factors. 

Ordination analyses were performed using Primer + Permanova (Primer v7) to visualise the pattern of 

tree density per species and environmental variables across the sites.  Tree density data from all sites 

were included in the ordination analyses.  Principal Coordinate Analysis (PCoA) using Bray-Curtis 

similarities were applied to visualise the pattern of tree density per species.  Bray-Curtis similarity was 

used because the compositional dissimilarity of tree number per species between the sites was assessed.  

The square root of tree density data was used in analyses to decrease the importance of abundant species.  

Similarity percentage (SIMPER) was used to determine which species were primarily responsible for 

the observed differences between mine rehabilitation and natural woodland sites (Clarke 1993).  

Principal Component Analyses (PCA) based on Euclidian distance were used to summarise patterns in 

environmental data (list variables).  Only flat sites were analysed, which included nine WRD, three TD 

and eight analogue sites across seven mines.  All environmental variables were pre-treated with a log 

(x+1) transformation to decrease the high importance value of environmental variables.  Then the data 

from the variables with different scales and units were normalised. 

Environmental and tree density data from all flat sites was used to investigate the relationship of tree 

composition with environmental variables.  Ordination of tree density per species against environmental 
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variables was investigated using Canonical Analysis of Principal Coordinates (CAP).  CAP was 

performed with ordination based on Bray-Curtis dissimilarity to see the arrangement of tree density per 

species in a specified dimensional space, according to their density similarities against environmental 

variables.  Landform domain was used as a grouping factor.  Distance Linear Modelling (DistLM3) was 

used to describe how much of the variation in tree density could be explained by environmental 

variables.  Resemble matrices of all environmental data were used as predictor variables.  

4.3. Results 

4.3.1. Tree density 

In general, tree densities in the mine rehabilitation sites were similar to those of the natural woodland 

areas (Figure 4.1).  The main effect of mine, landform domain and sites was not significantly different 

(GLM, P>0.05) when tree densities compared across three mines (with waste rock dump, tailing dump 

and analogue sites).  The main effect of Site (within mine and landform domain) was significantly 

different when tree densities across the seven mines (with waste rock dump and analogue sites) were 

compared (GLM, P<0.05).   

Tree density varied considerably between sites in the waste rock dump and tailing dam landform 

domains whereas analogue sites tended to be similar with the exception of site A1Au (Figure 4.1).  

Analogue site A1 had exceptional tree density compared to other sites due to the high proportion of 

Erythrophleum chlorostachys.  Average tree density per site ranged from 0 to 2,033 trees ha-1 in waste 

rock dump sites, from 44 to 2289 trees ha-1 in tailing dam sites and from 244 to 722 trees ha-1 in analogue 

sites (with site A1Au excluded).  Only 13% of analogue sites had average tree densities exceeding 1000 

trees ha-1, as compared to 25% of wate rock dump sites and 25% of tailing dam sites.  Thus some of the 

mine rehabilitation sites had tree densities exceeding those of natural woodland sites.  In considering 

sites with low tree densities, 25% of waste rock dump and tailing dam sites had average tree densities 

of less than 244 trees ha-1, the tree density of the least dense analogue site (A6Ag:). 
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Acacia was more abundant in mine rehabilitation sites than in analogue sites.  When Acacia density 

across all seven mines (with waste rock dump and analogue sites) were compared, the main effects of 

landform domain (within mine) and site (within mine and landform domain) were significantly different 

(GLM, P<0.05).  Thus waste rock dump sites tended to have more abundant Acacia than analogue sites.  

However, when Acacia densities across the three mines (Mines 4, 5 and 6) (with waste rock dump, 

tailing dam and analogue sites) were compared, it was only the main effect of site (within mine and 

landform domain) was significant (GLM, P<0.05).  This suggested that variation of Acacia density 

between transect within the site was high. Acacia density was highly variable between sites in the same 

landform domain and mine.  Total Acacia density ranged from 0 to 2033 trees ha-1 in waste rock dump 

sites, 0 to 1267 trees ha-1 in tailing dam sites, and from 0 to 67 trees ha-1 in analogue sites.  All of the 

waste rock dump and tailing dam sites – except for W5Au, W7Ag and W7Bg – had higher densities of 

Acacia trees than the analogue sites (Figure 4.2).  

 

 

Figure 4.1 Tree densities on waste rock dump, tailings dam and analogue sites (average ± standard 

error). AS: Analogue site, WRD: Waste rock dump, TD: Tailings dam; 1-7: mines; A-D: sites; g: 

grazed, u: ungrazed. 
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Eucalypt (Eucalyptus and Corymbia) densities were similar in mine rehabilitation and analogue sites, 

but variability occurred between mines.  When eucalypts densities across the three mines with waste 

rock dump, tailing dam, and analogue sites landforms were compared, the main effect of mine was 

significant (GLM, P<0.05).  Similarly, when eucalypt densities across the seven mines (with waste rock 

dump and analogue sites) were compared the main effect of mine was significant (GLM, P<0.05).  

Despite similar tree density overall, high variability of total Eucalyptus/Corymbia density existed 

among waste rock dump and tailing dam sites.  Total Eucalyptus/Corymbia density ranged from 0 to 

1967 trees ha-1 in waste rock dump sites, 0 to 1367 trees ha-1 in tailing dam sites and from 0 to 700 trees 

ha-1 in analogue sites.  Also, 31% of waste rock sites and 25% of tailing dam sites had 

Eucalyptus/Corymbia densities less than that of the least dense analogue site (Figure 4.3).  

 

 

 

Figure 4.2 Acacia species densities on waste rock dump, tailings dam and analogue sites (average ± 

standard error). A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: 

grazed, u: ungrazed. 
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The third group, tree species other than Acacia, Eucalyptus and Corymbia, was more abundant in the 

analogue sites than in the mine rehabilitation sites.  Total “Other species” density ranged from 0 to 367 

trees ha-1 in waste rock dump sites, 0 to 567 trees ha-1 in tailing dam sites and 0 to 3467 trees ha-1 in 

analogue sites.  A quarter of the waste rock dump sites and half of the tailing dam sites did not have any 

trees of “Other species” (Figure 4.4).  When “Other species” densities across the three mines (with 

waste rock dump, tailing dam and analogues sites) were compared, the main effect of landform domain 

(within mine) was significantly different (GLM, P<0.05).  Similarly, landform domain was significantly 

different (GLM, P<0.05) when “Other species” densities across all mines (with waste rock dump and 

analogue sites) were compared.  All the analogue sites had higher densities of “Other species” than 

waste rock dump and tailing dam sites except for T5Ag.  The T5Ag site had a high abundance of “Other 

species” due to the high density of Melaleuca species. 

Figure 4.3  Eucalyptus/Corymbia density on waste rock dump, tailings dam and analogue sites (average 

± standard error). AS: Analogue site, WRD: Waste rock dump, TD: Tailings dam; 1-7: mines; A-D: 

sites within mines; g: grazed, u: ungrazed. 
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4.3.2. Tree species richness  

Species richness was similar between mine rehabilitation and natural woodland sites.  However, tree 

species richness tended to vary considerably between sites in the mine rehabilitation, whereas it tended 

to be similar in analogue sites (Figure 4.5).  When the tree species richness across the three mines (with 

waste rock dump, tailing dam and analogue sites) were compared, the main effects of mine, landform 

domain (within mine) and site (within mine and landform domain) were not significantly different 

(GLM, P>0.05).  The main effect of site (within mine and landform domain) was significantly different 

when species richness across the seven mines (with waste rock dump and analogue sites) was compared.  

Figure 4.4 Density of genera other than Acacia, Corymbia and Eucalyptus on waste rock dump, 

tailings dam and analogue sites (average ± standard error). AS: Analogue site, WRD: Waste 

rock dump, TD: Tailings dam; 1-7: the seven mines; A-D: sites within mines; g: grazed, u: 

ungrazed. 
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Average tree species richness per sites ranged from 0 to 11 species in waste rock dump sites, 2 to 9 

species in tailing dam sites and 3 to 7 species in the analogue sites.  This indicated that species richness 

per 30 m2 was high variability between sites in the same landform domain and mine, but it was not 

significantly different between mine and landform domain. 

In general, species richness of the Acacia group tended to be higher in mine rehabilitation sites than 

analogue sites.  Acacia species was present in all tailing dam sites, and it was only absent from 19% of 

waste rock dump sites, whereas there were 38% of analogue sites without Acacia species.  The main 

effect of sites (within mine and landform domain) was also significantly different (GLM, P<0.05) when 

Acacia species richness across the three mines (with waste rock dump, tailing dam and analogue sites) 

were compared.  When Acacia species richness across the seven mines (with waste rock dump and 

analogue sites) were compared,  the main effect of landform domain (within mine) and sites (within 

mine and landform domain) was significantly different (GLM, P<0.05).  The results indicated the 

number of Acacia species tended to be higher in waste rock dump than tailing dam sites.  It also showed 

a high variability of Acacia species between sites in the same landform domain and mine.  The number 

of Acacia species ranged from 0-5 species per transect in waste rock dump sites, 0 to 3 species in tailing 

dam sites and from 0 to 2 species in analogue sites (Figure 4.5).  

The number of Eucalyptus/Corymbia species was similar in the mine rehabilitation and natural 

woodland.  When eucalypts species across the three mines (with waste rock dump, tailing dam and, 

analogue sites) were compared, the main effect of mine, landform domain (within mine) and sites 

(within mine and landform domain) was not significantly different (GLM, P>0.05).  The main effect of 

site (within mine and landform domain) was significantly different (GLM, P<0.05) when eucalypts 

species across the seven mines (with waste rock dump sites and analogue sites) were compared.  This 

suggested the eucalypts species richness varied between both sites and transects within the site.  

Eucalyptus/Corymbia species richness ranged from 0 to 10 species per site in WRD sites, 0 to 7 species 

in tailing dam sites and from 1 to 5 species in the analogue sites.  
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Species richness of “Other species” was much higher in natural woodland than in mine rehabilitation 

sites.  The species richness per transect of “Other species” ranged from 0 to 2 in WRD sites, 0 to 1 in 

TD sites and from 0 to 6 species in analogue sites.  The main effect of landform domain (within mine) 

was significantly different when “Other species” richness across the three mines (with waste rock dump, 

tailing dam and analogue sites) were compared (GLM, P<0.05).  It also showed the same result when 

“Other species” richness across the seven mines (with waste rock dump and analogue sites) were 

compared.  The result indicated analogue sites had more species richness of “Other species” than mine 

rehabilitation sites.  
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Figure 4.5 Average species richness of Acacia, Eucalyptus/Corymbia, and “Other species” per 

transect across sites (average ± standard error).  AS: Analogue site, WRD: Waste rock dump, 

TD: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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4.3.3. Tree composition 

In total, 16 genera with 65 tree species were found across mine rehabilitation and natural woodland 

sites (Table 4.1).  They consisted of 16 species of Acacia, 22 species of Eucalyptus/Corymbia and 27 

species of other genera.  Mine rehabilitation and natural woodland sites had many trees species in 

common, but a few species were present exclusively in one landform domain type.  Eleven species 

(17%) of three genera Acacia, Corymbia or Eucalyptus occurred across all three landform domain types. 

The proportion of species richness of Acacia, Eucalyptus/Corymbia, and “Other species” that present 

across landform domain was different.  Of the 16 Acacia species, 14 species (88%) were present in 

WRD sites, nine species (56%) present in TD sites and seven species (44%) in analogue sites.  Twenty-

five percent of Acacia species were exclusively present in WRD sites.  Of the 22 Eucalyptus/Corymbia 

species, 18 species (82%) were present in WRD sites, 13 species (59%) present in TD sites and 16 

species (73%) were present in analogue sites.  There were 14 species (52%) out of 27 “Other species” 

present in WRD sites, two species (7%) in tailing dam sites and 18 species (67%) in analogue sites.  

Nine (33%) “Other species” were exclusive to the analogue sites. 
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Table 4.1 List genera and species across mine rehabilitation and natural woodland sites. 

No Species name Genus W T A 

1 Acacia auriculiformis A.Cunn. ex Benth Fabaceae x  x 

2 Acacia difficilis Maiden Fabaceae x x  

3 Acacia dimidiata Benth. var. Dimidiata Fabaceae x   

4 Acacia gonocarpa F.Muell. Fabaceae x   

5 Acacia hemignosta F.Muell. Fabaceae x x x 

6 Acacia hammondii Maiden Fabaceae x   

7 Acacia holosericea A.Cunn. ex G.Don Fabaceae x x x 

8 Acacia latescens Benth Fabaceae x x x 

9 Acacia lamprocarpa O.Schwarz Fabaceae x x x 

10 Acacia leptocarpa A.Cunn. ex Benth. Fabaceae   x 

11 Acacia oncinocarpa Benth. Fabaceae x x  

12 Acacia pachyphloia W.Fitzg. subsp. Pachyphloia Fabaceae   x 

13 Acacia platycarpa F.Muell. Fabaceae x x  

14 Acacia plectocarpa A.Cunn. ex Benth. subsp. Plectocarpa Fabaceae x x  

15 Acacia simsii A.Cunn. ex Benth. Fabaceae x x  

16 Acacia umbellata A.Cunn. ex Benth. Fabaceae x   

17 Corymbia bella K.D.Hill & L.A.S.Johnson Myrtaceae   x 

18 Corymbia bleeseri (Blakely) K.D.Hill & L.A.S.Johnson Myrtaceae x  x 

19 Corymbia confertiflora (F.Muell.) K.D.Hill & L.A.S.Johnson Myrtaceae x  x 

20 Corymbia disjuncta K.D.Hill & L.A.S.Johnson Myrtaceae x x x 

21 Corymbia ferruginea (Schauer) K.D.Hill & L.A.S.Johnson Myrtaceae x x x 

22 Corymbia foelscheana (F.Muell.) K.D.Hill & L.A.S.Johnson Myrtaceae x x x 

23 Corymbia papuana (F.Muell.) K.D.Hill & L.A.S.Johnson Myrtaceae x  x 

24 Corymbia porrecta (S.T.Blake) K.D.Hill & L.A.S.Johnson Myrtaceae x x  

25 Corymbia polycarpa (F.Muell.) K.D.Hill & L.A.S.Johnson Myrtaceae x x x 

26 Corymbia polysciada (F.Muell.) K.D.Hill & L.A.S.Johnson Myrtaceae x x x 

27 Corymbia ptychocarpa (F.Muell.) K.D.Hill & L.A.S.Johnson Myrtaceae x x  

28 Eucalyptus alba Reinw. ex Blume Myrtaceae x   

29 Eucalyptus apodophylla Blakely & Jacobs Myrtaceae  x  

30 Eucalyptus bigalerita F.Muell. Myrtaceae  x  

31 Eucalyptus camaldulensis Dehnh. Myrtaceae x x  

32 Eucalyptus dunlopiana (K.D.Hill & L.A.S.Johnson) Brooker Myrtaceae   x 

33 Eucalyptus dichromophloia F.Muell. Myrtaceae x  x 

34 Eucalyptus miniata A.Cunn. ex Schauer Myrtaceae x  x 

35 Eucalyptus phoenicea F.Muell Myrtaceae x x x 

36 Eucalyptus tectifica F.Muell. Myrtaceae x x x 

37 Eucalyptus tetrodonta F.Muell. Myrtaceae x  x 

38 Eucalyptus tintinnans (Blakely & Jacobs) L.A.S.Johnson & K.D.Hill Myrtaceae x x x 

39 Brachychiton diversifolius R.Br. var. diversifolius Malvaceae x  x 

40 Brachychiton megaphyllus Guymer Malvaceae   x 

41 Brachychiton paradoxus Schott & Endl Malvaceae   x 

42 Breynia cernua (Poir.) Mull.Arg. Phyllanthaceae x   

43 Buchanania obovata Engl. Anacardiaceae x  x 

44 Canarium australianum F.Muell. Burseraceae x   
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Table 4.1 Continued  

W: Waste rock dump; T: Tailing dam; A: Analogue sites. 

 

In general, most of the tree species were only present in particular sites, and a few species occurred 

across the wide range of habitats.  An overall 72 % of tree species were only present in less than five 

sites (Table 4.2, 4.3, 4.4), and could, therefore, be categorised as uncommon.  Conversely, only 9% or 

six of the species occurred in more than ten sites, and could, therefore, be categorised as common.  They 

were Acacia holosericea, Corymbia confertiflora, Corymbia foelscheana, Corymbia polycarpa, 

Eucalyptus tintinnans, and Erythrophleum chlorostachys.  Present of common species in most of the 

sites indicated those species could grow with wide range of environmental factors while particular 

species can only grow in specific environmental condition.  Acacia and Eucalyptus/Corymbia species 

were widespread across waste rock dump and tailing dam sites while “Other species” mostly occurred 

in analogue sites.  Acacia species occurred in up to 69% of WRD sites, up to 75% of TD sites, but only 

in 25% of analogue sites (Table 4.2).  Eucalyptus/Corymbia species occurred in 50% of WRD sites, 

No Species name Genus W T A 

45 Cochlospermum fraseri Planch Bixaceae x   x 

46 Cochlospermum reticulatus (F.Muell.) Benth. Rubiaceae     x 

47 Croton aridus P.I.Forst. Euphorbiaceae     x 

48 Erythrophleum chlorostachys (F.Muell.) Baill. Fabaceae x   x 

49 Ficus coronulata Miq. Moraceae x     

50 Ficus opposita Miq. Moraceae x     

51 Ficus scobina Benth Moraceae x     

52 Gardenia megasperma F.Muell. Rubiaceae     x 

53 Grevillea currents Ewart Proteaceae     x 

54 Grevillea refracta R.Br. Proteaceae x     

55 Hakea arborescens R.Br. Proteaceae x   x 

56 Livistona humilis R.Br. var. humilis Arecaceae x     

57 

Leptospermum grandiflorum Lodd., G.Lodd. & W.Lodd. var. 

grandiflorum Myrtaceae   x 

58 Melaleuca dealbata S.T.Blake Myrtaceae x   x 

59 Melaleuca leucadendra (L.) L. Myrtaceae x     

60 Melaleuca nervosa (Lindl.) Cheel Myrtaceae   x x 

61 Petalostigma pubescens Domin Picrodendraceae   x   

62 Planchonia careya (F.Muell.) R.Knuth Lecythidaceae     x 

63 Terminalia ferdinandiana Exell Combretaceae x   x 

64 Terminalia volucris Benth. Combretaceae x   x 

65 Xanthostemon paradoxus F.Muell. Myrtaceae     x 
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100% of TD sites and 63% of analogue sites (Table 4.3).  “Other species” was only present in 25% of 

TD and WRD sites, but  were present in up to 88% of analogue sites (Table 4.4).  This indicated many 

WRD and TD sites had Acacia species, while most of the analogue sites had “Other species.”  The 

proportion of sites with Eucalyptus/Corymbia species tended to be similar in both mine rehabilitation 

and analogue sites.  

Acacia, Eucalyptus/Corymbia, and “Other species” had different tree density across sites.  Acacia 

holosericea and Corymbia foelscheana were present in more than 50% of the sites across three landform 

domains but had low tree density of less than 200 tree ha-1.  This suggested that those species could 

grow in a wide range of environmental factors, but did not always become abundant species.  In contrast, 

Acacia plectocarpa was present in only 21% of the sites but was dominant at some sites with a high 

tree density of more than 500 trees ha-1.  This species was only present in WRD and TD sites.  Its 

abundance could be as a result of a high proportion of this species in the seed mix during initial 

rehabilitation.  Acacia latescens was also very successful and dominant at a couple of rehabilitatlion 

sites.  Corymbia polycarpa was the only species that was growing in 50% of sites across three landform 

domain with a tree density less 500 trees ha-1.  Corymbia bleeseri and E. dunlopiana were only present 

at analogue sites, and E. dunlopiana was the second most common eucalypt at mine 5.  Eucalyptus 

apodophylla and E. bigalerita were only present in TD sites and not in WRD or analogue sites.  Most 

species of other genera were present only as single trees in rehabilitation sites, although Melaleuca 

nervosa was abundant at one transect in the T5Ag TD site.  In contrast Erythrophleum chlorostachys, 

Hakea arborescens and Terminalia volucris had densities of greater than 100 trees ha-1 at an analogue 

site.   
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Table 4.2 Density (trees ha-1) of Acacia species (mean ± std err) at the waste rock dump (W), tailings dam (T) and analogue sites (A). 

Tree species/Sites W1Au W1Bu W1Cu W2Ag W2Bg W3Au W3Bu W3Cg W3Dg W4Ag W4Bg W5Au W5Bu W6Ag 

Acacia auriculiformis  0 0 0 11 ± 11 0 44 ± 29 11 ± 11 0 0 0 0 0 0 0 

A. difficilis  0 0 0 33 ± 33 56  ± 22 0 0 44 ± 29 0 0 56  ± 22 22 ±  22 0 0 

A. dimidiata  0 0 0 0 33 ± 33 0 0 0 11 ± 11 11 ± 11 0 0 0 0 

A. gonocarpa  0 0 0 0 0 0 0 0 0 0 11 ± 11 0 0 0 

A. hemignosta  0 0 0 0 0 11 ± 11 11 ± 11 0 0 0 0 0 0 0 

A. hammondii  0 0 0 0 0 589 ± 298 0 0 22 ± 11 0 0 0 0 0 

A. holosericea  22 ± 22 89 ± 11 444 ± 245 67 ± 38 11 ± 11 0 11 ± 11 22 ± 11 11 ± 11 0 11 ± 11 11 ± 11 0 44 ± 29 

A. latescens  0 0 0 0 0 600 ± 315 11 ± 11 156±156 22 ±  22 11 ± 11 44 + 29 0 0 0 

A. lamprocarpa  22 ± 11 0 0 0 0 0 0 0 0 0 0 0 0 0 

A. leptocarpa  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A. oncinocarpa  0 33 ± 19 11 ± 95 0 0 0 389 ± 48 0 0 0 11 ± 11 0 0 0 

A. pachyphloia  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A. platycarpa  0 0 0 0 11 ± 11 211 ± 164 0 0 11 ± 11 0 0 0 0 0 

A. plectocarpa  0 0 0 0 0 0 0 0 0 156 ± 80 433 ± 283 933 ± 555 0 0 

A. simsii  0 0 0 0 0 0 22 ± 11 0 0 11 ± 11 22 ±  22 0 0 0 

A. umbellata  0 0 0 0 0 0 22 ± 11 0 0 0 0 0 0 0 

 
Table 4.2. Continued 

Tree species/Sites W7Ag W7Bg T4Au T4Bu T5Ag T6Ag A1Au A1Bg A2Ag A3Ag A4Au A5Au A6Ag A7Ag 

Acacia auriculiformis  0 0 0 0 0 0 0 0 0 11 ± 11 0 0 0 0 

A. difficilis  0 0 0 0 44  ±  44 0 0 0 0 0 0 0 0 0 

A. dimidiata  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A. gonocarpa  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A. hemignosta  0 0 0 0 367 ± 367 0 0 0 0 0 0 11 ± 11 0 0 

A. hammondii  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A. holosericea  0 0 0 11 ± 11 11 ± 11 33 ± 19 22  ±  22 0 0 0 0 0 0 11 ± 11 

A. latescens  0 0 133 ± 77 0 0 0 0 0 0 11 ± 11 0 0 0 0 

A. lamprocarpa  0 0 0 0 0 0 0 11 ± 11 0 0 0 0 0 0 

A. leptocarpa  0 0 22 ±  22 33  ± 19 0 0 0 0 0 11 ± 11 0 0 0 0 

A. oncinocarpa  0 0 0 11  ±  11 0 0 0 0 0 0 0 0 0 0 

A. pachyphloia  0 0 0 0 0 0 0 0 0 0 0 0 0 11 ± 11 

A. platycarpa  0 0 0 78  ± 78 0 0 0 0 0 0 0 0 0 0 

A. plectocarpa  0 0 11 ± 11 11 ± 11 911 ± 751 0 0 0 0 0 0 0 0 0 

A. simsii  0 0 0 0 11 ± 11 0 0 0 0 0 0 0 0 0 

A. umbellata  0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 4.3 Density (trees ha-1) of Corymbia and Eucalyptus species (mean ± std err) at the waste rock dump (W), tailings dam (T) and analogue sites (A). 

 

Tree species/Sites W1Au W1Bu W1Cu W2Ag W2Bg W3Au W3Bu W3Cg W3Dg W4Ag W4Bg W5Au W5Bu W6Ag 

Corymbia bleeseri  0 44 ± 11 44 + 29 0 0 11 ± 11 0 0 0 11 ± 11 11 ± 11 0 0 0 

C. confertiflora  0 0 0 44 ± 44 56 ± 11 200 ± 139 11 ± 11 11 ± 11 11 ± 11 0 0 0 0 0 

C. disjuncta  0 0 0 0 0 11 ± 11 0 0 0 0 22 ±  22 0 0 0 

C. ferruginea  0 0 0 0 0 0 67 ± 38 11 ± 11 11 ± 11 0 0 0 0 0 

C. foelscheana  33 ± 19 122 ± 59 500 ± 117 0 0 22 ± 11 0 22 ±  22 11 ± 11 0 0 0 0 11 ± 11 

C. papuana  0 0 0 0 0 22 ± 22 0 0 0 0 0 0 0 0 

C. polycarpa 0 133 ± 19 756 ± 149 22 ± 22 122 ± 29 0 0 0 11 ± 11 111 ± 29 89 ± 48 0 0 0 

C. polysciada  0 0 0 0 0 0 11 ± 11 0 0 0 22 ±  22 0 11 ± 11 0 

C. porrecta  0 0 0 0 0 0 0 0 0 33 ±  19 11 ± 11 0 0 0 

C. ptychocarpa  11 ± 11 0 0 0 0 0 0 0 0 0 0 0 0 0 

Eucalyptus 

camaldulensis  955 ± 373 11 ± 11 0 0 0 0 11 ± 11 0 0 0 0 0 0 0 

E. dichromophloia  0 0 0 0 0 133 ± 19 0 22 ±  22 11 ± 11 33 ±  19 144 ±  95 0 0 0 

E. miniata  0 0 56 ± 56 0 0 0 0 0 0 11 ± 11 33 ± 19 0 0 0 

E. phoenicea  0 0 0 11 ± 11 44 ± 22 33 ± 19 0 11 ± 11 44 ± 44 33 ± 33 78 ± 48 0 0 0 

E. tectifica  0     0 0 0 0 56 ± 11 0 56 ± 40 22 ±  22 0 0 0 22 ±  22 11 ± 11 

E. tetrodonta  0 0 0 0 0 33 ± 33 0 11 ± 11 0 11 ± 11 44  ±  44 0 0 0 

E. tintinnans  0 0 0 0 0 33 ± 19 56 ± 40 78 ± 62 44 ± 44 0 22 ±  22 22±  22 56 ±  22 0 

 
Table 4.3 Continued 

Tree species/Sites W7Ag W7Bg T4Au T4Bu T5Ag T6Ag A1Au A1Bg A2Ag A3Ag A4Au A5Au A6Ag A7Ag 

Corymbia bella  0 0 0 0 0 0 0 0 0 11 ± 11 0 0 0 0 

C. bleeseri  0 0 0 0 0 0 189 ±  97 100 ± 33 0 0 0 0 0 0 

C. confertiflora  33 ± 19 0 0 0 0 0 56  ± 56 11 ± 11 11 ± 11 56  ± 90 0 0 0 11 ± 11 

C. disjuncta  0 0 0 0 0 0 0 0 0 133 ± 117 67 ± 19 0 0 0 

C. ferruginea  0 0 0 100 ± 58 44 ± 29 0 0 11 ± 11 0 0 0 0 0 0 

C. foelscheana  78 ± 62 0 11 ± 11 0 67 ± 67 0 0 0 33 ± 33 0 11 ± 11 0 22 ± 22 167± 33 

C. papuana  0 0 0 0 0 0 0 0 0 0 0 0 0 11 ± 11 

C. polycarpa 0 0 489±424 22 ±  11 267 ±  84 11 ± 11 11 ± 11 0 11 ± 11 133  ± 67 0 0 11 ± 11 0 

C. polysciada  0 0 0 0 56 ±  29 0 0 67 ± 67 0 22  ± 22 0 0 0  0 

C. porrecta  0 0 0 0 11 ± 11 0 0 0 0 0 0 0 0 0 

C. ptychocarpa  0 0 0 0 22 ± 11 0 0 0 0 0 0 0 0 0 

Eucalyptus 

apodophylla  0 0 0 0 33 ± 33 0 0 0 0 0 0 0 0 0 

E. bigalerita  0 0 22 ± 11 22 ± 22 111 ± 95 0 0 0 0 0 0 0 0 0 

E. camaldulensis  0 0 0 22 ± 22 0 0 0 0 0 0 0 0 0 0 

E. dunlopiana 0 0 0 0 0 0 0 0 11 ± 11 0 22 ± 11 100 ± 51 0 0 

E. dichromophloia  0 22 ± 11 0 0 0 0 0 0 0 0 0 22 ± 22 22 ± 22 0 

E. miniata  0 0 0 0 0 0 0 0 78 ± 62 0 0 0 0 0 
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E. phoenicea  0 0 0 33 ± 19 0 0 56  ± 40 167 ± 69 78 ± 11 0 0 0 0 0 

E. tectifica  0 0 0 11 ± 11 0 0 0 0 22 ± 11 0 0 267 ± 51 44 ± 44 0 

E. tetrodonta  0 0 0 0 0 0 100 ± 100 67 ± 51 0 0 0 0 0 0 

E. tintinnans  0 0 44 ± 44 11 ±11 100 ± 100 0 0 0 0 0 44 ± 22 33 ± 33 11 ± 11 0 

C. bella, E. apodophylla, E. bigalerita and E. dunlopiana did not occur in any WRD sites. 

 

Table 4.4 Density (trees ha-1) of other tree species (mean ± std err) at the waste rock dump (W), tailings dam (T) and analogue sites (A). 

Tree species/Sites W1Au W1Bu W1Cu W2Ag W2Bg W3Au W3Bu W3Cg W3Dg W4Ag W4Bg W5Au W5Bu W6Ag 

Brachychiton diversifolius  0 0 0 0 0 0 0 0 0 0 0 0 11 ± 11 0 

Brachychiton paradoxus  0 0 0 0 0 0 0 0 0 0 0 0 11 ± 11 0 

Breynia cernua 11 ±11 0 0 0 0 0 0 0 0 0 0 0 0 0 

Buchanania obovata  0 0 0 0 0 0 11 ±11 0 0 0 0 0 0 0 

Canarium australianum  0 0 44 ±44 0 0 0 0 0 0 0 0 0 0 0 

Cochlospermum fraseri  0 0 0 0 0 0 0 11 ±11 22 ±11 22  ± 11 22 ± 22 0 0 0 

Erythrophleum chlorostachys  0 0 0 0 11 ±11 0 0 0 0 0 0 0 0 0 

Ficus coronulata  0 0 0 0 0 11 ±11 0 0 0 0 0 0 0 0 

Ficus opposita  0 0 0 22  ± 22 0 0 0 0 0 0 0 0 0 0 

Ficus scobina  0 0 0 0 0 0 0 0 0 0 22 ± 22 0 0 0 

Grevillea refracta  0 0 0 0 0 11±11 0 0 0 0 0 0 0 0 

Hakea arborescens  0 0 0 0 0 0 0 0 0 11 ± 11 0 0 0 0 

Livistona humilis  0 0 0 0 0 0 11 ± 11 0 0 0 0 0 0 0 

Melaleuca dealbata  56  ± 40 0 0 0 0 0 11 ± 11 0 0 0 0 0 0 0 

Melaleuca leucadendra  11 ± 11 0 0 0 0 0 0 0 0 0 0 0 0 0 

Terminalia ferdinandiana  0 0 0 0 0 0 11 ± 11 0 0 0 0 0 0 0 

Terminalia volucris  0 0 0 44  ± 44 11  ± 11 0 0 0 0 0 0 0 0 0 

The following species did not occur at the WRD sites: Brachychiton megaphyllus, Coelospermum reticulatum, Croton aridus, Gardenia megasperma, Grevillea decurrens, Leptospermum grandiflorum, Melaleuca 

nervosa, Petalostigma pubescens, Planchonia careya or Xanthostemon paradoxus. 
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Table 4.4. Continued 

Tree species/Sites W7Ag W7Bg T4Au T4Bu T5Ag T6Ag A1Au A1Bg A2Ag A3Ag A4Au A5Au A6Ag A7Ag 

Brachychiton diversifolius  0 0 0 0 0 0 0 0 0 0 0 0 0 11 ± 11 

Brachychiton megaphyllus  0 0 0 0 0 0 11 ± 11 0 0 0 0 0 0 0 

Brachychiton paradoxus  0 0 0 0 0 0 0 0 0 11 ±11 11 ± 11 0 0 0 

Buchanania obovata  0 0 0 0 0 0 33 ± 19 11 ±11 0 56 ±40 0 0 0 0 

Cochlospermum fraseri  0 0 0 0 0 0 0 0 0 0 0 0 44 ± 44 0 

Cochlospermum reticulatum  0 0 0 0 0 0 0 0 0 0 0 0 0 11 ±11 

Croton aridus  0 0 0 0 0 0 0 0 0 0 89 ± 41 0 0 0 

Erythrophleum chlorostachys  0 0 0 0 0 0 1189±1056 33 ± 19 11 ± 11 0 89 ±11 33 ±19 89 ± 73 11 ± 11 

Ficus scobina  0 0 0 0 11 ±11 0 0 0 0 0 0 0 0 0 

Gardenia megasperma  0 0 0 0 0 0 0 11 ± 11 0 0 11 ± 11 0 0 0 

Grevillea currents  0 0 0 0 0 0 0 0 0 0 33 ± 19 0 0 0 

Hakea arborescens  11 ±11 0 0 0 0 0 0 0 0 0 0 0 0 144 ±11 

Leptospermum grandiflorum  0 0 0 0 0 0 0 0 0 11 ±11 0 0 0 0 

Melaleuca dealbata  0 0 0 0 0 0 0 0 33 ±33 0 0 0 0 0 

Melaleuca nervosa  0 0 0 0 189 ±189 0 0 0 0 22 ± 22 0 0 0 0 

Petalostigma pubescens  0 0 0 11 ±11 0 0 0 0 0 0 0 0 0 0 

Planchonia careya  0 0 0 0 0 0 33 ±19 11 ±11 11 ±11 22 ± 22 0 0 0 0 

Terminalia ferdinandiana  0 0 0 0 0 0 0 0 67 ±67 0 33 ±33 0 0 0 

Terminalia volucris  0 0 0 0 0 0 0 0 0 200 ±200 0 0 0 0 

Xanthostemon paradoxus 0 0 0 0 0 0 0 0 0 11 ±11 11 ±11 0 0 0 

The following species did not occur at W7, Tailings or Analogue sites: Breynia cernua, Canarium australianum, Ficus coronulata, Ficus opposite, Grevillea refracta, Livistona humilis, Melaleuca leucadendra. 
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4.3.4. Tree diameter 

Tree size in the mine rehabilitation sites was not yet similar to that of natural woodland sites.  The 

number of trees with small diameter (<10 cm) were similar between mine rehabilitation sites and natural 

woodland, but natural woodland had more trees with a big diameter (>10 cm).  This suggested that the 

number of trees with a small diameter in mine rehabilitation sites was in trajectory to natural woodland.  

However, even after 12 years of rehabilitation, the number of trees with a big diameter in mine 

rehabilitation sites is still lower than analogue sites.  Description of tree size per diameter class described 

in the next paragraph. 

The number of trees with a diameter of less than 5 cm was similar in mine rehabilitation and analogue 

sites overall, but varied between sites.  This showed when a number of trees with diameter class of less 

than 5 cm across the three mines (with WRD, TD and analogue sites) were compared, the main effect 

of sites was significant (GLM, P<0.05).  Similarly, the main effect of sites was also significant when 

the number of trees less than 5 cm diameter were compared across the seven mines (with WRD and 

analogue sites) (GLM, P<0.05).  This indicated high variability in the total number of trees with a 

diameter of less than 5 cm between sites within the same landform domain and mine.  However, the 

total number of trees per site within diameter class 1-5 cm tended to be higher in mine rehabilitation 

than natural woodland sites, except for A1Au (Figure 4.6).  The total number of trees with diameter 

class of 1-5 cm in A1Au sites was similar to mine rehabilitation areas due to the high number of 

Erythrophleum chlorostachys.   
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The total number of trees within diameter class 5-10 cm was similar across mine rehabilitation and 

natural woodland sites.  The mean total number of trees was 5±0.85 in WRD sites, 5 ± 1.44 in TD sites, 

and 4 ± 0.67 in analogue sites.  The main effects of mine, landform domain (within mine), and site 

(within mine and landform domain) did not significantly affect the number of trees with diameter class 

5-10 cm across three mines with waste rock dump, tailing dam and analogue sites (GLM, P>0.05).  

However, if WRD and analogue sites were compared across the seven mines, the effect of Mine was 

significant for trees with diameter 5-10 cm (GLM, P<0.05).  There were 25% of WRD and TD sites 

with a higher number of trees with diameter class 5-10 cm than the analogue site with the highest density 

of trees in that diameter class (Figure 4.7).   

Figure 4.6 Tree density (# ha-1) per site with tree diameter class of 1-5 cm across waste rock dump, 

tailing dam and analogue sites (average ± standard error).  A: Analogue site, W: Waste rock dump, T: 

Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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The total number of trees within diameter class 10-20 cm was higher in analogue sites than mine 

rehabilitation sites.  The mean tree numbers of diameter class 10-20 cm were 1.00 ± 0.35 trees per sites 

in WRD sites, 0.67 ± 0.35 trees per site in TD sites and 4.00 ± 0.58 trees per sites in analogue sites.  

The main effect of landform domain was a significant effect on the number of trees with diameter 10-

20 cm when WRD and analogue sites were compared across the seven mines (GLM, P<0.05).  More 

trees with diameter class 10-20 cm occurred in analogue sites than WRD sites.  There were 31% of 

WRD sites and 25% of TD sites without trees with a diameter class of 10-20 cm after 12 years of 

rehabilitation, whereas trees with a diameter of 10-20 cm were present in all of the analogue sites 

(Figure 4.8).  

 

 

 

 

Figure 4.7 Tree density (# ha-1) per site with diameter class of 5-10 cm across waste rock dump, tailing 

dam and analogue sites (average ± standard error).  A: Analogue site, W: Waste rock dump, T: Tailings 

dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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The number of trees with a diameter larger than 20 cm was higher in analogue sites than mine 

rehabilitation.  The total number of trees with a diameter larger than 20 cm was greater in analogue sites 

than mine rehabilitation sites.  The mean density of trees with a diameter larger than 20 cm was 1 ± 0.7 

trees ha-1 in WRD sites, 3 ± 2.8 trees ha-1 in TD sites and 24 ± 15 trees ha-1 in analogue sites.  These 

larger trees were present in all analogue sites except A7Ag, while they were only present in the W3Au 

WRD site and in the T4Bu of TD site (Figure 4.9).  The difference between WRD and analogue sites 

in the number of trees with a diameter larger than 20 cm was significant across the seven mines (GLM, 

P<0.05).  

  

Figure 4.8 Tree density (# ha-1) per site with tree diameter class of 10-20 cm across waste rock dump, 

tailing dam and analogue sites (average ± standard error).  A: Analogue site, W: Waste rock dump, T: 

Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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4.3.5. Tree density ordination 

Ordination indicated that tree composition was generally similar for WRD and TD sites and most of the 

analogue sites for the first two components (Figure 4.10).  Generally, WRD sites were to the left of axis 

1 and analogue sites were to the right.  All sites from Mine 6 and Mine 7 tended to be to the left of axis 

1 and to the bottom of axis 2.  However there were some WRD and TD sites still not similar to any 

analogue sites.  For example, Mine 2 WRD sites and Mine 5 TD sites had similar tree composition with 

the Mine 3 analogue site of while Mine 1 WRD sites and the Mine 4 TD site (T4Bu) were not similar 

to any of the analogue sites.  The first two axes explained 26 % of similarity of tree composition across 

84 transects in WRD, TD and analogue sites across the seven mines.  The value of similarity of tree 

density across 84 transects was 14.3% in axis 1 and 11.2 % in axis 2 which means 14% of the variation 

in tree density explained by axis 1 and 11% explained by axis 2. 

Similarity Percentage (SIMPER) was used to determine which species contributed to differences 

between analogue sites and mine rehabilitation sites.  The SIMPER results showed eight species made 

the biggest percentage contribution to the dissimilarity between mine rehabilitation and natural 

woodland sites: Erythrophleum chlorostachys (9.3%), Corymbia polycarpa (8.21%), Acacia 

Figure 4.9 Tree density (# ha-1) per site with tree diameter class of 20-30 cm across waste rock dump, 

tailing dam and analogue sites (average ± standard error).  A: Analogue site, W: Waste rock dump, T: 

Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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plectocarpa (6.5%), Corymbia foelscheana (5.6%), Eucalyptus phoenicea (4.5%), Eucalyptus tectifica 

(4.4%) and Corymbia bleeseri (3.7%).  These species are the most responsible for differences between 

mine rehabilitation and analogue sites as they were the most abundant and occurred in more than 30% 

of the sites. 
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Figure 4.10 Two dimensional ordination diagram of 84 transects of tree density based on Bray-Curtis similarity in 

waste rock dump, tailing dam and analogue sites. 
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4.3.6. Environmental ordination 

In general, most of the enviromental factors in the mine rehabilitation sites had similar environmental 

value with analogue sites.   Seventy three percent of transects of WRD, TD and analogue sites had litter 

cover, rainfall and soil pH similar to the analogue site of Mine 7 (Figure 4.11).  Waste rock dump sites 

of mine 3 and 7 had similar nitrogen and litter thickness to the analogue site of mine 7.  Ninety three 

percent of transects contributed to the pattern of environmental variables in the space of the first two 

components of ordination graph, and it was only 7 % (W1Cu, W2Bu and A1Bg) that became an outlier.  

The first two axes explained the 37% of dissimilarly of environmental variables across 60 transects in 

WRD, TD and analogue sites across the seven mines.  The value of dissimilarity of environmental 

variables across 60 transects was explained by 19% in axis 1 and 17.5% in axis 2.  
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Figure 4.11 Two dimensional ordination diagram of 60 transects of environmental variables based on Euclidean distance 

dissimilarity in waste rock dump, tailing dam and analogue sites. 
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4.3.7. Tree and environmental ordination 

The pattern of tree density base on Bray-Curtis similarity in relation to the environmental variables base 

on Euclidean distance dissimilarity showed in Figure 4.12.  It showed that rainfall strongly correlated 

with tree density in mine rehabilitation areas and natural woodland.  This is supported by the correlation 

between tree density and rainfall that shows high rainfall area (south part) had higher tree density than 

the low rainfall areas (north part) of the study sites.  Some of the soil chemical contents (Mg, CEC, EC), 

soil surface parameters (litter thickness and gravel cover) and understorey vegetation (grass and non-

grass cover) correlated with tree density in mine rehabilitation areas while those factors did not correlate 

with tree density in analogue sites. 

The environmental variables which best correlated to differences in tree density were litter thickness 

and cover, cattle dung, Ca,and rainfall (BEST, Spearman rank, P<0.05).  The marginal test indicated 

there was significant correlation between tree density and each of litter thickness and cover, cattle dung, 

Ca and rainfall.  Using litter thickness and cover, cattle dung, Ca, and rainfall in the model only 

explained 22% of the variation in the pattern of tree density (DistLM, R2
=0.22).  This suggested all 

factors only contributed to 22% of the variation in tree density in WRD, TD and analogue sites.  This 

means 78% of the variation in tree density across the landform domain is due to other factors.  
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Figure 4.12 Two dimensional Canonical Analysis of Principal Coordinates (CAP) ordination of 60 transects based on Bray-

Curtis similarity on tree density against environmental variables at waste rock dump, tailing dam and analogue sites. 
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4.4. Discussion 

4.4.1. The condition of established trees after 12 years of rehabilitation.  

Mean tree density in mine rehabilitation sites was comparable to that of analogue sites.  However, 20% 

of the mine rehabilitation sites had tree densities less than that of the least dense analogue site, and there 

was one rehabilitation site without tree establishment after 12 years of rehabilitation.  Thus, although 

the tree density established across most of the gold mine rehabilitation sites has been successful, 

particular sites have not yet reached similar densities to the natural woodland.  Much more variation in 

tree density occurs across mine rehabilitation sites while tree density tended to be similar across natural 

woodland sites.  This may indicate established tree establishment in rehabilitation sites depends on the 

initial seed mix rate (Herath et al. 2009).  Herath et al. (2009) stated lower or higher tree density in the 

mine rehabilitation sites than natural forest could be as a result of seed density during initial 

rehabilitation.  Tree densities achieved on the rehabilitation areas were similar to those for other mine 

rehabilitation studies in the same region, with similar rainfall.  For example, the tree density of waste 

rock dump sites such as the W3Au site (2033± 473 trees ha-1) was similar to the tree density at the Gove 

bauxite mine rehabilitation (2016 ± 510 trees ha-1) (Brady and Noske 2010) site.  The range of tree 

densities achieved per species group in this study was also similar to manganese mining rehabilitation 

at Groote Eylandt (Meek 2009).  Tree density of Acacia, Eucalypts and “Other species” ranged from 0-

1456 trees ha-1, 0-1356 trees ha-1 and 0-200 trees ha-1 respectively in rehabilitation sites in this study, 

whereas they ranged from 0-1300 trees ha-1, 0-1933 trees ha-1 and 0-600 trees ha-1 in rehabilitation sites 

at Groote Eylandt (Meek 2009).  Despite different types of mine, different seed densities during initial 

rehabilitation and differing ranges of rehabilitation age across the mines, the densities of established 

trees in this study is comparable to other studies in the same region.  The age of rehabilitation at the 

Gove bauxite mine is twice that of these gold mine rehabilitation sites, and the density of established 

trees in some of the waste rock dump sites is comparable to this study.   

The overall species richness among the gold rehabilitation sites was similar to analogue, but 

composition did not resemble that of the natural woodland.  Acacia species dominate mine rehabilitation 



87 

 

sites with low species richness of genera other than Acacia, Corymbia and Eucalyptus.  Fourteen out of 

16 species of Acacia were present in mine rehabilitation sites and only seven species occurred in natural 

woodland sites.  In the analogue sites, there were 27 species of “Other species” (i.e. other than Acacia, 

Corymbia and Eucalyptus) and 16 species of “Other species” occurred in waste rock dump sites, and 

only two such species occurred in tailing dam sites.  Thus, Acacia could dominate species richness in 

waste rock dump and tailings dam sites in the long term.  This could possibly prevent the establishment 

or growth of species of other genera.  Low establishment of “Other species” in rehabilitation sites could 

be due to several reasons.  First, species richness of mine rehabilitation sites could be limited to the 

species that had been sown during initial rehabilitation and often seed mixes are dominated by Acacia, 

Corymbia and Eucalyptus (Langkamp 1987).  Second, it can also be due low germination and survival 

of “Other species” during initial rehabilitation.  For example, the percentage of the seed of “Other 

species” (32.8%) in seed mix is higher than Acacia (23.4%) in the tailing dam sites of Union Reef mine 

(Section 3.3.2, Chapter 3), but the tree density of “Other species” (mature stage) was lower than Acacia 

species.  Third, it may be due to issues limiting dispersal from outside of mine rehabilitation areas.  

Seed dispersal is not part of the investigation in this study, but Acacia species, for example, have arils 

to aid dispersal (O’Dowd and Gill 1986).  Plant immigration, vegetation establishment and species 

replacement are highly constrained in acid sites of mine rehabilitation due to the absence of appropreate 

species neaby propagule sources and other factors (Moreno-de las Heras et al. 2008).  The species 

richness of mine rehabilitation sites in this study showed a similar trend to the Osborne mine in the Mt 

Isa region where Acacia species over-represented across rehabilitation sites and had higher densities 

than in the analogue sites (Morrison et al. 2005).  It is important that initial floristic composition 

includes a high proportion of target species and that they effectively establish for long-term vegetation 

development (Baasch et al. 2012).  

On rehabilitation sites in this study, some species were particularly successful in establishing.  Acacia 

holosericea, Corymbia confertiflora, C. foelscheana, C. polycarpa, Eucalyptus tintinnans and 

Erythrophleum chlorostachys had exceptional abundance across mine rehabilitation and analogue sites, 

and all occurred in more than 10 of the total 27 sites.  Corymbia polycarpa had the ability to cope with 
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a wide range of environmental factors, had high tree density, and potentially could become the dominant 

species in the long term.  Koch (2007) stated it was difficult to change vegetation composition in 

restored areas once it becomes established.  Unless mine rehabilitation management intervention takes 

place, the species compostion of the rehabilitation tree community is unlikely to be the same as natural 

woodland, due to the lack of taxa other than Acacia, Corymbia and Eucalyptus.  Vegetation structure 

in rehabilitation sites may persist, and convergence towards the native forest vegetation structure will 

be limited by differences in taxonomic composition and functional characteristics (Gould 2012). 

Tree composition in rehabilitation sites is not yet similar to the natural woodland.  The proportion of 

Acacia species was far more abundant in waste rock dump and tailing dam sites than analogue sites.  

The overall proportion of Acacia, eucalypts, and “Other species” in mine rehabilitation sites was 35%, 

48% and 9% for waste rock dump sites and 53%, 43% and 4% for tailing dam sites, whereas it was 3% 

of, 64% of and 33% in analogue sites.  The high proportion of Acacia in mine rehabilitation sites is not 

appropriate for sustainable rehabilitation because most Acacia species are easily killed by fires (Fawcett 

1995).  The tree composition in this study showed a similar trend to others study in the same region 

(Gould 2012; Ludwig et al.. 2003; Meek 2009).  For example, Ludwig et al. (2003) reported that 

composition of Acacia, Eucalypts, and “Other species” in a waste rock dump site at the Ranger mine 

was 18%, 78% and 4% after 12 years of rehabilitation.  This is a similar to tree composition in waste 

rock dump sites in this study with the same age of rehabilitation.  Meek (2009), studying the 

development of rehabilitation at the Groote Eylandt reported that tree composition changes over time, 

with Acacia species dominating in the early years, up to eight years of rehabilitation, but tending to be 

less abundant when the age of rehabilitation matures.  This is as a result of the relatively short lifespan 

of acacias, thus eucalypts species would establish and become dominant over time in mine 

rehabilitation. 

Most of the trees in mine rehabilitation sites had not yet reached mature tree diameter size.  Trees with 

a diameter less than 10 cm were more abundant in rehabilitation sites, while the number with a diameter 

more than 10 cm was greater in analogue sites.  Overall mean diameter size in this study was 4.2 cm in 

mine rehabilitation, which is similar to another study in the same age of rehabilitation.  Ludwig et al. 
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(2003) found tree diameter was 4 cm in the Ranger mine rehabilitation site after 12 years of 

rehabilitation at the Ranger mine.  This suggested that the diameter of trees in rehabilitation sites was 

half of the mean DBH of trees in natural woodland as indicated by the results of this study and the 

Ranger mine rehabilitation study.  Tree diameter size is important in relation to fire application.  Guinto 

et al., (1999) stated tree mortality was both diameter-dependent and fire-related where smaller trees 

have a lower chance of survival than larger trees, and frequent burning will increase the mortality. 

4.4.2. Ordination of environmental factors with established trees 

A great deal of variation in tree diversity in rehabilitation sites remains unexplained by environmental 

factors.  Despite similar understorey vegetation cover, soil surface conditions and soil chemical 

parameters, considerable differences in composition and density of established trees occurred between 

rehabilitation and analogue sites.  Gould (2012) also reported that soil type and understorey vegetation 

did not significantly effect vegetation structure.  The best set of environmental parameters only 

explained 22% of the variation in the pattern of tree density.  This suggested factors that relate to tree 

density include litter thickness and cover, cattle dung, Ca and, rainfall parameters.  Higher tree density 

would lead to increased litter thickness and cover.  Tree density and the average annual rainfall 

decreased from north to south (Figure 4.14), from Toms Gully mine (close to Darwin) (average annual 

rainfall 1818 mm) to Maud Creek mine, (Mine 7) near Katherine (rainfall 1181 mm) (Bureau of 

Meteorology 2012).  The two most southern mines also had the lowest tree density (Fig. 4.13).  
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Site history and initial rehabilitation treatments have been found to have lasting effects on vegetation 

composition and structure in post-mining rehabilitation (Grant and Loneragan 2001; Norman et al. 

2006).  Thus, investigation of other factors such seed mix, rehabilitation method and treatment during 

initial rehabilitation may explain the established tree condition in mine rehabilitation. 

 

4.4.3. Implications of study 

Monitoring of the mine rehabilitation status against rehabilitation goals by assessing vegetation and 

environmental parameters is easy, measurable and, easy to interpret.  Diversity and abundance are the 

most commonly suggested measurements, and are considered a primary objective of restoration success 

(Koch 2007; Wortley et al. 2013). 

Tree assessment also provides a snapshot of the status of mine rehabilitation at a particular time.  This 

provides information on ecosystem structure, composition and function, and successional progress 

(Grigg et al. 2001).  This information is important for land management to ensure that the rehabilitation 

Figure 4.13 Total numbers of trees per sites for tree diameter class of 1-5 cm and 5-10 cm across 

seven mines with waste rock dump and analogue sites (average ± standard error) with rainfall data.  

A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: 

ungrazed. 
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areas are moving toward the desired or natural trajectory and are not stuck on an undesired or non-

natural trajectory.  Floristics information provides baseline information for restoration activities (Koch, 

2007).  For example, a similar species richness and composition to the analogue sites is important for 

achieving similar vegetation function (Alday et al. 2011) and may have important implications for 

durability of vegetation structure in response to possible disturbance.  Species composition and 

dominance of certain species, however, is an indicator of the status of vegetation with respect to 

succession (Jochimsen 2001). 

Knowing the current condition of trees will also assist the land managers assess possible future 

directions for gold mine rehabilitation, and to design interventions.  Assessment of vegetation and 

environmental factors could determine if the key functional characteristic of the self-sustaining and 

resilient ecosystem have been achieved (Gravina et al. 2011).  This study indicates that intervention 

may be required to promote recruitment of “Other species” to rehabilitation sites.  This may include 

creating suitable microsite conditions.  Vegetation management by broadcasting seeds or replanting 

“Other species” may also increase establishment of “Other species” in mine rehabilitation.  Prescribed 

fire may also an alternative vegetation management in mine rehabilitation.  Fire could reduce Acacia 

species that could reduce vegetation competition.  Further study is needed to investigate factors that 

cause low “Other species” establishment in mine rehabilitation.  It can be done through field and 

shadehouse investigations of factors affecting germination, emergence and survival from seedling to 

sapling and competition between species. 
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Chapter 5 EFFECTS OF UNDERSTOREY COVER ON PLANT 

ESTABLISHMENT IN GOLD MINING REHABILITATION IN 

MONSOONAL WOODLANDS  

 

5.1. Introduction 

During mining rehabilitation, there are two phases for tree recovery: initial establishment then 

subsequent recruitment.  The first phase of establishment occurs after the introduction of propagules 

during initial rehabilitation and is mediated by the assisted introduction of tube stock or seeds or 

naturally occurring seed dispersal into the site.  Tree establishment in the first phase often becomes one 

of the criteria for evaluation of rehabilitation success.  The second phase is the subsequent recruitment 

that occurs after initial tree establishment in the rehabilitation site.  This recruitment is necessary to 

replace trees that die and also allows later successional species to establish.  Recruitment of saplings 

after initial sowing of the rehabilitation areas is an indicator of whether the rehabilitating systems show 

evidence of successional change (Gould 2012).  This phase indicates sustainability of mine 

rehabilitation with respect to trees.  

There are two main factors that can limit tree recruitment in the second phase: seed supply by 

established trees on or near the sites, and suitable microsite conditions that allow the seeds to germinate 

and seedlings to establish (Dupuy and Chazdon 2008; Eriksson and Ehrlén 1992; Prior et al. 2009; 

Wellington and Noble 1985; Zhang and Chu 2015).  Seed production is relatively easy to monitor.  If 

tree recruitment is occurring in the sites, then it indicates that there is seed production and seed dispersal.  

Microsite conditions need to be appropriate for tree recruitment as the vegetation community develops 

structurally after initial establishment.  Microsites are small scale sites that are suitable for germination 

and survival of seedlings (Eriksson and Ehrlén 1992).  Microsite suitability has been suggested as the 

primary limitation to recruitment, rather than seed availability (Crawley, 1983).  Thus, investigation of 

microsite factors that could limit tree recruitment is required for sustainable tree population 

development in mine rehabilitation.  
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Previous studies reported that microsite characteristics such as understorey vegetation, litter, soil 

disturbance, soil stability and hardness, and soil nutrients (Bailey et al. 2012; Bentos et al. 2013; Dalling 

and Hubbell 2002; Doust et al. 2006; Dupuy and Chazdon 2008) affected tree recruitment in secondary 

forest and woodland.  Understorey vegetation increased competition for light and soil nutrients with 

tree recruits (Dupuy and Chazdon 2008).  Litter may have direct positive or negative impacts on seed 

germination and seedling establishment.  Litter can provide a conducive temperature and moisture for 

seed germination, but it can also have deleterious effects when the litter is thick enough to prevent 

germination or increase pathogens that increase seed mortality (Dupuy and Chazdon 2008; Facelli 1994; 

Facelli et al. 1999; Hastwell and Facelli 2000).  Dalling and Hubbell  (2002) reported litter had a 

dramatic impact on seedling recruitment, where seedling recruitment was three times higher with litter 

removed than with litter.  They also found that litter addition had a significant negative effect on 

seedling survival during the first year.  It had also been observed in a field that sites with high litter 

cover and thickness tends to have lower tree recruitment (pers observed).  This led to questions of how 

seedling emergence and growth performed in the waste rock dump, tailings dam and natural woodland 

soils, with and without litter cover.  Thus, an assessment was required that focused on to what extent 

the different growing media and litter cover affect seedling emergence and growth, in order to 

understand tree recruitment.  

The soil condition of rehabilitated mine sites is usually poor in nutrients and has high soil salinity and 

low soil pH.  Soil salinity and soil pH are known to have an impact on seed germination and seedling 

growth (Nasr et al. 2013; Ramlall et al. 2015).  Soil salinity can reduce plant growth and development 

through osmotic stress, ion toxicity, mineral deficiencies, and induced physiological and biochemical 

disorders in metabolic processes (Sohail et al. 2010).  Even low levels of salt in mine spoils are enough 

to reduce the rate and percentage emergence of Eucalyptus species substantially (Madsen and Mulligan 

2006).   

Recruitment from seeds is ultimately dependent on high moisture availability associated with rainfall.  

Soil water availability is a primary abiotic stimulus for seed germination and seedling establishment.  

Germination and early seedling growth are highly susceptible to changes in water availability (Dalling 
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and Hubbell 2002).  Therefore, germination usually occurs at the beginning of the rainy season in the 

tropics.  Microsite factors such as understorey vegetation, litter, soil moisture, and soil contents could 

limit tree recruitment in mine rehabilitation.  Therefore, investigation of the impacts of microsite factors 

on tree recruitment is essential information for manager of rehabilitated land. 

It is essential to understand the recruitment of trees, subsequent to initial introduction of propagules in 

mine rehabilitation, to demonstrate vegetation sustainability in mine rehabilitation.  While the 

assessment of tree establishment immediately after initial sowing has received much attention, less is 

understood about the recruitment of trees subsequent to initial sowing/planting in mine rehabilitation.  

Understanding the most critical phases of tree survival during seed germination and initial seedling 

growth is crucial because trees are the most vulnerable to stress in this stage.  Therefore, microsite 

factors that affect tree recruitment in twelve-year-old established sites are the main focus of this study. 

The purpose of this study was to evaluate the success of gold mine rehabilitation in the savanna 

vegetation of the Northern Territory, Australia as indicated by tree recruitment.  This study assessed 

tree recruitment in gold mine rehabilitation sites that had been sown approximately twelve years 

previously and assessed the relationship to environmental parameters and disturbance.  The following 

questions were addressed: (1)  Is tree recruitment in the twelve-year-old mine rehabilitation sites similar 

to that of the natural woodland sites? (2)  Do microsite conditions differ between the twelve-year-old 

mine rehabilitation areas and analogue areas? (3)  Do microsite conditions affect tree recruitment? (4)  

Do litter cover and growing media affect seeding emergence and growth? (5)  What are the implications 

of the study for mine rehabilitation management and ecology? 

The study consisted of field and nursery studies.  The field study focused on questions 1-3, and shade 

house study on question 4.  The findings of both studies were then integrated to address the management 

of mine rehabilitation, specifically. 
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5. 2. Field study: sapling and seedling recruitment. 

5.2.1. Methods 

5.2.1.1. Site description 

Sapling and seedling density and composition assessments were carried out in mine rehabilitation and 

natural woodland areas across six mines (Mines 1-3, 5-7).  Mine 4, referred to elsewhere in this thesis, 

was not able to be included due to the site being completely burnt by the time assessment took place.  

Study sites consisted of fourteen waste rock dump and seven analogue sites.  

Understorey vegetation, soil surface condition and soil chemistry assessments were carried out across 

the seven mines.  Study sites consisted of 16 waste rock dump sites, four tailing dam sites and eight 

analogue sites.  Some of the analogue sites and some of the mine rehabilitation sites were subjected to 

low levels of grazing by cattle.  Details of the study sites including site code, mine name, whether sites 

were sloping or flat, waste rock type, grazing status and the age of rehabilitation were described in 

Chapter 3.  

5.2.1.2. Rainfall assessment 

Rainfall data for 12 months before seedling data collection was considered to have more impact on the 

seedling recruitment, whereas a longer period of rainfall was likely to impact sapling growth.  For this 

reason, average rainfall data from the last 12 years were used to assess the rainfall impact on sapling 

density (2001-2013).  Average monthly rainfall (mm) from May 2012 - May 2013 was used to assess 

the effects of rainfall on seedling density.  Rainfall data from the three nearest meteorology stations 

were used as described in the section 4.2.2. 

5.2.1.3. Sapling and seedling field assessment  

Sapling and seedling categories were based on plant height.  Saplings were individuals of trees species 

that had heights from 0.5 to 2 m.  Seedlings were individuals of trees species that had heights from 0 to 
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0.5 m.  These height classes are based on the National Vegetation Information System (NVIS) of 

Australia (Department of Sustainability Environment Water Population and Communities of Australia 

2011).  Different sites were at least 500 m apart.  At each site, three transects were established, within 

a distance of 300 m.  Transects were used to assess the density and composition of saplings and 

seedlings.  Each transect was 30 x 2 m, and was orientated downslope.  All saplings and seedlings in a 

transect were counted and were allocated to one of three floristic categories: Acacia, 

Eucalyptus/Corymbia, and “Other species.”  Sapling and seedling assessments were carried out between 

July and August, 2013. 

5.2.1.4. Microsite conditions  

Grass and non-grass cover could affect sapling and tree seedling establishment.  The understorey cover 

assessment was carried out as described in section 4.2.4.  

The density of mature trees could affect sapling and seedling establishment as sources of seeds and 

competition on resources.  The mature tree density assessment as described in section 4.2.3 would show 

the correlation between mature tree establishment, and sapling and tree recruitment. 

Litter cover and thickness, gravel, stone, and bare soil cover were assessed as described in section 4.2.5. 

Soil samples were collected from six sites (Mines 1-3, 5-7), including mine rehabilitation and natural 

woodland sites.  Soil sample collection, preparation, and processing were as described in section 4.2.6.  

5.2.1.5. Data analyses 

Differences in sapling and tree seedling density between mines, landform domains (within mines), and 

sites (within mines and landform domains) were able to be investigated between three landform 

domains (waste rock dump, tailing dam, and analogue) at two mines (Mines 5 and 6) and between two 

landform domains (waste rock dump and analogue sites) at six mines (Mines 1-3 and5-7).  General 

Linear Model (GLM) was used to determine significant differences (P<0.05) between mines, landform 

domains (within mines), and sites (within mines and landform domains).  In the model, the fixed factors 
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were and landform domain (waste rock dump or analogue site), and the random factor was site (within 

mine and landform domain).  The sapling and tree seedling density per hectare data were transformed 

using a square root +1 transformation to decrease the importance of abundant species groups before 

analyses.  The square root transformation was chosen to homogenise the high variability of sapling and 

tree seedling density across sites.  Where the factors mine and landform domain were not significant, 

then sites were also compared using a One-way ANOVA on square root +1 transformed data followed 

by a post hoc Tukey test.  

Differences in grass and non-grass cover, tree density, litter cover and thickness, gravel, stone and bare 

soil cover, Chloride (Cl) (mg kg-1), readily available nitrogen (N) (mg kg-1), Phosphorous (P) (mg kg-

1), Calcium (Ca) (meq/100g), Magnesium (Mg) (meq/100g), Sodium (Na) (meq/100g), Aluminium (Al) 

(mg kg-1), Sulphur (S) (mg kg-1), Cation Exchange Capacity (CEC) (meq/100g), Potassium (K) 

(meq/100g), Electric conductivity (EC) (μS cm−1), and soil pH were analysed.  They were compared 

across three landform domains (waste rock dump, tailing dam and analogue) at three mines (Mine 4, 5, 

6) and compared across two landform domains only (waste rock dump and analogue) at all mines (Mine 

1-7).  GLM was applied to determine the significant difference between mines, landform domains 

(within mines), and sites (within mines and landform domains).  In the model, the fixed factors were 

landform domain (waste rock dump or analogue site), and the random factor was site (within mine and 

landform domain).  Grass and a non-grass cover received pre-treatment using square root +1 

transformation to homogenise variance between sites before analyses.  Litter cover and thickness, gravel 

cover, stone cover, bare soil cover, and all variables of soil nutrient data were log (x+1) transformed to 

homogenise variance of data before analyses.   

Pearson and Spearman rank correlation tests used to determine whether sapling or seedling densities 

were significantly correlated with understorey vegetation, soil surface condition, and soil chemical 

contents.  
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5.2.2. Results  

5.2.2.1. Sapling density and composition 

In general, sapling densities in mine rehabilitation sites were similar to that of natural woodland sites.  

The main effects of mine and landform domain (within mine) on sapling density were not significantly 

different (GLM, P>0.05) at Mines 2 and 6, indicating sapling density tended to be similar in waste rock 

dump and analogue sites (except for A1Au).  Sapling density between mines was also similar.  For 

example, density in Mines 2 and 3 were similar and ranged from 1200 to 3600 sapling per hectare 

(Figure 5.1).  The main effect of sites within mine and landform domain was only significantly different 

at six mines (GLM, P<0.05).  The significant difference in sapling density between sites was due to 

variation within the sites between the transects.  For example, the T5Ag site had sapling densities that 

ranged from 1,500 to 22,000 saplings per ha-1 per transect.  This was unusual, but even excluding this 

replicate, sites generally showed 5 to 10 fold variation between replicates.  Sapling density in site A1Au 

was much greater compared to other natural woodland sites due to a high number Erythrophleum 

chlorostachys (F.Muell.) Baill. in all three of the transects.  As mine and landform domain are not 

significant, one-way ANOVA was carried out to compare sapling density between sites.  Sapling 

density was significantly different between sites (one-way ANOVA, P<0.05).  Sites T5Ag and A1Au 

had higher sapling density than the rest of the sites (Turkey test, P<0.05), but sapling density was not 

significantly different between those two sites (Turkey test, P>0.05) (Figure 5.1).  However, when the 

highest sapling density of the one transect with the 21,000 saplings from T5Ag excluded, the T5Ag site 

had similar sapling density with other sites, and it was only A1Au that was different from all sites.   
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The density of saplings per species group tended to be similar between mine rehabilitation and analogue 

sites (Figure 5.2).  However, sapling density was highly variable between sites in the same landform 

domain and mine.  The main effect of sites on the density of saplings of Acacia, Eucalyptus/Corymbia, 

and “Other species” groups was significantly different (GLM, P<0.05) when compared across three 

landform domains at two mines, but the main effects of landform domain and mine were not 

significantly different.  A similar result was found in a comparison of sapling density per species group 

between waste rock dump and analogue sites at six mines.  The main effect of mine and landform 

domain (within mine) on sapling density per species group was also not significantly different, but the 

main effect of sites was significantly different (GLM, P<0.05).  This suggested there was high 

variability in sapling density per species group within sites due to the variation of sapling density per 

transect.  As there was no main effect of mine and landform (within mine) on sapling density per species 

group, the comparison between sites was carried out for sapling density per species.  Acacia, 

Eucalyptus/Corymbia, and “Other species” sapling density were significantly different between sites 

(one-way ANOVA, P<0.05).  The total Acacia density in waste rock dump sites was five times higher 

than in analogue sites.  The W2Bg and W3Dg sites had higher Acacia density than other sites except 

Figure 5.1 Sapling density (average ± standard error) across waste rock dump, tailing dam and 

analogue sites.  A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: 

grazed, u: ungrazed. 
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for the W1Cu, W2Ag, W3Cg, T5Ag and T6Ag sites (Turkey test, P<0.05).  This suggested that 

analogue sites had lower Acacia density compared to all of the analogue sites.  Total 

Eucalyptus/Corymbia sapling density was two times higher in waste rock dump sites than analogue 

sites.  Eucalyptus/Corymbia sapling density in W1Cu, W3Au, W5Au sites was significantly different 

with other sites except W1Bu, W5Bu and A1Bg sites (Turkey test, P<0.05).  This means 25% (5 out of 

20) of mine rehabilitation sites had higher number of Eucalyptus/Corymbia saplings than analogue sites, 

and 75% of the sites had similar number of Eucalyptus/Corymbia saplings.  Total “Other species” 

sapling density was four times higher in natural woodland than mine rehabilitation sites (with A1Au 

excluded).  “Other species” sapling density in T5Ag and A1Au sites was significantly different from 

other sites (Turkey test, P<0.05).  “Other species” were absent from 21% of waste rock dump sites and 

present in all of the analogue sites (Figure 5.2).  Thus, the species composition of saplings in analogue 

and rehabilitation sites appears to be different.  All the analogue sites contain more than 40% of “Other 

species” saplings.  Only two of the rehabilitation sites contain more than 17% “Other species” saplings 

and most contain less than 10% of “Other species” saplings (Figure 5.2).  
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Figure 5.2 Acacia, Eucalyptus/Corymbia, and “Other species” sapling density (average ± standard 

error) across waste rock dump, tailing dam and analogue sites. A: Analogue site, W: Waste rock 

dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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5.2.2.2. Seedling density and composition 

Seedling density tended to be higher in natural woodland than mine rehabilitation sites.  Half of the 

mine rehabilitation sites had average tree seedling densities less than that of the least dense sites in the 

natural woodland (Figure 5.3).  When seedling densities across the six mines with waste rock dump and 

analogue sites were compared, the main effects of landform domain (within mine) and site (within mine 

and landform domain) were significant (GLM, P< 0.05).  This suggested that waste rock dumps had 

lower seedling density than analogue sites.  Mean seedling density across the six mines with waste rock 

dump and analogue sites was 4833 ± 844 seedling ha-1 in analogue sites, whereas it was 2647 ± 474 

seedling ha-1 in waste rock dump sites.  When seedling densities across the two mines with waste rock 

dump, tailing dam and analogue sites were compared, the main effects of landform (within mine) and 

site (within mine and landform domain) were significant (GLM, P< 0.05).  Analogue sites had higher 

seedling density compared to waste rock dump and tailing dam sites.  

Figure 5.3 Seedling density (average ± standard error) across sites of waste rock dumps, tailing dam 

and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; 

g: grazed, u: ungrazed. 
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The tree seedling density per species group in mine rehabilitation sites was different from natural 

woodland sites.  When Acacia and “Other species” seedling densities across the six mines with waste 

rock dump and analogue sites were compared, the main effects of landform (within mine) and site 

(within mine and landform domain) were significant (GLM, P< 0.05).  A similar result also found when 

Acacia seedling densities across the two mines with waste rock dump, tailing dam and analogue sites 

were compared.  The main effect of mine was significant (GLM, P<0.05) other seedling densities were 

compared between two mines with waste rock dump, tailing dam and analogue sites landform domain.  

The main effect of mine, landform domain (within mine) and site (within mine and landform domain) 

did not significantly affect Eucalyptus/Corymbia when seedling density (GLM, P>0.05) across the six 

mines (with waste rock dump and analogue sites) was compared.  The same result also occurred when 

Eucalyptus/Corymbia seedlings densities across the two mines with waste rock dump, tailing dam and 

analogue sites were compared.  This suggested that the seedling density of Acacia and “Other species” 

groups varied between landform domain (within mine) and site (within mine and landform domains), 

but it was similar between mines.  While Eucalyptus/Corymbia seedling density was similar between 

mines, landform domains and sites. 

Seedlings of the Acacia species were the dominant seedlings in mine rehabilitated sites while 

Eucalyptus/Corymbia and “Other species” were more abundant in natural woodland sites (Figure 5.4).  

Acacia seedlings were present at 86% of waste rock dump sites, but were absent from 57% of analogue 

sites.  Eucalyptus/Corymbia seedlings occurred across all mine rehabilitation and natural woodland 

sites, except for W1Bg.  Seedlings of “Other species” did not occur in 29% of mine rehabilitation sites 

(waste rock dump and tailings dam sites) and occurred in all natural woodland sites.  The absence of 

“Other species” from some of the mine rehabilitation sites and Acacia species from more than half of 

analogue sites indicated differences in the proportion of seedling per species group. 
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Figure 5.4 Acacia, Eucalyptus/Corymbia, and “Other species” seedling density (average ± 

standard error) across waste rock dumps, tailing dam and analogue sites. A: Analogue site, W: 

Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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5.2.2.3. Understorey cover 

5.2.2.3.1. Grass cover 

Grass cover tended to be similar in mine rehabilitation and natural woodland sites (Figure 5.5).  The 

main effect of mine, landform domain and site on grass cover was not significantly different at the three 

mines (with WRD, TD and analogue sites landform domain) and at the seven mines (with WRD and 

AS landform domain) (GLM, P>0.05).  This suggested that similar grass cover occurred between mines, 

landform domains within mines) and sites (within mines and landform domain).  However, the mean 

grass cover in analogue sites (33 ± 4%) and waste rock dump sites (36 ± 5%) was slightly lower than 

in tailing dam sites (47 ± 7%).  There were 19% of WRD sites and 25% of TD sites that had grass cover 

larger than that of the analogue site (Figure 5.5).  Thus, grass cover in mine rehabilitation sites tended 

to be higher than analogue sites although the difference was not significant overall. 

 

 

Figure 5.5 Grass cover (%) per site (average ± standard error) across waste rock dumps, tailings dam 

and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; 

g: grazed, u: ungrazed. 
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The proportion of exotic and native grass cover was slightly different between mine rehabilitation and 

natural woodland sites (Figure 5.6).  Exotic grass cover in mine rehabilitation sites tended to be higher 

than in analogue sites.  Mean exotic grass cover was 12 ± 3 % in waste rock dump sites, 17± 8% in 

tailing dam sites, and 4 ± 2% in analogue sites.  However, this difference was not significant.  For exotic 

grass cover, landform domain was not significant, either when the three mines (with WRD, TD and AS) 

were compared or the seven mines (with WRD and AS) were compared (GLM, P>0.05).  The main 

effects of mine and site (within mine and landform domain) on exotic grass cover were significantly 

different (GLM, P<0.05).  Mines 1, 3, 5, and 6 had higher cover of exotic grass compared to other 

mines.  This suggests exotic grass cover varied between mines, sites (within mine and landform 

domain). 

Native grass was the dominant ground cover in both mine rehabilitation and analogue sites.  Its cover 

tended to be similar in analogue sites and mine rehabilitation sites.  The mean native grass cover was 

29 ± 4.8% in analogue sites, 25 ± 6% in waste rock dump sites, and 23 ± 11% in tailing dam sites.  

Native grass was present in all analogue sites, but it was absent from 25% of waste rock dump and 

tailing dam sites (Figure 5.6).  The main effects of mine and landform domain (within mine) on native 

grass cover were significant (GLM, P<0.05) across the three mines (with WRD, TD and AS) 

comparison but it was not significantly different between sites.  This suggested that native grass cover 

was significantly different between mines and landform domains, but it was not significantly different 

between sites within mines and landform domains.  When native grass cover at the seven mines (with 

WRD and AS) were compared, the main effect of sites (within mines and landform domains) was 

significant (GLM, P<0.05).  Across the seven mines, variability in native grass cover occurred between 

sites but there were no overall differences between mines or between the waste rock dump and analogue 

landform domains. 
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Figure 5.6 Exotic and native grass cover (%) per site (average ± standard error) across waste rock 

dumps, tailings dam and analogue sites.  A: Analogue site, W: Waste rock dump, T: Tailings dam; 

1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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5.2.2.3.2. Non-grass cover 

Non-grass vegetation consisted of non-woody and woody vegetation less than 0.5 m in height and 

included shrubs, forbs, herbs and tree seedlings (i.e. all plants other than Poaceae).  The non-grass cover 

tended to be similar in both mine rehabilitation and analogue sites.  Overall, 75% of mine rehabilitation 

and analogue sites had non-grass cover of less than 10% (Figure 5.7).  When non-grass cover across the 

three mines (with waste rock dump, tailing dam and analogue sites) were compared, the main effect of 

mine, landform domain (within mine), and site (within mine and landform domain) were not significant 

(GLM, P>0.05).  The main effect of sites (within  mine and landform domain) was significantly different 

when non-grass cover across the seven mines (with waste rock dump and analogue site) was compared 

(GLM, P<0.05).  The significant difference of non-grass cover between sites was due to non-grass cover 

variability between transects within the site.  For example, W4Ag site had a non-grass cover that ranged 

from 0 to 31% across the transect.  The non-grass cover was almost half of the understorey vegetation 

in Mine 7 and less than 1% in Mine 1.  

 

 

Figure 5.7 Non-grass cover (%) per site (average ± standard error) across waste rock dumps, tailings 

dam and analogue sites.  A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: 

sites; g: grazed, u: ungrazed. 
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5.2.2.4. Soil cover conditions 

5.2.2.4.1. Litter cover  

Litter cover tended to be higher in the natural woodland than in mine rehabilitation.  The main effect of 

landform domain (within mine) and sites (within mine and landform domain) on litter cover were 

significantly different at the seven mines (with waste rock dump and analogue sites) were compared 

(GLM, P<0.05).  The main effect of sites (within mines and landform domains) on litter cover was also 

significantly different at three mines (with waste rock dump, tailing dam and analogue sites landform 

domain) (GLM, P<0.05).  This suggested that litter cover in analogue sites was higher than in waste 

rock dump sites.  It showed 63% of waste rock dump sites and 50% of tailing dam sites had litter cover 

less than the least cover of the analogue sites (Figure 5.8).  It also indicated the high variability of litter 

cover between sites in the same mine and landform domain.  

 

Figure 5.8 Litter cover (%) per site (average ± standard error) across waste rock dumps, tailings 

dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: 

sites; g: grazed, u: ungrazed. 
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5.2.2.4.2. Litter thickness 

Litter thickness tended to be similar between mine rehabilitation and analogue sites.  Litter thickness 

ranged from 0.16 cm to 3.11 cm in waste rock dump sites, from 0.2 cm to 1.97 cm in tailing dam sites 

and from 0.33 cm to 2.13 cm in analogue sites (Figure 5.9).  The main effect of Site (within mine and 

landform domain) on litter thickness was significantly different between three landform domains at the 

three mines and between two landform domains at the seven mines (GLM, P<0.05).  This suggested 

litter thickness was similar between mine and landform domain, but the variability of litter thickness 

occurred between sites in the same landform domain and mines. 

 

 

 

 

 

Figure 5.9 Litter thickness (cm) per site (average ± standard error) across waste rock dumps, tailings 

dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: 

sites; g: grazed, u: ungrazed. 
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5.2.2.4.3. Bare soil cover 

The bare soil cover was similar between mine rehabilitation and analogue sites, but variation occurred 

between mines.  In general, bare soil cover was less than 5% across sites in both landform domains.  

The mean bare soil cover was 2.35 ± 1.06% in analogue sites, 1.25 ± 0.45 % in waste rock dump sites 

and 3 ± 1.62% in tailings dam sites.  The main effect of mine, landform domain (within mine) and site 

(within mine and landform domain) was not significant when bare soil cover across the three mines 

(with WRD, TD and AS) was compared (GLM, P>0.05).  When bare soil cover across the seven mines 

(with WRD and AS) was compared, the main effect of mine was significant (GLM, P<0.05).  This 

suggested that variation of bare soil cover occurred between mines.  For example, Mines 2 and 6 had 

bare soil cover larger than other mines.  Similar soil surface cover of mine rehabilitation sites indicated 

similar erosion rate to that natural woodland sites. 

 

 

 

 

Figure 5.10 Bare soil cover (%) per site (average ± standard error) across waste rock dump, tailing 

dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: 

sites; g: grazed, u: ungrazed. 
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5.2.2.4.4. Gravel cover 

The mine rehabilitation sites had similar gravel cover to that of natural woodland sites.  The mean gravel 

cover was 26± 3% in waste rock dump sites and 26 ± 3% in analogue sites while it was slightly lower 

in tailings dam sites (16 ± 3%).  There was 7% of waste rock dump sites and 29% of analogue sites had 

gravel cover more than 50% (Figure 5.8).  The main effect of mine on gravel cover was significantly 

different at the seven mines (with WRD and AS) comparison (GLM, P<0.05) but landform domain 

(within mine) and sites (within mines and landform domains) were not significantly different.  

Comparison of gravel cover between three landform domains  at the three mines showed the main effect 

of mines, landform domains  and sites were not significantly different (GLM, P>0.05).  These results 

suggested gravel cover varied between mines, but it was similar between landform domains in the same 

mine and between sites in the same landform domain and mines.  

 

 

 

 

Figure 5.11 Average gravel cover (%) per site (average ± standard error) across waste rock dumps, 

tailings dam and analogue sites.  A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; 

A-D: sites; g: grazed, u: ungrazed. 
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5.2.2.4.5. Stone cover 

The stone cover tended to be higher in mine rehabilitation than natural woodland sites.  The mean stone 

cover was 7 ± 2.86% in the waste rock dump sites, 4 ± 2.56% in the tailing dam sites, and 0.51 ± 0.19% 

in the analogue sites.  It had been expected that waste rock dumps would have higher stone cover than 

natural woodland sites due to mining activity.  There were 43% of analogue sites without stone cover 

compared to 14% of the waste rock dump sites and 50% of tailings dam sites (Figure 5.12).  There was 

also exceptional stone cover in W5Bu and W7Ag sites due to the high cover of the larger rocks in that 

area.  However, the main effect of mine and landform domain (within mine) and sites (within mine and 

landform domain) on the stone cover was not significantly different at the three and the seven mines 

(GLM, P<0.05).  There was variability of stone cover between sites in the same mine and landform 

domainat the three mines (GLM, P<0.05).  

 

 

Figure 5.12 Average stone cover (%) per site (average ± standard error) across waste rock dam, tailing 

dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: 

sites; g: grazed, u: ungrazed. 
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5.2.2.5. Soil chemical contents 

In general, the soil chemistry of mine rehabilitation sites was similar to that of natural woodland sites 

except for phosphorous, aluminium, sulphur and soil electrical conductivity (EC) (Table 5.1).  The main 

impact of mines, landform domains (within mines) and sites (within mines and landform domains) on 

chloride, readily available nitrogen, calcium, magnesium, sodium, aluminium, Cation Exchange 

Capacity (CEC), potassium and soil pH were not significantly different between waste rock dump and 

analogue sites at the seven mines (GLM, P>0.05).  The main effect of mines  and landform domains on 

phosphorous, aluminium, sulphur and soil EC was significantly different between waste rock dump site 

and analogue sites at the seven mines (GLM, P<0.05).   

Table 5.1 Soil chemical contents (mean ± std err.) at the waste rock dump (W), tailing dam (T) and 

analogue sites (A). 

Soil chemical contents W            T            A 

Chloride (Cl) (mg kg-1) 10.96 ±0.62 23.89 ±0.97 13.17±1.4 

Readily available nitrogen (N) (mg kg-1) 7.38±1.04 5.07±0.59 7.57±0.47 

Phosphorous (P) (mg kg-1) 10.81 ±2.07 7.58 ±0.83 6.01±0.33 

Calcium (Ca) (meq/100g) 4.43 ±1.13 1.60 ±0.34 4.47 ±1.21 

Magnesium (Mg) (meq/100g) 3.68 ±0.61 3.50 ±0.45 2.39 ±0.41 

Sodium (Na) (meq/100g) 0.03 ±0.003 0.35 ±0.25 0.03 ±0.002 

Aluminium (Al) (mg kg-1) 0.57 ±0.22 0.46 ±0.24 0.28 ±0.72 

Sulphur (S) (mg kg-1) 46.61 ±24.09 176.87 ±88.60 6.44 ±1.14 

Cation Exchange Capacity (CEC) (meq/100g) 8.97 ±1.35 6.08 ±0.50 7.46 ±1.56 

Potassium (K) (meq/100g) 98 ±10.10 64.33 ±9.27 112.4 ±11.15 

pH 5.08 ±0.11 4.95 ±.10 5.29 ±0.11 

Electrical conductivity (EC) (μS cm−1)   75.84 ±31.25 275.88 ±100.65 22.78 ±2.94 
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5.2.2.6. Tree recruitment and microsite conditions 

5.2.2.6.1. Sapling density  

Aboveground vegetation, soil surface conditions and soil chemical contents all had an impact on sapling 

density in mine rehabilitation sites.  Tree density, litter cover, litter thickness, gravel cover, stone cover, 

N, P, Mg, Na, Al, CEC and K showed a positive correlation with sapling density.  On the other hand,  

grass and non-grass cover, the area of bare soil, and soil chloride, calcium, sulphur, pH and, EC all 

showed a negative correlation with sapling density (Figure 5.2).  However, it was only tree density, 

litter cover, and soil N that showed significant positive correlation with sapling density (Spearman rank, 

P<0.05).  This suggested that increasing those parameters may benefit sapling establishment in mine 

rehabilitation.  Despite not being statistically significant, understorey grass and non-grass cover, bare 

soil, and soil chloride, calcium, sulphur, pH, and EC appear to affect sapling establishment in mine 

rehabilitation negatively.  This suggested increasing the value of those parameters in mine rehabilitation 

sites would be detrimental to sapling establishment, but that the level of those parameters detected in 

this study would not hinder sapling establishment.  
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Table 5.2 Correlation between aboveground vegetation, soil surface condition and soil chemical 

contents with sapling density in mine rehabilitation areas and natural woodland. r= correlation 

coefficient; P= significant (2-tailed); N= number of samples.   

Microsites parameters 

Correlation with sapling density  

Waste rock dumps Analogue sites 

r P N r P N 

Above-ground vegetation 

  Tree density (ha-1) 0.499** 0.001 42 0.577** 0.006 21 

  Non-grass cover (%) -0.284 0.068 42 0.524* 0.015 21 

  Grass cover (%) -0.016 0.922 42 -0.07 0.761 21 

Soil surface condition 

  Litter cover (%) 0.506** 0.001 42 -0.121 0.602 21 

  Litter thickness (cm) 0.255 0.103 42 0.067 0.774 21 

  Bare soil cover (%) -0.095 0.549 42 -0.201 0.382 21 

  Gravel cover (%) 0.084 0.597 42 0.148 0.522 21 

  Stone cover (%) 0.133 0.401 42 0.012 0.96 21 

Soil chemistry 

  Cl (mg kg-1) -0.22 0.29 24 -0.23 0.32 21 

  N (mg kg-1) 0.57** 0.004 24 -0.06 0.79 21 

  P (mg kg-1) 0.38 0.07 24 -0.39 0.07 21 

  Ca (meq/100g) -0.02 0.92 24 0.2 0.38 21 

  Mg (meq/100g) 0.17 0.44 24 -0.13 0.59 21 

  Na (meq/100g) 0.13 0.55 24 0.02 0.59 21 

  Al (mg kg-1) 0.33 0.12 24 -0.09 0.68 21 

  S (mg kg-1) -0.33 0.12 24 -0.18 0.45 21 

  CEC (meq/100g) 0.018 0.93 24 0.01 0.69 21 

  K (meq/100g) 0.27 0.21 24 0.09 0.69 21 

  pH -0.19 0.38 24 -0.22 0.34 21 

  EC (μS cm−1)   -0.14 0.52 24 -0.401 0.07 21 

* Correlation is significant at the 0.05 level (2-tailed).  

** Correlation is significant at the 0.01 level (2-tailed). 
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5.2.2.6.2. Seedling recruitment  

Overall, most of the aboveground vegetation, soil surface condition, and soil chemical parameters did 

not affect seedling establishment in mine rehabilitation and natural woodland sites, except for soil pH 

and phosphorus (Table 5.3).  Soil pH negatively correlated with seedling establishment while 

phosphorous had a significant positive correlation in waste rock dump sites (Spearman rank, P<0.05).  

This suggested that seedling density was negatively correlated with decreasing soil pH, but positively 

correlated with increasing soil phosphorous.  The level of phosphorous in mine rehabilitation sites 

tended to be higher compared to analogue sites; where 56% of waste rock dump sites had more than 8 

mg kg-1 phosphorous, while all of the analogue sites had phosphorus value less than 8 mg kg-1.  The 

level of phosphorous in mine rehabilitation sites may benefit seedling establishment.  According to 

Landon and London (1991), the soil of mine rehabilitation and analogue sites is categorised as marginal 

where soil phosphorus is between 6-13 ppm.  In this study, all sites are marginal except for the W2Bg 

site, where the phosphorous value is categorised as rich.  Some parameters also showed a negative 

correlation with seedling density in waste rock dump sites.  For example, grass and non-grass cover, 

litter, stone cover, chloride, calcium, sulphur, and CEC had a negative correlation with seedling density.  

Even though the correlation was not significant, it indicated those variables might have a negative 

impact on seedling establishment.   
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Table 5.3 Correlation between aboveground vegetation, soil surface and soil chemical contents with 

seedling density in mine rehabilitation and natural woodland sites. 

Microsites parameters 

Correlation with seedling density 

Waste rock dumps sites Analogue sites 

r P N r P N 

Above-ground vegetation 

  Tree density (ha-1) 0.172 0.276 42 0.159 0.493 21 

  Non-grass cover (%) -0.263 0.092 42 0.07 0.762 21 

  Grass cover (%) -0.143 0.365 42 0.104 0.653 21 

Soil surface condition 

  Litter cover (%) 0.179 0.258 42 -0.124 0.591 21 

  Litter thickness (cm) -0.001 0.996 42 -0.099 0.669 21 

  Bare soil cover (%) 0.11 0.488 42 -0.091 0.694 21 

  Gravel cover (%) 0.145 0.359 42 -0.022 0.924 21 

  Stone cover (%) -0.001 0.994 42 0.124 0.593 21 

Soil chemical contents 

  Cl (mg kg-1) -0.03 0.9 24 -0.26 0.27 21 

  N (mg kg-1) 0.33 0.11 24 0.02 0.94 21 

  P (mg kg-1) 0.54** 0.007 24 -0.25 0.28 21 

  Ca (meq/100g) -0.27 0.19 24 0.21 0.36 21 

  Mg (meq/100g) 0.23 0.28 24 -0.07 0.78 21 

  Na (meq/100g) 0.14 0.52 24 -0.34 0.14 21 

  Al (mg kg-1) 0.36 0.09 24 -0.27 0.25 21 

  S (mg kg-1) -0.29 0.17 24 -0.34 0.13 21 

  CEC (meq/100g) -0.09 0.66 24 0.09 0.69 21 

  K (meq/100g) 0.07 0.75 24 0.15 0.53 21 

  pH -0.471* 0.02 24 0.09 0.69 21 

  EC (μS cm−1)   -0.18 0.41 24 -0.22 0.34 21 
* Correlation is significant at the 0.05 level (2-tailed).  

** Correlation is significant at the 0.01 level (2-tailed). 
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5.2.2.7. Impact of rainfall on tree recruitment 

5.2.2.7.1. Rainfall effects on sapling recruitment  

Rainfall influenced sapling recruitment in mine rehabilitation and natural woodland sites.  The average 

annual rainfall decreases from the north, with 1818 mm in Toms Gully mine, to 1181 mm in Maud 

Creek in the south (Bureau of Meteorology 2014).  In general, a similar trend showed in both landform 

domains (waste rock dump and analogue) where sapling density declined as the rainfall decreased 

(Figure 5.13).  Rainfall had a significant positive correlation with sapling density in mine rehabilitated 

(Spearman rank test, P=0. 003, r2=0.45) and natural woodland sites (Spearman rank test, P=0.011, 

r2=0.54).  This suggested that rainfall impacts sapling density in mine rehabilitated and natural 

woodland sites.  

 

 

 

Figure 5.13 Average annual rainfall (mm) and sapling density (ha-1) across natural woodland (A1 – 

A7) and waste rock dump study (W1 – W14) sites from north to the south direction. A: Analogue 

site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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5.2.2.7.2. Rainfall effects on seedling recruitment  

Rainfall plays an important role in seedling recruitment in mine rehabilitation sites, but it did not affect 

seedling recruitment in natural woodland sites.  Previous low rainfall was not followed by low seedling 

density across natural woodland sites, but the seedling density tended to be less with low rainfall in 

mine rehabilitation sites (Figure 5.14).  Correlation between rainfall and seedling density was not 

significant in natural woodland sites (Spearman rank test, P=0.705, r2= 0.09), but it was significant in 

mine rehabilitation sites (Spearman rank test, P=0.046, r2= 0.31).  This suggested that rainfall does not 

affect seedling recruitment in the natural woodland area, but it had an impact on seedling recruitment 

in mine rehabilitation sites.  The exception of seedling density occurred in W3Dg and A7Ag sites where 

seedling density was abundant with low rainfall.  In contrasts, low seedling density occurred in Mine 1 

with high rainfall.  Other factors may contribute to the high seedling density in this sites and the rainfall 

itself could not explain this condition.  

 

Figure 5.14 Average annual rainfall (mm) and seedling density (ha-1) across natural woodland (A1 – 

A7) and waste rock dump study (W1 – W14) sites from north to the south direction. A: Analogue site, 

W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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5.3. Shade house experiment: effects of litter cover and soil type on seedling 

emergence and growth  

5.3.1. Methods  

5.3.1.1. Species selection 

Two Acacia and two Corymbia species were chosen based on their abundance in gold mine 

rehabilitation sites: Acacia oncinocarpa, Acacia plectocarpa, Corymbia polycarpa and Corymbia 

foelscheana.  Seeds were supplied by a commercial seed supplier (Top End Seeds), and seeds were 

collected in 2012 from savanna woodlands in the Darwin – Katherine region, NT, Australia.  

Experimental seed samples were obtained from sub-sampling undamaged seeds from the bulked seed 

lot.  The nursery study was undertaken in June to August, 2013. 

5.3.1.2. Seed germination test in the laboratory 

Seed germination tests were carried out in the seed ecology laboratory at Charles Darwin University.  

Acacia seeds were soaked in 100oC boiling water for 1 minute.  Corymbia seeds were soaked in 

sterilised deionized water for 1 hour before being sown.  Four replicates each of 25 seeds were placed 

in 9 cm diameter Petri dishes on filter paper germination pads (Whatman No. 4 on a ‘Wettex’ disc) and 

moistened with 30 mL of sterilised deionized water.  Four petri dishes were randomly selected, sealed 

in a plastic zip lock bag to reduce evaporation and placed on trays.  Each tray was placed in a controlled 

environment chamber (Labec incubator, Marrickville, New South Wales Australia) at 25 °C, with 

continuous light for 21 days.  Germinants were counted and removed twice a week; seeds were counted 

as germinated when the radicle had emerged 1 mm from the seed coat.  The viability of ungerminated 

seeds after 21 days was determined using a squash test.  All seeds that burst or were hollow when the 

gentle pressure was applied were categorised as dead seeds.  After 21 days, percent germination was 

calculated.  
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5.3.1.3. Soil media collection and testing 

The source of growing media came from two mine sites: Union Reef (Mine 5) and Pine Creek (Mine 

4).  The top 30 cm of media was collected from a waste rock dump and a tailings dam site that were 

rehabilitated 12 years ago and from an analogue Eucalyptus woodland site, at each mine site.  The 

different media were collected from the sites by hand using shovels.  The mine site media and analogue 

site topsoil were transported to Darwin in 200 L drums.  Then soil samples from waste rock dump, 

tailing dam and analogue site were sieved (5 mm mesh size) to remove coarse gravel, roots and 

vegetation.  Media samples consisted of three different growing media sources (waste rock dump, 

tailing dam and analogue sites) from two mine sites.  Thus, in total, there were six sources of media 

samples retained, consisting of two each tailing dams, waste rock dumps and analogue sites. 

The results of soil contents analyses in Pine Creek (Mine 4) and Union Reefs (Mine 5), reported on 

above, were utilised to assess the impact soil chemical contents on seedling emergence and seedling 

growth.  Readily available nitrogen (Ammonium N + Nitrate-N), Phosphorus (Colwell), Exchangeable 

Cations (Ca, K, Mg, Na, CEC), Sulphur (MCP), pH (1:5 water), Aluminium (KCl), Electrical 

Conductivity (1:5 water), and Chloride (1:5 water) were the soil chemistry parameters that field studies 

indicated may affect seedling emergence and seedling growth. 

5.3.1.4. Seedling emergence trial 

Total percent of seedling emergence was assessed in a shade house using the three different growing 

media sources, from two mine sites, with three rates of litter cover.  Three different rates of litter cover 

were applied: 0 g, 58 g or 116 g dry litter per replicate.  

The amount of the dry litter per tray was based on calculations of dry litter biomass per m2 in the waste 

rock dump, tailing dump and analogue sites.  The litter consisted of leaves, dry seed, bark, twigs and 

decomposed logs on the ground collected from the waste rock dump, tailing dam and analogue sites, 

and then mixed.  The litter was oven-dried at 75oC for 72 hours and sieved with 20 mm mesh size to 
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remove seeds, seed pod, bark, twigs and decomposed logs.  The dried leaf and fine litter material were 

weighed into 58 g and 116 g lots and placed into paper bags for spreading onto the trays.  

Seedling trays (28 x 34 x 5 cm) were prepared by placing paper towelling on the bottom of the trays to 

prevent sand loss through the drainage holes.  A tray was then filled to a depth of 3 cm with a mix of 

coarse sand and coco peat.  Two litres (2 cm in depth) of soil from one of the waste rock dump, tailing 

dump or natural woodland media was added on the top of the coarse sand and coco peat mix per tray.  

Seeds of Acacia oncinocarpa, Acacia plectocarpa, Corymbia polycarpa and Corymbia foelscheana 

from the seed lots used for the laboratory germination test were used with the same pretreatments as 

described for that test.  Every tray was divided into two parts, and each part contained 25 seeds of the 

same species (with different litter treatments applied later).  Seeds were planted at 1 mm depth for the 

smaller seeds and 3 mm depth for the larger seeds and covered with a 1-2 mm depth of treatment media.   

Litter was then spread evenly over the top of growing media in half the tray with about 1 cm depth for 

58 g and 2 cm for 116 g.  Thus, the trial included 3 media x 2 sites x 3 litter cover and 4 species that 

resulted in 72 treatment combination ns replicated 4 times.  

The trays were irrigated twice daily using overhead sprinklers.  This kept the media moist, but not 

saturated.  Air temperature in the shade house ranged naturally from 26 to 35 °C.  Emerging seedlings 

were counted every third day and removed.  Monitoring started in early February 2014 and was 

completed eight weeks later at the end of March 2014.  The percentage of seeds that had emerged as 

seedlings was calculated for each replicate. 

5.3.1.5. Seedling growth trial  

A seedling growth trial was carried out to assess the seedling response to different growing media.  The 

media were the same six waste rock dump, tailings dam, and analogue site media as used in the 

emergence seedling trial.  The media were sieved through 10 cm mesh to remove large stones, and 2.5 

kg of air-dry media was placed into each 15 cm diameter plastic pot.  Each of the four tree species used 

in the emergence trial was planted into five replicated pots of each media type, a total of 120 pots.  Pots 
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were placed randomly on benches in a shade house with 50% shade cover and irrigated three times 

daily. 

Ten seeds of each species were sown per pot.  One month after sowing, three seedlings of average 

height were chosen, and the others removed.  Growth was then monitored for three months.  Shade 

house air temperatures ranged from 26 to 35 °C. 

The growth traits that were measured were: shoot height and leaf number (weekly), and root length and 

whole plant dry biomass at the conclusion of the trial.  Shoot height (mm) was measured from the 

surface of the soil to the apical meristem of the main plant stem using a steel ruler.  The number of 

leaves per seedling was counted.  This included every visible leaf, including the tips of new leaves that 

had just begun to emerge.  To measure root length of the tree seedling, the growing media washed away 

gently to avoid root damage.  Root length (mm) was measured using a steel ruler from the base of the 

seedling stem to the root cap of the primary tap root.  

Seedling biomass was assessed per pot after the soil had been washed off the tree seedlings, the roots 

and shoots of the tree seedlings were put into a paper bag and dried in an oven at 75oC for 48 hours.  

The tree seedlings were cooled in a closed paper bag to keep moisture out after being oven dried.  Every 

tree seedling was weighed using a digital balance to 3 decimal places. 

Shoot height, root length, the number of leaves, and seedling dry biomass were measured for each tree 

seedling per pot and averaged for the three seedlings per pot.  

5.3.1.6. Data analyses 

One-way ANOVA was performed to test for significant differences between four tree species in percent 

germination in the laboratory test.  Differences in soil chemical contents were tested with two-way 

ANOVA with mine and media type as factors.  For emergence seedling differences between the three 

growing media, two mine sites and between the three litter treatments were tested with three-way 

ANOVA for each species.  For growth differences between the three growing media and two mines for 

shoot height, root length, the number of leaves, and dry biomass were assessed using two-way ANOVA 
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with mine and media type as the factors, for each species separately.  Post hoc Tukey’s tests were 

carried out for significant ANOVA effects to test for differences between individual means. 

5.3.2. Results  

5.3.2.1. Soil chemical contents  

Soil chemistry values for chloride, phosphorous, sodium (Na), aluminium (Al), cation exchange 

capacity (CEC), and soil pH were similar between landform domains (Two-way ANOVA, P>0.05) 

(Table 5.4 and 5).  The interaction between mine and landform domain was significant for readily 

available nitrogen, calcium, magnesium, sulphur, potassium, and soil electric conductivity (Two-way 

ANOVA, P<0.05).  Significant differences in the interaction between mine and landform domain 

indicate differences in soil chemistry at particular mines and landform domains which don not occur 

generally.  Readily available nitrogen (N), calcium (Ca), CEC, and EC were significantly different 

between mines; and magnesium (Mg), sulphur (S) and EC were significantly different between 

landform domains (Two-way ANOVA, P<0.05).  Readily available nitrogen, CEC was higher in Pine 

Creek media than Union Reef media.  Magnesium (Mg) sulphur (S) and EC value tended to be higher 

in tailing dam media than other media.  Union Reefs tailing dam had the highest EC and concentrations 

of chloride, sodium, and sulphur compared to other landform domains.  Waste rock dump media tended 

to be similar to that analogue sites media.  
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Table 5.4 Soil chemical contents (Mean ± stderr) of waste rock dump, tailings dam and analogue woodland soil media from the Union Reefs and Pine Creek 

mine site samples used for the seedling emergence test and seedling growth trials. 

Mines and 

landform 

domains 

Cl                

(mg kg-1) 

N                   

(mg kg-1) 

P                   

(mg kg-1) 

Ca   

(meq/100g) 

Mg 

(meq/100g) 

Na          

(meq/100g) 

Al                  

(mg kg-1) 

S                   

(mg kg-1) 

CEC             

(meq/100g) 

K      

(meq/100g) 
pH 

EC                          

(μS cm−1)   

Pine Creek 

WRD 
10.00±0.00 9.38± 2.35 12.00±3.51 4.37±0.64 1.04±0.06 0.02±0.00 0.10±0.00 9.73±1.27 5.87±0.72 133.33±12.02 5.35±0.30 33.63±6.41 

Union Reefs 

WRD 
11.33±1.33 2.03±0.34 6.23±0.62 0.72±0.27 2.53±1.16 0.03±0.00 0.10±0.00 3.61±1.35 3.45±1.32 32.67±7.69 4.95±0.41 23.13±14.03 

Pine Creek 

TD 
10.00±0.00 5.83±0.87 6.90±1.19 1.47±0.33 5.12±0.35 0.04±0.01 0.18±0.04 4.47±0.44 7.03±0.64 96.33±3.67 5.06±0.25 37.30±5.15 

Union Reefs 

TD 
51.67±24.83 3.39±0.89 6.97±1.13 1.40±0.71 2.73±0.38 0.98±0.68 0.10±0.00 235.13±115.01 5.32±1.13 43.67±4.63 5.10±0.06 415.00±125.52 

Pine Creek 

AS 
10.00±0.00 6.06±0.37 6.70±0.68 3.10±0.67 1.87±0.15 0.02±0.00 0.12±0.02 4.07±0.52 5.38±0.59 106.67±6.67 5.53±0.26 25.57±3.63  

Union Reefs 

AS 
12.33±1.45 7.03±1.00 5.37±0.37 0.77±0.09 1.24±0.26 0.04±0.01 0.80±0.55 5.47±1.47 3.02±0.28 67.67±4.10 5.07±0.25 17.10±2.36  

Two-way ANOVA P values 

Mine NS 0.01 NS 0 NS NS NS NS 0.009 0 NS 0.015 

Landform NS NS NS NS 0.001 NS NS 0.049 NS NS NS 0.003 

Interaction NS 0.013 NS 0.013 0.012 NS NS 0.044 NS 0.002 NS 0.004 
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5.3.3.2. Seed germination in the laboratory 

Germination percentages for the four species were 62 ± 4% for Acacia oncinocarpa, 73 ± 4% for Acacia 

plectocarpa, 67 ± 8% for Corymbia foelscheana and 93 ± 3% for Corymbia polycarpa.  There was a 

significant difference between the species (One-way ANOVA, P<0.05) with germination of Corymbia 

polycarpa being significantly higher than the other tree species (Tukey’s post hoc test, P<0.05).  The 

“Other species” were not significantly different to each other.  

5.3.3.3. Effect of litter and media on seedling emergence 

Litter cover and growing media affected the seedling emergence of Acacia and Corymbia species 

differently.  In general, C. polycarpa tended to have a higher percentage of seedling emergence across 

three different growing media and litter covers.  This was consistent with laboratory seed germination 

where C. polycarpa had 93% seedling emergence after 21 days.  In natural woodland growing media 

from both mines, A. oncinocarpa and C. foelscheana tended to have lower percentage seedling 

emergence than A. plectocarpa and C. polycarpa.  However, this trend was not observed across waste 

rock dump and tailing dam growing media.  Different litter cover amounts did not affect seedling 

emergence in natural woodland media, but seedling emergence tended to be lower in waste rock dump 

and tailing dam media when the litter cover was thicker.  

The treatments of litter cover did not significantly impact on A. oncinocarpa seedling emergence (Fig. 

5.14).  The main effects of mine, media type or litter cover on emergence and the interaction between 

media type and litter cover on the emergence of A. oncinocarpa were not significant (Three-way 

ANOVA, P>0.05).  However the interaction between mines and media, and between mine and litter 

were significant (Three-way ANOVA, P<0.05).  A. oncinocarpa seedling emergence was less than 20% 

in some of the waste rock dump media, while only the tailing dam media had any treatments with a 

mean percentage of seedling emergence greater than 40%. 
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The different growing media and litter covers would not prevent A. oncinocarpa seeds from emerging 

at any of the sites.  However, the percentage of seedling emergence of this species was still below the 

germination test results in the laboratory.  Thus, soil factors may affect A. oncinocarpa seedling 

emergence.   

 

Media and litter cover had an impact on A. plectocarpa seedling emergence (Fig. 5.16).  Effects of 

mine, media type and litter, and the interaction between mine and media type were all significant for A. 

plectocarpa seedling emergence (Three-way ANOVA, P<0.05).  The percentage of seedling emergence 

of this species tended to be lower in tailings dam and waste rock dump media than analogue site 

woodland media.  Percentage emergence decreased when litter cover increased.  Emergence from waste 

rock ump media was lower at Pine Creek mine than at Union Reef mine.  Seedling emergence of this 

species in natural woodland media without litter cover was similar to that of seed germination in the 

laboratory.   

Figure 5.15 Percentage of seedling emergence of Acacia oncinocarpa (average ± standard error) in 

tailing dam (TD), waste rock dump (WRD) and analogue site (AS) media from two mines with three 

different litter covers (0 g, 58 g and 116 g).  
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The effect of litter was significant, and total percent seedling emergence was less than 30% where litter 

was applied to Pine Creek waste rock dump or Union Reef tailings dam media.  This suggested that the 

presence of litter might become a barrier to the seedling emergence of this species.  The different media 

effects on seedling emergence of A. plectocarpa suggested that A. plectocarpa is sensitive to variation 

in soil properties. 

 

Seedling emergence of C. polycarpa did not show a significant overall effect of growing media or mine 

or interaction between mine and media type (Three-way ANOVA, P>0.05) except for litter cover (Fig 

5.17).  The effect of litter, and the interaction between media type and litter cover were both significant 

(Three way-ANOVA, P<0.05). 

 

 

 

 

Figure 5.16 Percentage of seedling emergence of Acacia plectocarpa (average ± standard error) in the 

tailing dam (TD), waste rock dump (WRD) and analogue site (AS) media from two mines with three 

different covers (0 g, 58 g and 116 g/tray). 
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 Growing media affected the seedling emergence of C. foelscheana, but litter cover did not have any 

impact.  There were significant differences as regards to the main effect of media type, and the 

interaction between mine and media (Three-way ANOVA, P<0.05).  The effect of litter cover was not 

significant, as the main effect, nor were the interactions between media type and litter or between mine 

and litter (Three-way ANOVA, P>0.05).  A higher percentage of seedling emergence of C. foelscheana 

occurred in the analogue site media from Union Reef mine, but it was similar across media types from 

Pine Creek mine (Fig 5.18).  The percentage of seedling emergence tended to be less in waste rock 

dump media than in tailing dam or analogue site media soil across the three litter covers.  Thus, the 

media had an effect on the emergence some of  species of Acacia and Corymbia.  Overall, percentage 

seedling emergence of this species tended to be similar across media types and mines, and it tended to 

be lower without litter cover, except when grown in waste rock dump media.  In general, the moderate 

58 g of litter cover per tray provided the most suitable microsite conditions for the seedling emergence 

of C. polycarpa with the highest percentage seedling emergence across the media.  Higher levels of 

litter cover may decrease seedling emergence. 

Figure 5.17 Percentage of Corymbia polycarpa seedling emergence (average ± standard error) in the 

tailing dam (TD), waste rock dump (WRD) and analogue site (AS) media from two mines with three 

different litter covers (0 g, 58 g and 116 g/tray).  
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5.3.3.4. Effect of media on seedling growth 

5.3.3.4.1. Seedling shoot height 

Seedling growth as indicated by shoot height was higher in natural woodland than mine rehabilitation 

media.  Acacia and Corymbia species showed the same trend across different media in both mines where 

seedling growth in mine rehabilitation media had shorter shoots than those growing in analogue site 

media (Fig. 5.19).  Seedlings growing in waste rock dump or tailings dam media showed similar shoot 

heights across the four species.  For all species the main effect of media was significant (Two-way 

ANOVA, P<0.05).  The effects of media type were similar across the mines for A. oncinocarpa and A. 

plectocarpa as there was no significant interaction between the effect of mine and media type on shoot 

height (Two-way ANOVA, P>0.05).  The main effect of mine was also not significant on A. 

oncinocarpa shoot height, but it was significant for A. plectocarpa. 

For Corymbia species, as well as a significant main effect of media, there was also a significant effect 

of mine and a significant interaction between the effects of mine and media type on the seedling shoot 

Figure 5.18 Percentage of Corymbia foelscheana seedling emergence (average ± standard error) of in 

tailing dam (TD), waste rock dump (WRD) and analogue site (AS) media from two mines with three 

different litter covers (0 g, 58 g and 116 g).  
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height (Two-way ANOVA, P<0.05).  Both of the Corymbia species had higher seedling shoot height 

in analogue site media across two mines.  C. polycarpa and C. foelscheana had higher shoot heights in 

waste rock dump than tailings dam media from Brock Creek mine, but they were shorter on waste rock 

dump than tailings dam media from Union Reefs mine.  Total shoot heights ranged from 7 cm to 25 cm 

for Corymbia species and from 1 cm to 19 cm for Acacia species. 
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Figure 5.19 Shoot heights (cm) of Acacia oncinocarpa, Acacia plectocarpa, Corymbia polycarpa and Corymbia foelscheana (average ± standard error) with 

Tailing dam (TD), Waste rock dump (WRD) and Analogue site (AS) media from two mines.  
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5.3.3.4.2. Root length 

In general, root length of Acacia species was higher than Corymbia species.  All species had longer root 

length in natural woodland media than mine rehabilitation areas.  Root length tended to be similar in 

the tailing dam and waste rock dump media of both mines (Fig. 5.20).  The main effect of media type 

on root length was significant for all Acacia and Corymbia species (Two-way ANOVA, P<0.05), while 

the interaction between mine and media type or the main effect of mine were not (Two-way ANOVA, 

P>0.05).  Total root length of Acacia species ranged from 7 cm to 37 cm, and it ranged from 12 cm to 

38 cm for Corymbia species across mines and media types.  For all species, root length growth was 

greatest in analogue site soil and was shortest in waste rock dump media.  This suggested that the mine 

rehabilitation growing media was still detrimental to the root growth of Acacia and Corymbia species 

after 12 years.  The Acacia and Corymbia species showed differences in root and shoot growth in the 

seedling stage.  Corymbia species had relatively more growth in shoot height.  
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Figure 5.20 Root length (cm) of Acacia oncinocarpa, Acacia plectocarpa, Corymbia polycarpa and Corymbia foelscheana (average ± standard 

error) in tailings dam (TD), waste rock dump (WRD) and analogue site (AS) media from two mines.  
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5.3.3.4.3. Number of leaves 

Overall, Corymbia species had more leaves than Acacia species across mines and media.  The number 

of leaves was higher in natural woodland than mine rehabilitation media across all species (Fig. 5.21).  

The main effect of media type on leaf number was statistically significant for all species (Two-way 

ANOVA, P<0.05), and the main effect of mine was only significant for one species, A. oncinocarpa.  

There was a significant interaction between the effects of mine and media type on the number of leaves 

of C. polycarpa and C. foelscheana (Two-way ANOVA, P<0.05), but not for the Acacia species.  

Seedlings growing in waste rock dump media had more leaves than those growing in tailings dam media 

across all species, except for A. oncinocarpa.  A total number of leaves per seedling ranged from 2 to 

20 leaves per seedling for Acacia species, and from 5 to 25 leaves per seedling for Corymbia species 

across mines and landform media type.  Different media types were clearly resulting in variation in the 

number of leaves of Corymbia species in both mines, but it did not affect the number of leaves of Acacia 

species.  
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Figure 5.21 Number of leaves of Acacia oncinocarpa, Acacia plectocarpa, Corymbia polycarpa and Corymbia  foelscheana (average ± standard 

error) in tailing dam (TD), waste rock dump (WRD) and analogue site (AS) media from two mines.  
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5.3.3.4.4. Seedling biomass 

Media growth could have an impact on dry seedling biomass.  The main effects of mine, as well as 

media on seedling biomass, were significant (Two-way ANOVA, P<0.05) on A. oncinocarpa, A. 

plectocarpa and C. foelscheana, but did not significantly affect seedling biomass of C. polycarpa (Fig. 

5.22).  Also, there was a significant interaction between mine and media on seedling biomass of A. 

plectocarpa and C. foelscheana (Two-way ANOVA, P<0.05).  The dry seedling biomass of Acacia 

species and C. foelscheana tended to be higher in analogue site soil than waste rock dump and tailings 

dam media.  Waste rock dam and tailings dam media across mines had similar dry seedling biomass 

weights of across all species, except for A. plectocarpa.  Mean seedling biomass of Acacia species 

across mines and media types ranged from 0.01 g to 1.83 g per seedling, while it ranged from 0.09 to 

1.14 g per seedling for Corymbia species.  Acacia species tended to have similar biomass per seedling 

with Corymbia species in analogue site media. 

These results suggested that biomass of C. polycarpa was not affected by media, but the media did 

affect the biomass of “Other species”.  For the other three species, higher biomass per seedling occurred 

on the soils of the analogue sites than waste rock dump and tailings dam media; indicating that after 12 

years, the rehabilitation media was yet to achieve the growth potential of the unmined woodland soils. 
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.  

Figure 5.22 Dry biomass (g/seedling) of seedlings of Acacia oncinocarpa, Acacia plectocarpa, Corymbia polycarpa and Corymbia foelscheana 

(average ± standard error) growing in tailing dam (TD), waste rock dump (WRD) and analogue site (AS) media from two mines.  
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5.4. General discussion  

5.4.1. Sapling and seedling recruitment in mine rehabilitation and natural woodland sites 

In terms of sapling density, tree recruitment can be considered to be successful in rehabilitation after 12 

years of rehabilitation.  Sapling densities in most of mine rehabilitation sites tended to be similar to 

analogue sites.  Excluding A1Au site, sapling density ranged from 556 to 2111 saplings ha-1 in analogue 

sites, whereas it ranged from 278 to 3889 sapling ha-1 in mine rehabilitation sites, excluding W7Bg.  

Excluding the A1Au site in analogue sites, there were 37% of mine rehabilitation sites that had sapling 

density higher than the sapling density of analogue sites, and it was only 14% of mine rehabilitation 

sites had lower sapling density.   

Even though sapling density was similar between mine rehabilitation and analogue sites, seedling 

density was still lower in mine rehabiliatation sites.  Average tree seedling density across the natural 

woodland sites was four times higher than in the mine rehabiliatation sites.  Some 43% of mine 

rehaiblitation sites had a tree seedling density less than the lowest occurring in natural woodland sites.  

Tree seedling recruitment in this study showed a similar trend to that of the Weipa Bauxite mine in 

Queensland, where the density of seedlings (height <50 cm) was lower in rehabilitation sites (120 ± 40 

stems ha-1) than analogue sites (180 ± 40 stems ha-1) (Gould 2012).  Low tree seedling density in 

rehabilitation sites could be related to the availability of trees that are mature enough to produce seeds.  

As the trees in the rehabilitation sites mature, it is likely that more seeds would be produced, which will 

increase seedling density in the future. 

The tree seedling and sapling composition in mine rehabilitation sites does not resemble analogue sites 

after twelve years.  The composition of saplings of Acacia, Eucalyptus/Corymbia, and “Other species” 

across rehabilitation sites (waste rock dump and tailing dam) was 45%, 41% and 14% respectively, 

while it was 16%, 27% and 57% across analogue sites.  Similar trends also occurred in seedling 

composition where the average percentage of Acacia, Eucalyptus/Corymbia, and “Other species” across 

mine rehabilitation sites was 46%, 28% and 16%, while it was 8%, 34% and 58% across analogue sites.  



141 

 

Genera other than Acacia, Corymbia and Eucalyptus were absent from 18% of waste rock dump sites, 

and 38% of waste rock dump sites had a density lower than the least density of other species in the 

analogue sites.  The study at Weipa, in the same biogeographic region, found tree composition and 

structure of 23 year old mine rehabilitation sites was not yet similar to the nearby native forest (Gould, 

2012).  Differences in seedling and sapling composition between rehabilitation and analogue sites 

reflect those of the established trees.  This in turn may reflect the composition of the initial seed mixes 

used in rehabilitation (Chapter 3, 4), (Langkamp 1987) and the species ability to cope with mine 

rehabilitation site condition.  For example, Acacia has ability to survive and adapt to a broad range of 

soil types and annual rainfall; and is tolerant to droughts, water logging, low nutrient soils, and highly 

saline and alkaline soils (Al-Mefarrej 2006).  The composition of trees in mine rehabilitation sites may 

certainly not become similar to the natural woodland if the Acacia species recruitment dominates in the 

rehabilitation areas in the long term.  The density of Acacia species could also inhibit establishment of 

genera other than Acacia, Corymbia and Eucalyptus species.  Differences in vegetation composition 

may be persistent when large and significant differences in the taxonomic composition occur early in 

rehabilitation succession (Gould, 2012).   

For trees to be sustainable in mine rehabilitation sites recruitment needs to replace dying individuals.  

Investigation of sapling and seedling recruitment after initial establishment would indicate subsequent 

tree recruitment occurred in mine rehabilitation.  Counting saplings and seedlings is an easy and robust 

measurment.  The seedling stage is a critical phase of tree recruitment because trees are the most 

vulnerable to stresses in this stage.  Thus, simple sapling and seedling assessment meet the criteria for 

indicators of mine rehabilitation success since it is easy to measure, and responds in sensitive, robust 

and predictable ways over time to stresses and management action (Dale and Beyeler 2001).  

Information of sapling and seedling establishment showed the tree regeneration in mine rehabilitation 

and evidenced of successional change (Gould 2012).  Presence of sapling and seedlings, in the right 

compositional mix, indicates trees are sustanable in mine rehabiliation areas.  
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5.4.2. Microsite conditions and impacts on tree recruitment 

The tree recruitment may be also limited by other factors such as microsites condition.  The study 

indicated there is greater seedling mortality in analogue sites.  This suggests that recruitment may be 

also niche limited beside seed-limited.  Setterfield (2002) found that seedling regeneration in a tropical 

savanna in the same region was limited by both seed supply and microsite availability.  Another study 

in the temperate dry eucalypt forest of Tasmania showed that microsite conditions such as canopy gaps, 

ash beds, shelter, soil hardness, the limited water repellency, and cover of grass limited eucalypts 

recruitment (Bailey et al.. 2012).  The sensitive responses of tree seedlings to to environmental changes 

caused high seedling mortality, and the physical habitat surrounding the seedling contributes to the 

probability of its long-term survival (Collins and Good 1987).  Assessment on understorey vegetation 

cover, soil surface and soil condition impact on tree recruitment described in the following paragraph. 

Overall there was no effect of grass and non-grass cover on tree recruitment in mine rehabilitation sites, 

but there was greater grass cover at some sites.  There were 20% of mine rehabilitation sites that had a 

higher cover of grass and non-grass vegetation than the highest cover recorded for the natural woodland 

sites.  The high grass cover may affect tree recruitment in mine rehabilitation sites by limiting seedling 

survival as more vigorous exotic grass becomes dominant in mine rehabilitation sites due to its ability 

to produce higher biomass than natives and outcompete understorey species.  When exotic grass, such 

as gamba grass, had been sown as understorey vegetation in mine rehabilitation, seedlings must compete 

with grass for resources.  This competition may limit seedling survival and growth.  Tree saplings and 

seedlings would likely suffer greater competition with grass for nutrient resources, water and light 

(Tjelele et al. 2015).  Previous authors found that grass removal increased seedling emergence and 

survival of Acacia species (Grellier, Séraphine et al. 2012; Tjelele et al. 2015; Ward and Esler 2011).  

However, grass cover to a certain level could also benefit tree seedling establishment.  The grass cover 

in this study showed a positive correlation with tree seedling recruitment in natural woodland.  

Eucalyptus/Corymbia and “Other species” were dominant among saplings and seedlings in natural 

woodland where the grass cover was less than 55%.  This suggested that less than 55% grass cover 

would not prevent recruitment of Eucalyptus/Corymbia, and “Other species.”  Schinagl et al. (2014) 
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also found that grass cover between 10-20% did not impact on Eucalyptus strzeleckii recruitment in 

remnant patches of native vegetation in the Latrobe Valley and South Gippsland, Victoria.  This 

suggests grass cover to some extent could have a positive impact on tree recruitment.  Aboveground 

vegetation can reduce surface water runoff, and trap seeds and other resources that may increase tree 

seedling recruitmen (Bailey et al. 2012; Ludwig et al. 2004).  In conclusion, the type and cover of 

understorey vegetation can affect tree recruitment in mine rehabilitation.  Thus, understorey vegetation 

needs to be taken into consideration to allow tree recruitment continue to occur after initial 

rehabilitation. 

Most of the soil surface attributes of rehabilitation sites were similar to those in analogue sites, except 

for litter cover and thickness, and stone cover.  It was expected that stone cover would be higher in mine 

rehabilitation sites than analogue sites due to the uneconomic, mineralized rock that formed waste rock 

dumps.  Despite significantly lower mean litter cover in mine rehabilitation sites compared to analogue 

sites (but similar thickness), 20% of mine rehabilitation sites had higher litter cover and thickness than 

the highest litter cover and thickness of analogue sites.  The litter cover and thickness may affect tree 

recruitment in those sites.  The seedling density had a negative relationship with litter thickness in waste 

rock dump sites.  This indicated high litter thickness might affect prevent seedling establishment.  

Similarly, in waste rock dump sites seedling density tended to be lower when litter thickness was higher.  

For example, seedling density in W3Au site was 1500 seedlings ha-1 with litter thickness of 3.11 cm, 

while W3Cg site had seedling density of 4556 seedlings ha-1 with litter thickness 0.34 cm.  The 

emergence seedling study carried out in the shade house also indicated the thicker litter layer tended to 

be unfavourable although the extent of the detrimental effect depended on the species.  For example, 

Acacia plectocarpa seedling emergence decreases when litter thickness increased, but litter did not have 

a significant effect on Acacia oncinocarpa seedling emergence.  Settterfield (2002) found that removing 

leaf litter and scarifying the soil surface increased Acacia and Eucalyptus recruitment in a tropical 

savanna.  The thick litter cover could become an obstruction for seedling emergence as the seedling has 

to grow more to reach light for photosynthesis.  Litter can also act as a light filter that could affect 

germination of light-sensitive seeds (Scariot 2000).  Conversely, a greater moisture in the litter could 
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increase the risk of disease.  Molofsky and Augspurger (1992) reported that litter thickness of 1, 6 and 

12 cm strongly negatively affected Luehea seemannii germination and seedling establishment in the 

tropical forest.  However, litter can benefit seedling emergence.  Litter cover had a significant positive 

correlation between seedling and sapling density in the field.  The shade house experiment also showed 

that a lighter litter cover (69 g m-2 dry weight) was favourable for the seedling emergence of Acacia 

and Corymbia species.  Litter plays a role in the seedling growth and survival due to greater water 

availability, by increasing water infiltration and reducing evaporation from the soil surface.  Another 

role of litter cover is protecting seeds and seedlings from seed-eating fauna (Cintra 1997).  Whether it 

is beneficial or detrimental overall can depend on seed size and the depth of the litter.  Dupuy and 

Chazdon (2008) and Kostel-Hughes et al. (2005) reported that litter addition reduced tree seedling 

recruitment for species with small seeds, but increased seedling recruitment from large seeds.  Moisture 

and sunlight availability, which are influenced by litter, have a considerable influence on the seedling 

establishment (Li et al. 2011).   

The soil conditions in mine rehabilitation sites are not yet as favourable to seedling growth as soils of 

the natural woodland.  The shade house experiment study indicated Acacia and Corymbia seedlings 

grew better in natural woodland media than in mine rehabilitation media.  The media from mine 

rehabilitation sites tended to have lower percentage seedling emergence than that of natural woodland 

soils across litter covers except for Acacia oncinocarpa.  The field study also indicated the seedling 

density of natural woodland sites was two times higher than waste rock dump sites.  Phosphorous, 

aluminium, sulphur, and EC were higher in rehabilitation than analogue soils.  Thus, soil conditions in 

the rehabilitation sites are not yet comparable to those of natural woodland sites after 12 years.  This 

condition may affect seedling growth.  For example, high soil electric conductivity in tailings dams 

could limit seedling growth as indicated by low shoot height and seedling biomass compared to waste 

rock dump and analogue sites media.  Previous work reported that low levels of salt (100 mM NaCl) 

were enough to decrease the growth rate and percentage emergence of Eucalyptus citriodora, E. 

camaldulensis and E. populnea in mine spoils (Madsen and Mulligan 2006).  Relatively slight 

differences in soil pH and EC can significantly decrease shoot dry weight of Eucalyptus urophylla 
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seedlings (Aggangan et al. 1996).  Soil salinity reduced growth and development through osmotic 

stress, ion toxicity, mineral deficiencies and induced physiological and biochemical disorders in 

metabolic processes (Sohail et al., 2010).  Phosphorus has a significant positive correlation with 

seedling density.  Another study in rainforest showed a similar result with this study where the 

phosphorous addition to rain forest soil improved seedling survival and produced a high growth rate of 

Eucalyptus grandis (Tng et al. 2014).  Amelioration of soil conditions in the field may be required on 

some sites where recruitment is affected.  For example, chloride, sulphur, and soil electric conductivity 

in tailing dam sites tend to be higher than in waste rock dump and analogue sites.  High levels of sulphur 

in tailings dam sites could affect P uptake by plant where the level of sulphur is categorised as very 

high (80-120 ppm) (Landon 1991).  Thus, soil treatment is needed in tailing dam sites to reduce the 

sulphur level to the similar sulphur level of natural woodland.  However, the soil chemical contents of 

mine rehabilitation sites may improve over time.  Bodlak et al. (2012) found that soil organic carbon of 

post-mining that has increased from 3.5 ±1.0% at less than three years rehabilitation to 8.2 ± 2.7% at 

more than 30 years of rehabilitation.  Thus, the soil chemical attributes of gold mine rehabilitation sites 

are likely to improve over time although soil treatment may accelerate the improvement of soil chemical 

conditions.  

5.4.3. Management implications and further investigation 

Land managers can determine if tree regeneration has takeen place after initial rehabilitation from 

sapling and seedling data.  The information of subsequent tree recruitment is useful to identify direction 

of tree development in the long term.  Knowledge on the composition of subsequent trees would enable 

land managers to evaluate if the composition of the rehabiliated sites follows development trajectories 

and is moving toward target rehabilitation.  Early detection of tree composition issues in mine 

rehabilitation will give opportunity for land managers to apply management techniques to accelarate 

desirable changed.  Tree composition affects vegetation function, and it has important implications for 

the resilience of trees in mine rehabilitation areas in response to disturbances such as fire.  Thus, land 

management that benefits a wider diversity species should be investigated, including the adjustment of 

the initial seed mix used in rehabilitation sites.  
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Information on microsite conditions may become useful information for managers of mine 

rehabilitation to increase tree recruitment.  Understorey vegetation (grass and non-grass cover) needs 

to be taken into consideration to allow tree recruitment continue to occur after initial rehabilitation.  In 

this study, the level of grass cover that allowed subsequent tree recruitment to occur in mine 

rehabilitation did not limit seedling survival.  The study indicated native grass cover of up to 50% was 

not detrimental to seedling establishment.  This study also found litter thickness and cover tended to be 

higher in some mine rehabilitation sites, possibly affecting tree recruitment.  One management approach 

would be to manipulate the litter thickness and cover condition to be similar levels to that natural 

woodland sites.  Prescribed fire may be required to reduce litter thickness in some of the mine 

rehabilitation sites (W1Cu, W3Au and W5Au) which had litter thickness’ more than 2 cm.  The 

information of soil chemical contents could help the land manager to decide the necessary soil treatment 

to improve the soil condition of mine rehabilitation areas.  Reducing litter thickness in those sites may 

increase seedling recruitment.  

Many other factors may also affect tree recruitment in mine rehabilitation.  Another study of mine 

rehabilitation showed that seed dispersal is important in tree recruitment and in determining the type of 

vegetation in mined areas (Iverson and Wali 1982).  Studies in tropical savanna woodland and rain 

forest also indicated soil water holding capacity (Russell-Smith and Setterfield 2006), understorey 

vegetation and canopy gaps (Benitez-Malvido 2006; Dupuy and Chazdon 2008), seed predator (Dalling 

et al. 2011), and tree seed production (Setterfield 2002; Zhang and Chu 2013) affect seedling 

recruitment.  Therefore, further study may be needed to investigate the impact of soil water holding 

capacity, seed predator, seed production, and canopy gaps on seedling recruitment.  All these findings 

can then guide interventions to ensure rehabilitation sites meet their revegetation goals.  
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Chapter 6 CATTLE GRAZING IMPACTS ON GRASS WEED COVER 

AND DISPERSAL IN GOLD MINE REHABILITATION IN THE 

NORTHERN TERRITORY 

 

6.1. Introduction 

Cattle grazing is a common disturbance of mine rehabilitation.  It could potentially affect tree 

recruitment and established trees, directly and indirectly.  Cattle may affect tree recruitment through 

grazing, browsing and trampling.  The presence of cattle grazing could decrease densities of tree 

seedlings through damaging seedlings by browsing and trampling (Bill et al. 2009).  Cattle grazing also 

can reduce seedling densities by reducing seed production by consuming seedpods (Reid and Ellis 

1995).  For example, seedling and young sapling density of Quercus ithaburensis was more than 60% 

lower in cattle grazed areas than ungrazed areas of a nature reserve in the Mediterranean region of Israel 

(Dufour-Dror 2007).  Thus, direct impacts of cattle grazing tend to have a negative impact on tree 

recruitment. 

Cattle may also affect tree recruitment indirectly through affecting understorey and ground cover 

conditions.  Grazing, browsing and trampling of understorey vegetation such as grass and shrubs, and 

changes to soil surface conditions may facilitate and support tree recruitment in mine rehabilitation.  

Studies in savanna and forest showed that cattle grazing could increase tree seedling as a facilitating 

factor (Darabant et al. 2007; Goheen et al. 2010) or a driving factor for tree regeneration (Zimmermann 

et al. 2009).  Grazing creates canopy gaps in the understorey for tree germination.  It also could reduce 

competition for resources and light between understorey vegetation and tree seedlings (Goheen et al. 

2010) thus benefiting seedling growth.  Trampling litter may break litter down, promoting soil nutrient 

cycling, and create a suitable condition for seeds to germinate.  Trampling could also increase exposure 

of seeds to light, thus increasing tree seed germination. 

Cattle may have less impact on the established trees in mine rehabilitation.  Direct effects of cattle 

grazing on mature trees through browsing could reduce foliage of trees, damage tree bark and in extreme 



148 

 

conditions, browsing could kill trees.  Trampling, grazing and browsing activities could also indirectly 

affect tree growth by affecting microsite conditions and may have an impact on tree growth and 

mortality (Skarpe 1991).  For example, trampling could create soil compaction that would affect tree 

growth.  Changes to microsite conditions could change the composition and structure of the tree 

community (Huntly 1991).  

The presence of cattle in mine rehabilitation areas may also play an important role in weed management.  

Cattle could disperse weed seeds throughout mine rehabilitation areas if they graze on weed species.  

Cattle dung could also provide suitable microsite conditions for weed seed to germinate.  Nutrients in 

the cattle dung may also increase weed seedling growth.  However, cattle could also assist with the 

dispersal of seeds of native species.  Grazing, trampling and browsing could reduce biomass and 

flowering of weed, that decrease cover and seed production of weed (De Bruijn and Bork 2006) and 

create understorey canopy gaps.  Cattle could reduce weed seed viability, due to ensiling and rumen 

digestion by cattle (Blackshaw and Rode 1991).  Grazing management can use to harm the target weed 

when weed is more vulnerable (Frost and Launchbaugh 2003).  The grazing management included  time  

and frequency of grazing.  

This chapter reports on three related studies.  The first study evaluated the impact of grazing on tree 

seedling and sapling recruitment, understorey vegetation cover, soil surface conditions and established 

trees in rehabilitated sites in seven mines.  The second study investigated the potential role of cattle 

dung in seed dispersal (including weed seeds) and seeding establishment.  This latter study was 

supplemented by a small experiment at one site to determine the role of cattle grazing on weed 

management in mine rehabilitation.  The findings of these studies were then integrated to identify the 

implications cattle for tree establishment and weed management in mine rehabilitation areas. 

6.2. Effects of cattle on tree recruitment 

The direct impact of cattle grazing through trampling and browsing could affect seedling establishment 

in mine rehabilitation areas.  In savanna associated with gold mining in the Northern Territory, 
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Australia, it was found that seedling establishment was lower in mine rehabilitation than analogue sites 

(Chapter 5).  The presence of cattle grazing may contribute to this issue.  Therefore, assessment of tree 

recruitment (seedlings and saplings) in grazed and ungrazed mine rehabilitation sites was investigated.  

This investigation aimed to show the direct impact of cattle grazing on seedling establishment.  

Grass and non-grass cover, as well as litter thickness, showed a negative correlation with seedling 

density (Chapter 5).  Cattle grazing may affect grass cover, non-grass cover and litter thickness through 

browsing, grazing, and trampling that could benefit seedling establishment.  Therefore, this suggests 

indirect effects of cattle grazing could either facilitate and support, or negatively impact on tree 

recruitment in mine rehabilitation.  Comparing understorey vegetation, soil surface condition and soil 

nutrient in grazed and ungrazed mine rehabilitation sites may help identify the mechanisms for indirect 

impacts of cattle grazing on tree recruitment. 

The aim of this study was to identify the direct and indirect impacts of cattle grazing on tree sapling 

and seedling recruitment in mine rehabilitation.  Specific research questions were as follows: 1) Does 

cattle grazing affect tree establishment and recruitment in mine rehabilitation? 2) Does cattle grazing 

affect understorey vegetation and soil surface conditions in mine rehabilitation? 3) Does the impact of 

cattle on understorey and soil surface conditions affect tree recruitment?  

6.2.1. Methods 

6.2.1.1. Study site description  

Tree recruitment assessment was carried out across six gold mine rehabilitation and analogue sites 

(Mine 1-3, 5-7).  Mine 4 was excluded due to it being burnt immediately before sapling and seedling 

assessment took place.  The sites are located between Katherine and Darwin, Northern Territory, 

Australia (Fig 3.2).  Details of the study sites were described in Chapter 3, including the mine name, 

site code, site landform, site waste rock type, grazing status, and the age of rehabilitation since initial 

rehabilitation.  The rehabilitation sites consisted of waste rock dumps and tailings dams.  Analogue sites 

were selected in woodland areas surrounding the mined sites, and they received little or no disturbance 
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due to mining activity, but included both grazed and ungrazed sites.  Mine rehabilitation consisted of 

grazed and ungrazed waste rock dump and tailings dam sites.  In total, seven grazed and ungrazed waste 

rock dump sites and two grazed tailings dam sites were included.  In analogue sites, two ungrazed and 

five grazed sites were included.  The number of sites included was determined by site factors that were 

beyond the control of the researcher. 

The study sites for understorey assessment and tree establishment included grazed and ungrazed sites 

across seven gold mines (Mine 1-7) in mine rehabilitation areas and nearby analogue sites.  A detailed 

description of the mines is included in Chapter 3.  Study sites consisted of 16 waste rock dump sites 

with nine grazed and seven ungrazed sites, four tailings dam sites with three ungrazed and one grazed 

sites, and eight analogue sites with five grazed and three ungrazed sites. 

6.2.1.2. Impact of cattle grazing on tree recruitment  

Grazing impacts on sapling and seedling recruitment were assessed for mine rehabilitation and analogue 

sites.  Saplings were defined as small trees ranging in height from 0.5 to 2 m.  Seedlings were tree 

species ranging in height from 0 to 0.5 m.  At each rehabilitated and analogue landform type, three 

transects were established in the site, within a distance of more than 300 m apart.  All transects were 

orientated downslope.  Different sites were located at least 500 m apart.  Transects (30 m x 2 m) were 

used to assess the density and composition of saplings and seedlings.  All saplings and seedlings were 

counted and allocated to one of three categories: Acacia, Eucalyptus/Corymbia or “Other species.”  

Sapling and seedling assessments were carried out between July and August, 2013. 

6.2.1.3. Impact of cattle grazing on understorey, soil surface conditions and soil chemistry 

The impacts of cattle grazing on understorey vegetation were assessed using grazed and ungrazed sites 

of mine rehabilitation and analogue sites.  Understorey cover variables included grass and non-grass 

cover and grass biomass.  Non-grass vegetation consisted of non-woody and woody vegetation less than 

0.5 m in height and included shrubs, forbs, herbs and tree seedlings.  Grass and non-grass cover were 

each visually estimated inside ten quadrants (1 m x 1 m) that were established randomly along the 
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transect.  Understorey assessment was carried out in September and October, 2013.  Measurement of 

dry grass biomass is described in Chapter 4, section 4.2.4. 

The assessment of impacts of cattle grazing on soil surface condition included measurements of litter 

cover, litter thickness, bare soil and gravel covers.  Litter, stone cover, gravel and bare soil cover were 

visually estimated in ten quadrats (1 m x 1 m) that were established randomly on both sides of the 

transect.  Litter thickness from the top of the litter to the mineral soil level was measured to the nearest 

millimetre at five points along the transect using a metal ruler.  Soil surface condition assessment was 

carried out in September and October, 2013.  

Soil pH and soil electric conductivity were also assessed in grazed and ungrazed sites of mine 

rehabilitation and analogue sites.  Samples of the litter layer plus the top 5 cm of the mineral soil were 

collected from five points along the transects, in augered cores 10 cm diameter x 5 cm deep.  Soil 

samples were bulked to create one composite soil sample per transect.  Soil samples were sieved (2 mm 

mesh size) to remove coarse gravel larger than 5 mm, roots and vegetation.  Only the soil samples from 

the flat sites were then included for further analyses due to budget limitations.  These soil samples were 

sent to Nutrient Advantage Company, Victoria, Australia, for pH and EC analyses.  The soil nutrient 

contents for analyses included available Nitrogen (N), Phosphorus (P) (Colwell), Exchangeable Cations 

(Ca, K, Mg, Na, CEC), Sulphur (MCP),  pH (1:5 water), Aluminium (Al), Electrical Conductivity (EC) 

(1:5 water), and Chloride (Cl) (1:5 water).  Soil samples were collected between September and 

October, 2013 and nutrient analyses were carried out in August, 2015. 

6. 2.1.4. Impact of cattle grazing on established trees.  

The impact of cattle grazing on established trees was assessed in grazed and ungrazed sites of mine 

rehabilitation and analogue sites.  Three transects each (30 m x 2 m) were used to assess the density, 

composition and diameter of the trees at each site.  Tree density was assessed by counting the number 

of trees with a height of more than 2 m within the whole of each transect.  The average numbers of trees 

per square metre were used to calculate tree density per hectare.  All tree species were identified (to 
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genus, or to species level where possible) within each transect to evaluate species richness.  The tree 

species were grouped into three categories: Acacia, Eucalyptus/Corymbia, and “Other species.”   

The diameter at breast height (DBH; at 1.3 m height from ground level on the tree trunk) of each tree 

species was recorded by using a stainless steel ruler, and this data was used to determine mean tree 

DBH per transect for each genus grouping.  Trees with a diameter larger than 1 cm at 1.3 m height were 

measured and then categorised into five diameter classes: 1-5 cm, 5-10 cm, 10–20 cm, and 20-30 cm.  

Tree assessments were carried out between July and August, 2013. 

6.2.1.5. Statistical analyses 

Mean sapling and seedling density and composition per site in grazing and ungrazed sites of mine 

rehabilitation and analogue sites were described using ‘Excel’.  This showed the trend in impact on tree 

recruitment, with and without grazing.  The same approached was also carried out to show the trend of 

understorey cover, soil surface condition, soil chemistry and established trees, with and without grazing.  

Data analyses were conducted using Minitab 14.  Differences in the established trees, sapling and tree 

seedling densities, as well as understorey vegetation and soil surface condition attributes, were 

investigated through direct comparison between grazed and ungrazed sites of analogue and waste rock 

dump sites.  It was not possible to have a direct comparison between grazed and ungrazed tailing dam 

sites since there was no ungrazed site available.  To compare grazed and ungrazed sites of the analogue 

site (A1Au vs. A1Bg) and waste rock dump sites (W3Au and W3Bu vs. W3Cg and W3Dg) two 

independent samples tests using Mann-Whitney U-test were applied.  Sapling and tree seedling were 

the test variables, and grazed and ungrazed were the grouping variables.  The same statistical analyses 

were also applied to understorey, soil surface condition, and soil chemistry. 
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6.2.2. Results 

6.2.2.1. Impact of cattle grazing on tree recruitment 

In general, seedling density in the grazed waste rock dump sites and analogue sites tended to be higher 

than the ungrazed sites, except for Mine 7 (Figure 6.1).  However, considerable variability in seedling 

density occurred across ungrazed and grazed of waste rock dump sites, as well as grazed analogue sites 

(Figure 6.1).  Seedling densities ranged from 1056 to 3167 seedlings ha-1 in the ungrazed waste rock 

dump sites and from 0 to 10,667 seedlings ha-1 in grazed sites.  In the analogue sites, seedling density 

ranged from 5167 to 5889 seedlings ha-1 in ungrazed sites and from 1778 to 7833 seedlings in grazed 

sites.  

 

Direct comparison between ungrazed waste rock dump sites (W3Au and W3Bu) and grazed waste rock 

dump sites (W3Cg and W3Dg) at Mine 3 showed that there was a significant difference in seedling 

density between grazed and ungrazed waste rock dump sites (Mann-Whitney U-test, P<0.05).  Tree 

seedling densities in grazed waste rock dump sites were higher than ungrazed sites.  In analogue sites, 

there was similar tree seedling density in grazed and ungrazed sites.  However, the mean seedling 

Figure 6.1 Seedling density per hectare (average ± standard error) in grazed and ungrazed sites of 

waste rock dumps, tailing dams and analogue sites. A: Analogue site, W: Waste rock dump, T: 

Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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density of grazed analogue sites (7833 ± 5074 seedling ha-1) was higher than ungrazed (5889 ± 1352 

seedling ha-1).  These results suggested cattle grazing may possibly benefit seedling recruitment in the 

mine rehabilitation and natural woodland areas.  

The overall trend showed that sapling density was similar in grazed and ungrazed sites.  Sapling density 

in grazed and ungrazed waste rock dump and analogue sites tended to be similar except for A1Au 

(Figure 6.2).  High sapling density in A1Au was due to the abundance of Erythrophleum chlorostachys.  

This suggested that recruits taller than 0.5 m (i.e. saplings) not be negatively impacted by cattle grazing.  

It also showed that considerable variability in sapling density occurred between sites on the same 

landform type.  Sapling density ranged from 944 to 3889 saplings ha-1 in ungrazed waste rock dump 

sites and from 0 to 3056 saplings ha-1 in grazed waste rock dump sites.  In analogue sites, sapling density 

ranged from 1056 to 12,278 saplings ha-1 in ungrazed sites and from 556 to 2111 saplings ha-1 in grazed 

sites (Figure 6.2).   

 

 

Figure 6.2 Sapling density per hectare (average ± standard error) in grazed and ungrazed site of waste 

rock dumps, tailing dams and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 

1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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Even though the overall trend showed similar sapling density in grazed and ungrazed sites of waste rock 

dump and analogue sites, a direct comparison between grazed (A1Ag) and ungrazed (A1Au) analogue 

sites in the mine 1 showed a significant difference in sapling density (Mann-Whitney U-test, P<0.05).  

Sapling density was lower in grazed analogue sites (1889 ± 111 saplings ha-1) than ungrazed analogue 

sites (12278 ± 2957 saplings ha-1.  The average sapling density in grazed (W3Cg and W3Dg) was 

slightly less than that for the ungrazed (W3Au and W3Bu) of waste rock dump sites in the Mine 3.  The 

average sapling density was 2167 ± 691 saplings ha-1 in grazed sites and 2417 ± 916 saplings ha-1 in 

ungrazed sites.  However, sapling density in grazed and ungrazed waste rock dump sites was not 

significantly different (Mann-Whitney U-test, P>0.05).  These results suggested that cattle grazing may 

affect sapling density in analogue and mine rehabilitation sites as overall sapling densities tended to be 

less in grazed than ungrazed sites, in some cases.  Some waste rock dump (W6Ag, W7Ag, W7Bg) and 

analogue sites (A6Ag A7Ag sites) had lower sapling density in grazed than ungrazed sites.  

6.2.2.2. Impact of cattle grazing on understorey vegetation 

The trend showed grass cover in ungrazed and grazed sites tended to be similar across landform domain, 

except in waste rock dump sites.  The grass cover in ungrazed waste rock dump sites tended to be 

slightly lower than grazed waste rock dump sites (Figure 6.3).  However, there was a high variability 

of grass cover in grazed and ungrazed of waste rock dump, tailings dam and analogue sites.  Mean grass 

cover ranged from 5% to 68% m-2 in ungrazed waste rock dump sites, whereas it ranged from 16% to 

64% m-2 in grazed waste rock dump sites.  In ungrazed tailing dam sites, mean grass cover ranged from 

36% to 53% m-2 and in grazed tailing dam sites from 22% to 65% m-2.  In analogue sites, mean grass 

cover ranged from 6% to 55% m-2 in grazed sites and ranged from 22% to 44% m-2 in ungrazed sites.   
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Direct comparison between grazed and ungrazed waste rock dump sites at Mine 3 and analogue sites at 

Mine 1 showed no significant differences in grass cover (Mann-Whitney U-test, P>0.05).  This 

indicated cattle grazing did not have any impact on grass cover, when grazed and ungrazed sites on the 

same domain type and mine site were compared.  The overall grass cover indicated cattle grazing might 

affect grass cover in waste rock dump sites, as overall grass cover tended to be larger in grazed sites 

than ungrazed sites, but cattle grazing did not affect grass cover in tailing dam and analogue sites. 

 

Grass biomass in ungrazed sites tended to be higher than grazed sites of analogue sites, but it tended to 

be similar in ungrazed and grazed mine rehabilitation sites (Figure 6.4).  This suggested that cattle 

grazing may reduce the grass biomass in analogue sites, but cattle grazing did not affect grass biomass 

in mine rehabilitation sites.  This is supported by direct comparison of grazed and ungrazed analogue 

sites at Mine 1, where grass biomass was significant difference between grazed and ungrazed sites 

(Mann-Whitney U-test, P<0.05) (Figure 6.4).  The ungrazed site had higher grass biomass than the 

grazed sites in Mine 1.  Grass biomass was not significant different between grazed and ungrazed sites 

of waste rock dump in Mine 3 (Mann-Whitney U-test, P>0.05).  This indicated that cattle grazing might 

affect the grass biomass in analogue sites, but it did not affect grass biomass in waste rock dump sites, 

where compared within the same mine. 

Figure 6.3 Grass cover (% ) per site (average ± standard error) in ungrazed and grazed waste rock 

dump, tailings dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-

7: mines; A-D: sites; g: grazed, u: ungrazed. 
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Non-grass cover tended to be higher in ungrazed tailings dam and analogue sites than in grazed, but 

there was an opposite trend in waste rock dump sites (Figure 6.5).  Variability of the non-grass cover 

was high in waste rock dump sites; it ranged from 0.11 % to 7% m-2 in ungrazed sites, and from 0.17% 

to 48% m-2 in grazed sites.  Direct comparison of ungrazed and grazed analogue sites in Mine 1 and the 

waste rock dump sites in Mine 3 showed no significant difference in non-grass cover (Mann-Whitney 

U, P>0.05).  This suggested that cattle grazing did not affect non-grass cover in mine rehabilitation and 

analogue sites.  However, inspection of the overall data indicated ungrazed analogue sites (10.91 ± 

2.12% m-2) tended to have larger non-grass cover than grazed sites (5.78 ± 3.95 % m-2), whereas it 

tended to be similar in most of the grazed and ungrazed waste rock dump sites, except for W4Ag, W7Ag 

and W7Bg. 

 

 

 

Figure 6.4 Grass biomass (g m-2) per site (average ± standard error) in ungrazed and grazed waste 

rock dump, tailings dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings 

dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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6.2.2.3. Impact of cattle grazing on soil surface condition 

The impact of cattle grazing on litter cover in mine rehabilitation sites was slightly different from that 

in analogue sites.  The overall trend of the data indicated grazed waste rock dump sites tended to have 

less litter cover than ungrazed waste rock dump sites.  Ungrazed and grazed tailing dam sites had similar 

litter cover, as did ungrazed and grazed analogue sites (Figure 6.6).  This suggested that grazing may 

affect litter cover in waste rock dump sites, but it did not affect litter cover in the analogue and tailing 

dam sites.  Direct comparison of ungrazed and grazed waste rock dump sites at Mine 3 of showed litter 

cover was significantly higher in ungrazed sites than grazed sites (Mann-Whitney U test, P<0.05).  

Mean litter cover in ungrazed waste rock dump sites was 41.7 ± 12.0% m-2 in ungrazed sites, and 10.5 

± 5.1% m-2 in grazed sites.  In analogue sites, a direct comparison at Mine 1 showed similar litter cover 

occurred in grazed and ungrazed sites (Mann-Whitney U test, P>0.05).  This suggested that the presence 

of cattle grazing could reduce litter cover in waste rock dump sites, but it did not have any impact on 

litter cover of analogue sites.  

 

Figure 6.5 Non-grass cover (%) per site (average ± standard error) in ungrazed and grazed waste rock 

dump, tailings dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: 

mines; A-D: sites; g: grazed, u: ungrazed. 
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Like litter cover, a similar trend occurred on litter thickness where ungrazed waste rock dump sites 

tended to have thicker litter cover than grazed sites.  Ungrazed and grazed tailing dam sites tended to 

have similar litter thickness, as did ungrazed and grazed analogue sites (Figure 6.7).  Direct comparison 

of ungrazed and grazed waste rock dump sites at Mine 3 showed significant differences in litter 

thickness (Mann-Whitney U test, P<0.05).  Grazed waste rock dump sites (0.74 ± 0.38 cm) had lower 

litter thickness than ungrazed waste rock dump sites (2.25 ± 0.50 cm).  This suggested that the presence 

of grazing could reduce litter thickness in waste rock dump sites.  A direct comparison of analogue sites 

at Mine 1 showed no significant differences in litter thickness between ungrazed and grazed analogue 

sites (Mann-Whitney U, P>0.05).  However, mean litter thickness in ungrazed analogue sites (1.07 ± 

0.49 cm) was higher than in grazed sites (0.57 ± 0.18 cm).  This indicated cattle grazing might affect 

litter thickness in analogue sites.  It concluded that cattle grazing could reduce litter thickness in mine 

rehabilitation and analogue sites. 

Figure 6.6 Litter cover (%) per site (average ± standard error) in ungrazed and grazed waste rock 

dump, tailing dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: 

mines; A-D: sites; g: grazed, u: ungrazed. 
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Bare soil cover tended to increase with the presence of cattle grazing in mine rehabilitation and analogue 

sites (Figure 6.8).  Bare soil was more commonly present in grazed waste rock dump, tailings dam and 

analogue sites.  Seventy-eight percent of grazed sites waste rock dump sites had bare soil with a different 

percentage, whereas there were 14% of the ungrazed sites with bare soil.  Bare soil occurred in 60% of 

grazed sites of analogue sites, and only 33% of ungrazed sites.  Fifty percent of grazed tailing dam sites 

had bare soil, but none of the ungrazed sites had bare soil (Figure 6.8).  Direct comparison in grazed 

and ungrazed waste rock dump and analogue sites showed no significantly difference of bare soil cover 

(Mann-Whitney U test, P>0.05). 

Figure 6.7 Litter thickness (cm) per site (average ± standard error) on ungrazed and grazed waste 

rock dump, tailing dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings 

dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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Cattle grazing affected gravel cover in mine rehabilitation and analogue sites.  Gravel cover tended to 

be higher in grazed than ungrazed waste rock dump, tailing dam and analogue sites (Figure 6.9).  Direct 

comparison of ungrazed and grazed waste rock dump and analogue sites showed gravel cover was 

significantly different (Mann-Whitney U test, P<0.05).  Gravel cover in grazed sites was higher than 

ungrazed sites in waste rock dump and analogue sites.  This indicated cattle grazing could increase 

gravel cover in mine rehabilitation and analogue sites. 

Figure 6.8 Bare soil cover (%) per site (average ± standard error) in ungrazed and grazed waste rock 

dump, tailing dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: 

mines; A-D: sites; g: grazed, u: ungrazed. 

Figure 6.9 Gravel cover (%) per site (average ± standard error) in ungrazed and grazed waste rock 

dump, tailing dam and analogue sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: 

mines; A-D: sites; g: grazed, u: ungrazed. 
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6.2.2.4. Impact of cattle grazing on soil chemistry  

Cattle grazing may not have an impact on soil nutrience in mine rehabilitation and analogue sites.  Direct 

comparison between grazed and ungrazed waste rock dump sites (W3Bu vs. W3Cg) at Mine 3 and 

analogue sites (A1Au vs. A1Bg) at Mine 1 also showed all soil nutrient parameters were not 

significantly different between grazed and ungrazed sites (Mann-Whitney U test, P>0.05).  This 

indicated the soil nutrients in ungrazed and grazed sites of mine rehabilitation and analogue sites were 

similar, and the presence of grazing does not impact them.  However, some of the soil nutrient 

parameters tended to be higher in grazed sites than ungrazed sites of mine rehabilitation and analogue 

sites.  For example, the mean of S and EC were tended to be higher in grazed waste rock dump, tailing 

dam and analogue sites than ungrazed sites (Table 6.1).  The mean soil nutrients parameters indicated 

all soil nutrient parameters tended to be higher in grazed analogue sites than ungrazed sites, except for 

Na, P and pH.  Seven out of 12 soil nutrient parameters (P, Ca, Al, S, CEC, K and EC) tended to be 

higher in grazed waste rock dump sites than ungrazed.  Some soil nutrient parameters, such as Cl, P, 

Na, S, and EC, also tended to be higher in grazed tailing dam sites than ungrazed (Table 6.1).  It can be 

concluded that cattle may affect some of the soil nutrients in mine rehabilitation and analogue sites.  
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Table 6.1 Value of soil nutrients parameters in the ungrazed and grazed (average ± standard error) waste rock dump, tailing dam and analogue sites.  AS = 

Analogue site, TD=Tailing dam, WRD= Waste rock dump. 

Soil chemical contents 
WRD            TD            AS 

Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed 

Chloride (Cl) (mg kg-1) 11 ±1.34 10 ±0.27 10 ±0.00 31 ±14.49 11±0.61 14±2.56 

Readily available nitrogen (N) (mg kg-1) 8 ±1.32 7±1.58 6±0.86 5±0.78 7±0.45 8.±0.71 

Phosphorous (P) (mg kg-1) 7 ± 0.72 14 ±3.55 7±1.19 8±1.14 6±0.34 6±0.49 

Calcium (Ca) (meq/100g) 3 ± 0.91 6 ±1.87 1.5 ±0.33 1.7 ±0.50 4 ±1.37 5 ±1.79 

Magnesium (Mg) (meq/100g) 3 ± 0.78 4 ±0.92 5 ±0.35 2.7 ±0.29 2 ±0.24 3 ±0.64 

Sodium (Na) (meq/100g) 0.02 ± 0.001 0.03±0.005 0.04 ±0.01 0.51 ±0.37 0.03 ±0.002 0.03 ±0.002 

Aluminium (Al) (mg kg-1) 0.23 ± 0.043 0.84 ±0.39 0.18 ±0.04 0.06 ±0.35 0.35 ±0.19 0.23 ±0.06 

Sulphur (S) (mg kg-1) 9 ±1.72 77 ±42.36 5 ±0.44 263 ±119.93 5 ±0.52 7 ±1.79 

Cation Exchange Capacity (CEC) (meq/100g) 7 ±1.43 11 ±2.05 7 ±0.64 6 ±0.62 7±1.55 8±2.35 

Potassium (K) (meq/100g) 90 ±116.96 105±12.41 96 ±3.68 48 ±7.09 105 ±11.56 117 ±16.64 

pH 5 ± 0.15 5 ±0.16 5±0.25 5±0.10 5 ±0.15 5 ±0.15 

Electric conductivity (EC) (μS cm−1)   33 ± 4.35 110 ±55.32 37 ±5.15 545 ±84 20 ±1.76 33 ±4.13 
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6.2.2.5. Impact of cattle grazing on established trees  

Cattle grazing may affect established trees in mine rehabilitation sites, but it did not affect established 

trees in natural woodland sites.  The results indicated that tree density tended to be lower in grazed 

rehabilitation sites than in ungrazed rehabilitation sites, but it was similar in grazed and ungrazed 

analogue sites, except for A1Au (Figure 6.10).  There were 57% of ungrazed waste rock dump sites 

with tree densities of more than 1000 trees ha˗1, whereas only 11% of the grazed waste rock dump sites 

had tree densities more than 1000 trees ha-1.  The same trend occurred in the tailing dam sites where the 

three ungrazed sites all had more than 300 trees ha-1, while the tree density at the one grazed site was 

only 44 trees ha˗1.  Low tree density in grazed waste rock dump and tailing dam sites indicated that 

cattle grazing had an impact on tree density.  This is also supported by a direct comparison between 

ungrazed (W3Au and W3Bu) and grazed (W3Cg and W3Dg) sites of waste rock dump at Mine 3 

showed significantly different in tree density (Mann-Whitney Test, P<0.05).  Tree density in ungrazed 

waste rock dump sites at Mine 3 was higher than grazed sites.  Tree density was similar in most of 

grazed and ungrazed of analogue sites that ranged from 240 to 720 trees ha-1 except for A1Au.  The tree 

density of A1Au site was exceptional due to a very high density of Erythrophleum chlorostachys at this 

site.  Direct comparison between a grazed and an ungrazed analogue site at Mine 1 showed no 

significant difference in tree density (Mann-Whitney test, P>0.05).   
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Cattle grazing could impact species richness in mine rehabilitation sites, but there was no impact in 

analogue sites.  Species richness of ungrazed waste rock dump and tailing dam sites tended to be higher 

than for grazed sites (Figure 6.11).  There were 58% of ungrazed waste rock dump sites that had more 

than five species per transect, whereas only 33% of grazed waste rock dump sites had five species per 

transect (Figure 6.11).  Direct comparison of ungrazed waste rock dump sites (W3Au and W3Bu) and 

grazed waste rock dump sites (W3Cg and W3Dg) at Mine 3 showed significantly different total species 

richness per transect (Independent T-test, P<0.05).  Species richness was higher in ungrazed than grazed 

waste rock dump sites.  In the analogue sites, 67% of the ungrazed sites had species richness of more 

than five species per transect while only 40% of grazed sites did.  However, a direct comparison between 

ungrazed and grazed analogue sites at Mine 1 showed there was no significant impact on total species 

richness per transect (Independent T-test, P>0. 05).  

Figure 6.10 Tree density per hectare (average ± standard error) in grazed and ungrazed sites across 

waste rock dump, tailing dam and analogue sites. A: Analogue site, W: Waste rock dump, T: 

Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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The impact of cattle grazing might be related to tree diameter, as trees with small diameter appeared to 

suffer from cattle grazing.  Overall, the density of trees with a diameter less than 5 cm tended to be 

lower in grazed than ungrazed mine rehabilitation and analogue sites (Figure 6.12).  Direct comparison 

of the number of trees with diameter class of 1-5 cm was significantly different between ungrazed waste 

rock dump (W3Au and W3Bu) and grazed waste rock dump sites (W3Cg and W3Dg) at Mine 3 (Mann-

Whitney test, P<0.05), but it was similar in diameter classes 5-10 cm and 10-20 cm (Mann-Whitney 

test, P>0.05).  This suggested that cattle grazing might affect trees with a diameter of 1-5 cm in mine 

rehabilitation.  A similar result was also found in analogue sites where a total number of trees with a 

diameter of less than 5 cm tended to be higher in ungrazed than grazed sites, while it tended to be similar 

for other diameter classes.  Total number of trees in diameter class of 1-5 cm in ungrazed analogue sites 

was significantly different from grazed sites (Mann-Whitney test, P<0.05), but it was not significantly 

different on diameter classes 5-10 cm, 10-20 cm and 20-30 cm.  The results suggested that cattle grazing 

affected the total number of trees with diameter class of less than 5 cm in mine rehabilitation and 

analogue sites.   

Figure 6.11 Species richness per transect averaged per site (average ± standard error) in grazed and 

ungrazed sites across waste rock dump, tailing dams and analogue sites. A: Analogue site, W: 

Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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Figure 6.12 Number of trees per diameter class per hectare (average ± standard error) in ungrazed and grazed waste rock dump, tailing dam and analogue sites.  A: 

Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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6.3. Role of cattle grazing on weed seed dispersal and weed control  

Seed dispersal in the dung is one of other potential impacts of cattle grazing in mine rehabilitation.  

Cattle grazing may assist seed dispersal in mine rehabilitation areas through endozoochory and 

epizoochory.  This could be a benefit if the cattle disperse native seeds, and killed weed seeds during 

the digestion process.  Blacksaw and Rode (1991) investigated effects of ensiling and rumen digestion 

by cattle on weed seed viability and found digestion in the rumen killed all seeds of downy brome 

(Bromus tectorum L.), foxtail barley (Hordeum jubatum) and barnyard grass (Echinochloa crusgalli) 

during 24-hour rumen digestion.  However, cattle consumption of seeds may also be detrimental if the 

cattle dung consists of weed seeds and rumen digestion helps to break weed seed dormancy and provide 

suitable microsite condition for weeds to grow.  For example, germination of the weed Acacia nilotica 

increased up to 39% due to seed imbibition increasing after consumption by cattle.  Over 85% of the 

seeds survived through the digestion process and were intact in the cattle dung (Harvey 1981).   

The weed control is also another potential role of cattle grazing mine rehabilitation.  Cattle grazing may 

only apply when the weed is palatable to livestock.  Grazing may need to be at a specific season, 

duration and intensity to accomplish weed control goals related to the impact on desired vegetation (De 

Bruijn and Bork 2006; Frost and Launchbaugh 2003; Rinella and Hileman 2009).  Some studies in 

pasture and grassland have indicated the role of cattle grazing on weed control.  For example, De Bruijn 

and Bork (2006) found the low frequency with high intensity of rotational grazing decreased Canada 

thistle (Cirsium arvense) density from 9.6 ± 6.2 to 1.5 ± 9.72 per m2 after three years of cattle grazing 

in temperate pasture in Alberta.  Ralphs & Wiedmeier (2004) reported cattle reduced broom snakeweed 

(Gutierrezia sarothrae) by 36-59% in high-intensity grazing of grassland.  

The aim of this study was to assess the role of cattle in weed seed dispersal and weed control in mine 

rehabilitation.  The research questions were as follows 1) Do cattle disperse weed seeds in mine 

rehabilitation? 2) Does cattle grazing reduce weed biomass and cover in mine rehabilitation? 
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6.3.1. Methods 

6.3.1.1. Cattle grazing impact on seed weed dispersal. 

Cattle dung was collected from the Moline (Mine 6) and Maud Creek (Mine 7) mines.  Both mines have 

weed problems due to the dominance of gamba grass (Andropogon gayanus) in Moline mine site and 

hyptis (Hyptis suaveolens) in the Maud Creek mine site.  Cattle were present and grazed in waste rock 

dump sites of both mines all year around.  Details of the Moline and Maud Creek mine sites are 

presented in Chapter 3.  

Cattle dung is not randomly dispersed, but rather cattle tend to defecate in particular locations, such as 

rest locations and drinking points.  Both of these points are called dung pools in this study.  Fresh cattle 

dung (1 -2 days old) was collected at a rest point and a drinking point on sites at the Moline and the 

Maud Creek mine sites.  The fresh dung samples were collected from the centre part of individual dung 

piles to avoid contamination from seed in the soil and seed rain.  Two to three piles of cattle dung 

(approximately 1 kg of fresh dung in total) were gathered, mixed and used as one composite sample.  

In total, 20-30 piles of cattle dung were collected to generate ten composite samples for rest and drinking 

points.  Cattle dung samples were put into paper bags and stored in an oven at 40oC for two days of air 

drying (McIvor 2004).  Chunky dry cattle dung was gently squeezed to fine pieces before scattering it 

in the tray.  

The role of cattle grazing on weed dispersal investigated by measuring the density and species 

composition and richness of seedling in cattle dung.  A sub-sample of 200 g of the dried dung was taken 

and incubated to assess germination of the seeds contained in it.  The germination test carried out in a 

shade house covered in 50 % shade cloth.  Incubation of the dung samples was carried out in 28 x 34 

cm seedling trays.  Permeable paper tissue was put on the bottom of the trays to prevent sand loss 

through the holes in the bottom of the trays.  The tray was then filled with 3 cm of moist, coarse sand 

and coco peat (1:1 mix).  An air dry dung sample (200 g per tray) was spread out on the sand in a layer.  

The coarse sand and air-dried dung were kept moist, but not saturated.  The tray irrigatedseveral times 

daily for 10 minutes with overhead sprinklers.  Air temperature in the shade house ranged from 26 to 
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35oC.  The emerging seedlings were counted every 14 days for three months, and marked and removed 

when the plant had been identified.  Identification of both native and exotic species was achieved using 

(Dunlop et al. 1995).  The seedlings that could not be identified were given a provisional name until 

identification was possible.  One or two unidentified plants were transplanted to individual pots and 

grown until the plant was possible to identify.  An additional 10 trays of sand with no cattle dung 

included were monitored to detect any seeds present in the sand or any fine seeds blown into the shade 

house. 

6.3.1.2 Cattle grazing impact on gamba grass cover and biomass assessment 

Gamba grass cover and biomass assessment were carried out in an analogue site adjacent to Moline 

Gold Mine, located approximately 195 km south-east of Darwin, adjacent to the Mary River pastoral 

lease.  This area had been slightly disturbed during mining.  Gamba grass was dominant in the 

understorey vegetation as a result of the area having been sown with gamba grass during the initial 

rehabilitation.  Now gamba grass needs to be controlled to prevent it spreading to the surrounding areas.  

The wilffire burnt the site just prior to the study.  Ungrazed exclosures were installed two months after 

the fire, and two years before data were collected from the plots.  Cattle grazing was otherwise 

continuously present in the area, with at a rate of 7 cows per 15 ha. 

Due to access restrictions associated with mine site operations, only one (Paddock 4) the proposed study 

sites was available for the grazing study.  For this reason, replication could only occur within this site.  

Four each of grazed and ungrazed plots were randomly established within the site.  Plots were 20 x 20 

m in size surrounded by a 5 m buffer.  Every plot had more than 30 clumps of gamba grass.  Ungrazed 

plots were fenced to prevent cattle grazing.  Grazed plots were set up adjacent to ungrazed plots at a 

distance of at least 5 metres. 

Gamba grass cover was visually estimated in five quadrats (1 x 1 m) within each of the ungrazed and 

grazed plots after two years of cattle grazing.  Those quadrats were established randomly within 20 x 

20 m plot.  For gamba grass biomass assessment, the three quadrats out of five that represented low, 

medium and high cover were clipped off up to ground level for biomass estimation.  Calculation of dry 
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gamba grass biomass in five quadrats in the same plot based on the dry biomass that represents low, 

medium and high cover quadrats in the plot. 

6.3.1.3. Statistical analyses 

Seed density (kg tray-1) data was normally distributed across months observation (Shapiro-Wilk 

normality test).  One-way ANOVA was performed to determine significant differences in seed density 

between months.  A LSD post hoc test was carried out to determine significant differences between 

means in seed density and species richness between individual months.  A similar test was also 

conducted for species richness where one-way ANOVA was carried out when data were normally 

distributed, and a Kruskal-Wallis was test performed when the data were not normally distributed. 

Gamba grass cover and biomass data from ungrazed and grazed plots was normally distributed 

(Shapiro-Wilk normality test).  An independent T-test was performed to determine differences (P<0.05) 

on gamba grass cover and biomass between ungrazed and grazed plots. 

6.3.2. Results 

6.3.2.1. Impact of cattle grazing on seed dispersal 

Seed density in the cattle dung was associated with the fruiting season and was site specific.  Overall, 

seed density was much higher in dung collected from the Moline mine (Figure 6.13).  There were less 

than 60 seeds kg-1 dung found at the Maud Creek mine across months of observation while in April and 

May, there were more than 1000 seeds kg-1 dung at the Moline mine.  Seed density at the Maud Creek 

mine tended to be similar and lower across all months of dung collection (One-way ANOVA, P>0.05).  

In the Moline mine, seed density in dung tended to decrease from April to June (One-way ANOVA, 

P<0.05) (Figure 6.14), with seed density in April significantly higher than May and June (LSD post hoc 

test, P<0.05).  The sharp decrease in seed density at the Moline mine in June to less than 400 seed kg-1 

dung, suggests that most of the plant species had a fruiting season and were palatable to cattle in April 

at the Moline mine. 
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The proportion of weed seed density was slightly different between mines.  There were 73% of seed 

density of Moline mine belong to weed species and it was 44%  in Maud Creek mine.  A high percentage 

of weed seeds in the cattle dung indicated a role for cattle in weed seed dispersal through endozoochory.  

As this was determined via germination from dung, this study also showed that weed seeds could 

survive and be able to germinate after the digestive process. 

In total, there were 26 species of plants found in the dung samples.  Seventeen species occurred in both 

mine rehabilitation areas.  The most common species belonged to the families Fabaceae, Malvaceae, 

Cyperaceae, and Poaceae.  Species structure types included herbs, shrubs, grasses, and sedges; across 

17 exotic species and 8 native species.  There is one plant died before it was able to be identified 

(Species 5) (Table 6.2).  Fourteen out of 17 of exotic species have been declared as weeds (Department 

of Land Resource Management 2015).  Some species were exclusively present in Moline or Maud Creek 

mines.  Cyperus polystachyos, Stemodia lythrifolia, Centrosema pascuorum, and Cleome rutidosperma 

were exclusively recorded in the Moline mine dung samples, whereas Piper aduncum, Passiflora 

foetida, Senna obtusifolia, and Hibiscus panduriformis were recorded only from Maud Creek samples. 

Many weed species have been dispersed by cattle grazing.  There were 13 (50%) weed species out of 

26 total species across two mines (Table 6.2).  The composition of weed species consisted of 62% 

Figure 6.13 Seed density of dung per kg-1 (mean ± std err.) in April, May and June of dung 

collection in the Maud Creek and Moline mine rehabilitation. 
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shrubs, 31% sedges. and 7% herb species.  None of the grass weed species emerged from cattle dung 

samples.  The dominant weeds in both mines, such as Andropogon gayanus, Hyptis suaveolens and 

Calotropis procera, were also absent from cattle dung samples.  This indicated that seeds of those weeds 

might not disperse through endozoochory in mine rehabilitated areas.   
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No Species name Family Plant types 
Maud 

Creek 
Moline Category Note 

1 Alysicarpus vaginalis (L.) DC. Fabaceae shrubs x x Exotic declared as weed 

2 Centrosema pascuorum Mart. ex Benth. Fabaceae herbs o x Exotic  

3 Chamaecrista mimosoides (L.) Greene Fabaceae shrubs x x Native  

4 Cleome rutidosperma Capparidaceae. Shrubs o x Exotic declared as weed 

5 Crotalaria goreensis Guill. & Perr. Fabaceae shrubs x x Exotic declared as weed 

6 Crotalaria novae-hollandiae DC. Fabaceae shrubs x x Exotic  

7 Cynodon dactylon ‘Wirlga’ nom. cult. Poaceae shrubs x x Exotic declared as weed 

8 Cyperus esculentus subsp. aureus K.Richt. Cyperaceae. sedge x x Exotic declared as weed 

9 Cyperus  kyllinga (Rottb.) Endl. Cyperaceae. sedge x x Exotic declared as weed 

10 Cyperus polystachos Rottb. var. polystachyos  Cyperaceae. sedge o x Exotic declared as weed 

11 Dactyloctenium radulans (R.Br.) Beauv. Ess. Cynodonteae. grass x x Native  

12 Digitaria decumbent s Stent Poaceae grass x x Exotic  

13 Echinochloa colona L. Poaceae grass x x Exotic  

14 Evolvulus  nummularius (L.) L. Convolvulaceae herb x x Native  

15 Fimbristylis dichotoma (L.) Vahl. Cyperaceae. sedge x x Exotic declared as weed 

16 Haemodorum ensifolium F.Muell. Haemodoraceae grass x x Native  

17 Hibiscus panduriformis var. australis Malvaceae shrubs x o Native  

18 Passiflora foetida L. Passifloraceae herbs x o Native  

19 Piper aduncum Piperaceae herbs x o Exotic declared as weed 

20 Rhynchosia minima (L.) DC. Fabaceae herbs x x Native  

21 Senna obtusifolia (L.) H.S.Irwin & Barneby Fabaceae shrubs x o Exotic declared as weed 

22 Sida acuta Burm.f. Malvaceae shrubs x x Exotic declared as weed 

23 Sida rhombifolia L. Malvaceae shrubs x x Exotic declared as weed 

24 Stemodia lythrifolia F.Muell. ex Benth. Plantaginaceae shrubs o x Native  

25 Stylosanthes hamata (L.) Taub. Fabaceae shrubs x x Exotic  

26 Species 5  herbs x o Unknown  

Table 6.2 List of species, family, plant types and category of species that were found in cattle dung in the Moline and Maud Creek rehabilitation areas. 

x= present; o=absent. 

 

 

 

http://en.wikipedia.org/wiki/Convolvulaceae
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The species richness in the cattle dung was affected by the timing of dung collection.  The number of 

species varied significantly in the Moline mine samples across the three months of dung collection 

(One-way ANOVA, P<0.05).  The number of species per tray in the May dung collection was 

significantly different from April and June cattle dung collection (Post hoc LSD, P<0.05).  This 

suggested that May cattle dung collection had higher seed density than April and June dung collection.  

At the Maud Creek mine, a number of species per tray were a similar for all months dung collection 

(Kruskal-Wallis test, P<0.05).  

 

6.3.2.2. Impact of cattle grazing on gamba grass cover and biomass 

Cattle significantly reduced gamba grass cover after two years of grazing (Figure 6.15).  Gamba grass 

cover in the ungrazed plots was significantly higher than in the grazed plots (Independent T-test, 

P<0.05).  The mean gamba grass cover was 47 ± 5.0 % in ungrazed sites and 12.0 ± 1.6% in the grazed 

sites. 

Figure 6.14 Species richness per replicate sample (mean ± std err.) in the cattle dung in April, May 

and June cattle dung collections from Maud Creek and Moline mines rehabilitation. 



176 

 

 

Cattle grazing also reduced gamba grass biomass after two years of cattle grazing (Figure 6.16).  Dry 

biomass of gamba grass in ungrazed plots was significantly higher than grazed plots (Independent 

sample T-test, P<0.05).  Mean dry biomass in ungrazed plots was 343.13 ± 59.16 tonne ha-1 while in 

grazed plot was 54.92 ± 2.87 tonne ha-1.  This means the dry biomass of gamba grass in the ungrazed 

plot was six times greater than in grazed plots. 

Figure 6.15 Gamba grass cover (%) (mean ± std err.) in grazed and ungrazed plots after two years of 

cattle grazing of gold mine rehabilitation area. Mo1-Mo4 are the plot number. 

Figure 6.16 Gamba grass biomass (tonne ha-1) (mean ± std err.) in grazed and ungrazed plots after 

two years of cattle grazing in gold mine rehabilitation areas. 
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6.4. Discussion 

6.4.1. Cattle grazing impact on tree recruitment and established trees in twelve-year-old gold 

mine rehabilitation sites 

The 12-year-old gold mining rehabilitation areas were generally tolerant to grazing.  The indirect 

impacts of cattle grazing, was that modified understorey vegetation and soil surface condition had a 

positive impact on tree recruitment and seedling establishment.  Mines 6 and 7 were the exceptions, 

however, as they had exceptionally low seedling densities due to low seed availability associated with 

low or nil tree density.  Reduction in grass biomass and cover were detected in grazed analogue sites 

and some grazed rehabilitation sites.  This reduction due to grazing was particularly obvious in the 

grazing exclosure study.  Similar reductions have been detected under buffalo grazing in Kakadu 

National Park, biomass was lower in grazed areas (2-3 t ha-1) than the ungrazed areas (5-8 t ha-1) (Werner 

2005).  The reductions on biomass and cover may explain the higher seedling densities in grazed 

rehabilitation and analogue sites.  The understorey canopy gaps and reduced competition make more 

space and resources available for tree seedlings (Kraaij and Ward 2006).  In addition, improved seed 

scarification due to gut passage has been shown to promote emergence and recruitment of Acacia 

seedlings (Tjelele et al. 2015).  In other studies, grazing reduced competition intensity increasing Larix 

sibirica seedling density (Khishigjargal et al. 2013), changed understorey structure affecting Eucalyptus 

strzeleckii regeneration (Moxham and Dorrough 2008), and reduced grass biomass promoting the 

recruitment of Acacia sieberina in the savanna (Grellier, S. et al. 2012).  

Cattle activities may also create suitable microsite conditions for seedling emergence and growth 

through modification of the soil surface and soil nutrient levels.  Cattle trampling would break down 

litter, increase incorporation of litter into the soil, and increase bare soil.  Studies in tropical savannas 

under buffao grazing found the average amount of litter was 2-10 times greater in the absence of buffalo 

grazing than where buffalo were present (Werner et al. 2006).  The trend indicated seedling density 

increased in grazed sites of mine rehabilitatiin and analogue sites when litter cover and thickness were 

low.  The proportion of bare soil was also higher in the grazed sites, and that allows more seeds to 
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germinate.  Considered together, reduced litter thickness and cover, and increased bare soil due to 

grazing may promote seedling emergence in rehabilitation sites.  

Cattle grazing may also increase seed germination and seedling establishment by suppressing seed and 

seedling predators.  Ants and rodents have been known as seed predators (Goheen et al. 2010; Gross et 

al. 1991).  They found grazing by cattle promoted germination and subsequent establishment of the 

seedlings.  Cattle grazing modified understorey vegetation and reduced rodent (pouched mice) habitat.  

Thus, the abundance of rodents was suppressed by cattle grazing, enabling greater seedling 

estbalishment.  I was not able to investigate whether cattle had an impact on seed predators in this study.   

Unlike seedling, saplings and small trees (1-5 cm) do seem vulnerable to cattle grazing and trampling 

in this study.  Densities of saplings and small trees (1-5 cm) tended to be lower in grazed than ungrazed 

sites in both analogue and waste rock dump sites.  Similar were found in Ugandan savanna woodland, 

where the density of small trees (less than 150 cm in height) was lower in grazed than ungrazed plots 

(462 vs. 171 trees ha-1) (Støen et al. 2012).  Browsing by cattle could also damage stems and foliage of 

saplings and small trees, and affect tree growth and development.  Riginos and Young (2007) reported 

that Acacia saplings exhibited 86% more browsing damage when grass was removed.  Staver et al. 

(2009) stated that browsing suppresses tree density by imposing a demographic bottleneck on the 

maturation of sapling to adults.  Similarly little recruitment of juvinile trees into the canopy due to 

dinderect impact of buffalo grazing in Kakadu National Park (Petty et al. 2007) and loss of leaves and 

shoots through direct browsing reduced tree height (Midgley et al. 2010).  Further, species richness of 

ungrazed mine rehabilitation sites tended to be higher than grazed sites, but how cattle grazing affect 

this conditon was not clear.  Lower tree species richness and density in the grazed mine rehabilitation 

sites suggest that the resilience of vegetation to disturbances such as grazing is not yet similar to natural 

woodland sites and that a recruitment bottle neck between saplings and trees is occurring.  Considered 

together, these studies indicate potential negative browsing effects on saplings when grass is not 

available, perhaps at higher grazing densities, or in the monsoonal dry season.  The potentially negative 

impacts of cattle grazing at the sapling stage may be avoided by applying cattle grazing in mine 

rehabilitation areas when most of the trees have a diameter larger than 5 cm.  



179 

 

6.4.2. Role of cattle grazing in weed management (weed seed dispersal and weed control) 

Cattle may benefit weed establishment through seed dispersal, breaking dormancy, providing suitable 

microsites for germination and thereby enhance invasion of mine rehabilitation.  The results of this 

study indicated cattle dispersed weed seed across two mine rehabilitation areas (73% and 44% of seeds 

were weed species); that 13 species of weeds are able to emerge after digestion from dung; and that 

endozoochory is occurring at the study sites.  Breaking seed dormancy through the grinding action of 

the teeth and rumen digestion of cattle would increase weed seed germination (Gardener et al. 1993).  

Acacia nilotica germination increased by 39% following breaking of seed dormancy by cattle digestion 

(Blackshaw and Rode 1991).  They also reported that viability of weed grass species tended to be more 

adversely affected by ensiling and the rumen digestion of cattle, than broadleaf species.  

Cattle could also provide suitable microsite condition for weed seed germination and growth, hence 

negatively impacting mine rehabilitation in the longer term.  When endozoochorous seeds are deposited, 

the dung contributes to soil nutrients and creates a favourable micro environment for the establishment 

of some seedlings (Cosyns et al. 2006).  Seed deposition within faeces could provide a source of 

nutrients and water for growth after excretion (Hogan and Phillips 2011).  Cattle could also facilitate 

weed growth by modifying composition of species structure or the weed was being unpalatable for 

cattle grazing.  For example, in mixed pastures on coal mine rehabilitation in East Kalimantan, 

Indonesia, the cover of the weeds increased from 27 % to 45%, and twelve weeds species increased 

their cover when grazing was present (Daru et al. 2012).   

Cattle grazing can also benefit native seed dispersal.  The study found eight native species that were 

dispersed and be able to emerge from the digestion process, but most of them are grasses and herbs.  

Three native grass species were introduced into mining rehabilitation at the Goonyella Riverside mine 

in the Bowen basin in Queensland through cattle grazing (Bisrat 2001; Byrne 2005).  This indicated a 

positive role of cattle grazing on native species dispersal and establisment in mine rehabilitation.  

The grazing exclosure experiment demonstrated the potential role of cattle grazing for weed control 

through reduction of weed cover and biomass.  Gamba grass cover and dry biomass were four and six 
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times higher in ungrazed than grazed sites.  This suggested cattle can act as a tool to control gamba 

grass in mine rehabilitation  (De Bruijn and Bork 2006).  The presence of grazing animals is a potential 

tool for reducing grass biomass, and their exclusion can result in areas of high grass biomass that will 

inhibit the colonisation by indigenous woody species (Posada et al. 2000). 

6.4.3. Management of grazing to promote mine site rehabilitation 

Knowledge of positive and negative impacts of grazing on tree establishment is useful for making 

decisions on the optimum time to introduce cattle grazing in mine rehabilitation.  For example, 

introducing cattle grazing during tree fruiting season would provide suitable microsite conditions for 

seed germination through reducing understorey biomass and species competition, creating a gap and 

increasing bare soil.  Excluding cattle grazing when most of the trees have a diameter less than 5 cm is 

recommended because trees are vulnerable to grazing at this stage.  It is also necessary to avoid over-

grazing to control soil erosion and maintain levels of understorey cover that benefit tree establishment.  

The results showed that Eucalyptus/Corymbia and “Other species” of tree seedlings were abundant 

when the grass cover was less than 50% m-2.  Schinagl et al. (2014) also found that grass cover between 

10-20% did not impact on Eucalyptus strzeleckii recruitment in remnant patches of native vegetation in 

the Latrobe Valley and South Gippsland, Victoria.  Considered together, these results suggest that grass 

cover at these levels would benefit tree seedling recruitment, while accounting for erosion control.  

Above-ground vegetation can reduce water flow, and trap seeds and other resources (Bailey et al. 2012; 

Ludwig et al. 2004) that may also contribute to increasing tree seedling recruitment.  

Studies of the grazing impact on tree establishment in mine rehabilitation areas are limited.  This may 

be due to the general perception that grazing has more negative than positive impacts on vegetation and 

soil in mine rehabilitation.  In addition, when the end land use of mine rehabilitation is cattle grazing, 

the establishment of grass is more important than trees.  Thus, there are more studies on the impact of 

cattle grazing on grass establishment than on the impacts of cattle grazing on tree establishment.  This 

study goes some way to addressing that gap. 
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Cattle can also act as tool management to control weed problems in mine rehabilitation areas.  Reducing 

the high biomass of weeds in mine rehabilitation areas by using livestock grazing may be an effective 

solution to control weed and reduce fire risk, but more importantly promotes tree seedling recruitment.  

An ecological approach to weed control focuses on minimising the build-up of weeds and weed 

propagules in mine sites, and enabling or promoting the establishment of desirable vegetation (Bellairs 

2006).  Launchbaugh (2003) also suggest that grazing could be useful in the early stages of plant 

invasion to reduce colonisation and slow the rate of invasion of weeds. 

Further study is required to investigate some of the issues raised in this study.  The impact of cattle 

grazing on tree recruitment and established tree was highly variable among mine sites.  If logistically 

feasible, future studies involving balanced designs and similar site conditions may be needed to justify 

the grazing impacts indicated in this study.  Further study may also be useful to understand the impact 

of large-hooved cattle on the tree as different herbivores affecte growth and survival of plant species 

differently.  Understanding the response of species to each herbivores guild will enable informed 

management decision.  The abundance of seedlings was not followed by high sapling density, indicating 

an issue of tree transition from seedling to sapling.  This bottle-neck needs investigation.  Investigation 

of other site specific factors such as competition, fire history, and incidences of low rainfall may also 

be necessary to understand fully how those factors could prevent seedling survival to the sapling stage.  
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Chapter 7 FIRE IMPACTS ON TREE DEVELOPMENT AND 

RECRUITMENT IN GOLD MINE REHABILITATION 

 

7.1. Introduction 

Fire has an important role in the management of savanna woodland in the Northern Territory, Australia.  

Prescribed and uncontrolled wildfires frequently occur in this region and on average areas totalling 

more than 300,000 km2 burn between May and October each year (Russell-Smith et al. 2007).  Fire is 

deliberately lit to promote and maintain biodiversity and reduce uncontrolled fire damage (Clark et al. 

2005).  Prescribed fire in the Northern Territory is carried out to achieve different objectives by many 

different groups of people including pastoralists, Aboriginal people, conservationists, tourism 

operators, and mining operators (Bryant 2008).  Pastoralists use fire to improve pasture, manage 

grazing, and control weeds.  Aboriginal people use burning to aid in hunting, communication, 

horticulture, ease of travel, and the protection of sacred sites.  Thus, fire serves social, cultural, spiritual, 

as well as ecological needs.  Conservationists use fire to manage the land to enhance biodiversity.  

Fire can have a negative impact on tree establishment and growth in mine rehabilitation.  Tree density 

across several rehabilitation sites, ranging in age from 6 to 34 years since initial sowing, at the Gove 

mine was 881±511 stems ha-1 in unburnt rehabilitation sites while burnt rehabilitation sites had 604±186 

stems ha-1 (Cook 2012).  Thus, fire reduced tree density in the mine rehabilitation.  Fire can also slow 

down tree growth.  Tree growth in burnt rehabilitated bauxite mine in Western Australia were lower 

than in unburnt sites in the first two years after burning, and vegetation cover decreased significantly 

after fire (Grant, C 2003). 

Fire can be detrimental to the tree recruitment.  Unlike a mature tree, saplings and tree seedlings are 

located in the flame zone and, for this reason, more susceptible to fire.  Prior et al. (2010) stated that 

fire could cause a tree recruitment bottleneck in Australian tropical savanna.  Their study found that the 

proportion of tree recruitment per year decreased from 0.08% without fire to 0.00% with extreme fire, 

in the late dry season in the Kakadu National Park.  In the lowland woodland, mean recruitment per 
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plot (40 x 20 m) per 5-year interval was 4.32 trees in moderate fire and 1.43 trees in the severe fire 

(Prior et al. 2009).  Eucalyptus miniata and Acacia oncinocarpa seedling densities were reduced by 

over 50% in the late dry season fire, in fire experiments at Kapalga Research Station, Kakadu National 

Park (Setterfield 2002).  Fire could also have a negative impact through its impact on the soil seed bank, 

seed production and changed microsite conditions.  Small seeded tree species experienced greater 

mortality due to the fire on the top of soil seed bank (Guinto et al. 1999).  Prior et al.(2010) found small-

seeded species such as deciduous trees were more vulnerable to fire, with high mortality in lightly 

burned woodland.  Fire could also damage tree canopies and flowers and reduce seed production 

(Setterfield 2002). 

 Fire can also have positive impacts on tree recruitment in mine rehabilitation.  Fire can break dormancy 

of seeds.  Seeds of some species require heating for germination to proceed.  Seed germination of Acacia 

cincinnata and Alphitonia petrei are significantly stimulated by a heating treatment (Williams 2000), 

so seed germination would benefit from fire.  Fire also benefits tree recruitment through changed 

resource availability (nutrients released from organic matter) and reduces competition due to death of 

established plants  that allows seedling establishment (Wellington and Noble 1985).   

Fuel load may play a major role in the impact of fire on tree development and recruitment in mine 

rehabilitation.  The fuel load may be greater in mine rehabilitation sites due to fire exclusion.  Mining 

rehabilitation managers have hesitated to incorporate fire into the rehabilitation process (Brady and 

Noske 2010).  The fuel load in mine rehabilitation areas is often higher than in unmined areas 

(Andersen, Cook, et al. 2003; Bayliss et al. 2006; Brady and Noske 2010; Cook 2012; Tibbett 2010).  

Chaffey and Grant (2000) found the total fuel load in a 17-year-old mine rehabilitation site was similar 

to that of a forest site that had not been burnt for 18 years.  The high fuel load in mine rehabilitation 

sites may increase fire risk and have negative impacts on vegetation development.  

Assessment of impacts of fire on tree recruitment and on established trees is needed to reduce negative 

effects in mine rehabilitation.  Fire causes a tree recruitment bottleneck  (Prior et al. 2010) and reduces 

sapling and seedling density in tropical savanna (Setterfield 2002), but there is no study that assesses 
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the impact of fire on tree recruitment in mine rehabilitation areas.  Thus, it is critical to maintain the 

long-term tree sustainability in mine rehabilitation, since fire occurs frequently and is part of land 

management in the Northern Territory.  The investigation of fire impacts on sapling and seedlings was 

carried out to identify positive and negative effects.  As the previous chapter indicate, the direct and 

indirect impacts of cattle grazing on tree seedling were significant, and the presence of fire may also 

have an impact on tree establishment and recruitment in mine rehabilitation.  

Fire occurred at the Pine Creek mine site, Northern Territory, Australia, after the rehabilitated 

vegetation had been surveyed, allowing an opportunistic investigation of the effect of fire on tree 

survival and tree recruitment in mine gold rehabilitation.  This study assessed fire impacts on the mature 

trees, saplings, and seedlings at the burnt mine rehabilitation sites (waste rock dumps and tailings dams) 

and adjacent analogue sites by a comparison with prefire data and data from unburnt sites.  The 

following research questions were addressed. 1) What impact does fire have on the density of mature 

trees on mine rehabilitation sites? 2) Is tree recruitment in burnt mine rehabilitation sites similar to that 

of unburnt mine sites? 3) What are the implications of the study for the use of fire for tree management 

in mine rehabilitation sites?  

7.2. Methods 

7.2.1. Study sites 

The study was carried out in the Pine Creek region, Northern Territory, Australia at four mines: 

Woolwonga, Brocks Creek, Pine Creek and Union Reefs.  These mines are all within 50 km of the Pine 

Creek town site.  Two or three landform domains (waste rock dump, tailing dam or analogue) per mine 

were assessed.  A fire occurred at Pine Creek mine in September, 2013, and burnt two tailing dam, two 

waste rock dump and one analogue sites that had had the vegetation assessed previously.  Eight waste 

rock dump sites, one tailing dam sites and three analogue sites were surveyed at three nearby unburnt 

mine sites.  Although the fire was not planned, it created an opportunity to assess the impact of fire on 
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trees, by using other unburnt mine sites for comparison.  At each site three transects were established 

within a distance of 300 m.  Different sites were at least 500 m apart.  

7.2.2. Tree condition before and after fire 

Comparison of tree survival and composition before and after the fire was carried out at the Pine Creek 

mine (Mine 4) to determine the impact of fire on tree condition.  Each site (two waste rock dump sites, 

two tailing dam sites and one analogue site) had three parallel 30 m long transects orientated downslope.  

Trees were assessed in July, 2013, before the fire in September, 2013, and in June, 2014.  Three transects 

each 30 m x 10 m were used to assess the density, composition, species richness, and diameter of the 

trees at each site.  Tree density was assessed by counting the number of trees with a height of more than 

2 m in each transect and converting values to tree density per hectare.  All tree species were identified 

(to genus, or to species level where possible) within each transect to evaluate species richness.  The tree 

species were grouped into three categories: Acacia, Eucalyptus/Corymbia, and “Other Species”.  The 

trunk diameter at breast height (DBH; at 1.3 m height from ground level) of each tree species was 

measured using a stainless steel ruler.  Trees with a diameter larger than 1 cm at 1.3 m height were 

measured and then categorised into five diameter classes: 1 - 5 cm, 6 - 10 cm, 10 - 20 cm, and 20 - 30 

cm.  Mean DBH per transect for each species and genus grouping were calculated.  

7.2.3. Comparison of site conditions across the four mines prior to fires 

Comparisons of tree density, understorey vegetation (grass and non-grass), and soil surface (litter cover 

and thickness) condition at the sites across the four mines were carried out before the fire in July, 2013.  

Tree density, species richness, and diameter assessment were carried out as explained in section 4.2.3.  

Assessment of grass cover, grass biomass, and non-grass cover as understorey vegetation parameters 

were carried out as described in section 4.2.4.  Soil surface parameters assessed were litter cover and 

thickness, as described in section 4.2.5. 
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7.2.4. Comparison tree recruitment in burnt and unburnt sites 

Sapling and seedling density and composition in burnt sites at Mine 4 were compared to values for sites 

at nearby mines (Mine 2, 3 and 5).  The assessment of seedlings and saplings was conducted in June, 

2014, nine months after the September, 2013 fire.  All saplings and seedlings were counted in each of 

the three 30 x 2 m transects and grouped according to one of the three categories: Acacia, 

Eucalyptus/Corymbia or “Other species.” 

7.2.5. Statistical analyses 

To compare tree density and tree species richness before and after the fire at the Pine Creek mine, paired 

T-tests were used.  Tree density data were transformed using a square root transformation to 

homogenise variance. 

Data were compared prior to fire across all the mines in the Pine Creek area to assess whether the burnt 

sites were similar prior to the fire.  The disproportion representation of sites, as a result of varying 

availability of landform domains across the mines that were close to Pine Creek, created an unbalanced 

design.  General Linear Model (GLM) was used to determine significant differences in tree density, 

species richness and number of trees per diameter class between mines, landform domains (within mine) 

and sites (within mine and landform domain) before the fire.  Differences in tree density between all 

three landform domains were able to be investigated at two mines (Mine 4 and Mine 5).  Comparisons 

between only waste rock dump and analogue sites were made between four mines (Mine 2-5).  The 

factors were the fixed factor landform domain (waste rock dump, tailing dam and analogue site) (within 

mine), and site (within landform domain) was the random factor.  The tree density data was transformed 

using square root + 1 transformation to homogenise the variability in sapling and tree seedling densities 

across sites.  The GLM test also applied to grass cover, grass biomass, non-grass cover, litter cover and 

thickness.  To homogenise variance non-grass cover data was square root transformed while litter 

thickness and litter cover data were transformed using the log (x) transformation.  One-way ANOVA 

or Kruskal-Wallis test carried out to assess significant difference between sites for all variables when 

there is no significant effects due to mine and landform domain.  Those variables were total tree density, 
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Acacia density, total species richness, Acacia and Eucalyptus/Corymbia species richness, non-grass 

cover, and litter cover and thickness.  

To compare sapling and seedling densities between burnt and unburnt sites, General Linear Model 

(GLM) used to determine significant differences (P<0.05) betwenn mines, landform domains (within 

mine) and sites (within mine and landform domain).  In the model, the factors: mine and landform 

domain (waste rock dump or analogue site) within mine were fixed factors, and site (within mine and 

landform domain) was the random factor.  The sapling and tree seedling densities per hectare data had 

a square root +1 transformation to homogenise variance. 

 

7.3. Results  

7.3.1. Tree condition before and after fire at the Pine Creek mine 

Fire decreased tree density in mine rehabilitation and analogue sites.  The overall, average tree density 

across all the sites decreased significantly after the fire, from 544 ± 158 trees ha-1 prior to the fire to 484 

± 150 trees ha-1 after the fire (Paired T-test, P<0.05).  The tree density decrease after a fire occurred at 

all sites, decreasing by 22.2% in W4Ag, 11.6% in W4Bg, 6.0% in T4Au, 18.2% in T4Bu and 9.8% in 

A4Ag (Figure 7.1).  This suggested that fire had a negative impact on tree density in the mine 

rehabilitation and natural woodland sites.  
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Acacia, Eucalyptus/Corymbia, and “Other species” density in mine rehabilitation and natural woodland 

sites all significantly decreased (Paired T-test, P<0.05) after fire (Figure 7.2).  Mean Acacia density 

decreased from 264 ± 114 trees ha-1 before the fire to 231±107 trees ha-1.  Mean Eucalyptus/Corymbia 

density reduced from 215 ± 70 trees ha-1 to 198 ± 65 trees ha-1.  Mean density of “Other species” 

decreased from 64 ± 27 trees ha-1 to 38 ± 18 trees ha-1.  Acacia decreased by 31% in T4Bu, 11% in 

W4Bg, and 7% in T4Bu.  Eucalyptus/Corymbia density decreased by 14% in W4Ag, 25% in W4Bg, 

6% in T4Au, 11% in T4Bu, and 7% in A4Ag.  The density of “Other species” decreased by 35% in 

A4Ag, and all of “Other species” died in W4Bg after the fire. 

 

 

Figure 7.1 Average tree density per hectare per site in waste rock dump, tailing dam and analogue 

sites before and after fire at the Pine Creek mine (average ± standard error).  A: Analogue site, W: 

Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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Figure 7.2 Average tree densities per hectare per species group per site in waste rock dump, 

tailing dam and analogue sites before and after fire at the Pine Creek mine (average ± standard 

error).  A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: 

grazed, u: ungrazed. 
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The number of species was similar before and after a fire in mine rehabilitation and natural woodland 

sites.  Total species richness and species richness per species group were not significantly different 

before and after fire (Paired T-test, P>0.05).  Even though there was no significant difference detected 

in the data, the trend indicated species richness slightly decreased after a fire across the sites except for 

W4Bg and T4Au (Figure 7.3).  This suggested that some species were killed due to fire.  

 

The impact of fire on the Acacia and “Other species” groups was more significant than for 

Eucalyptus/Corymbia species.  The proportion of individuals of Eucalyptus/Corymbia species that were 

killed by fire was less than 3% across the sites while the proportion of Acacia and “Other species” killed 

was up to 11% for some species such as Acacia plectocarpa and Brachychiton diversifolius.  However, 

in the general, the proportion of trees per species that were killed by fire was less than 3% across sites, 

except for Acacia plectocarpa and Brachychiton diversifolius (Table 7.1).  This indicated some species 

were more vulnerable to the fire.  

 

Figure 7.3 Total species richness per transect averaged per site in waste rock dump, tailing dam and 

analogue sites before and after fire at the Pine Creek mine n (average ± standard error).  A: Analogue 

site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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Table 7.1. Percentage of tree per species that died after a fire in mine rehabilitation and natural woodland 

sites. A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: 

ungrazed. 

Tree species 

 

Proportion of tree per species that died after fire (%) 
Total 

W4Ag W4Bg T4Au T4Bu A4Au 

Acacia difficilis 0 1.05 0 0 0 1.1 

Acacia holosericea 0 0 0 3.03 0 3 

Acacia lampocarpa 0 0 0 3.03 0 3 

Acacia latescens 0 0 0 2.94 0 2.9 

Acacia oncinocarpa 0 0 0 3.03 0 3 

Acacia platycarpa 0 0 0 0 0 0 

Acacia plectocarpa 0 8.42 0 3.03 0 11 

Corymbia disjuncta 0 0 0 0 0 0 

Corymbia ferruginea 0 1.05 0 0 0 1.1 

Corymbia polycarpa 0 0 0 2.94 0 2.9 

Corymbia foelscheana 0 0 0 0 2.44 2.4 

Eucalyptus bigalerita 0 0 0 0 0 0 

Eucalyptus camaldulensis 0 0 0 0 0 0 

Eucalyptus dunlopiana 0 0 0 0 0 0 

Eucalyptus phoenicea 0 0 0 3.03 0 3 

Eucalyptus tectifica 0 0 0 0 0 0 

Eucalyptus tintinnans 0 0 0 1.47 0 1.5 

Brachychiton diversifolius 0 0 0 0 11.1 11 

Brachychiton paradoxus 0 0 0 0 2.44 2.4 

Croton aridus 0 0 0 0 0 0 

Erythrophleum chlorostachys 0 0 0 0 0 0 

Gardenia megasperma 0 0 0 0 0 0 

Grevillea dryandri 0 0 0 0 2.44 2.4 

Petalostigma pubescens 0 0 0 3.03 0 3 

Terminalia ferdinandiana 0 0 0 0 2.44 2.4 

Xanthostemon paradoxus 0 0 0 0 2.44 2.4 

The number of trees across sites in the mine rehabilitation and natural woodland for all diameter class  

was similar before and after the fire, except for diameter class of 0-5 cm (Figure 7.4).  The number of 

trees with diameter 0-5 cm before the fire was significantly different from the number of trees after fire 

(Paired T-test, P<0.05), while there was a similar number of trees with a diameter larger than 5 cm.  

This suggested fire killed small diameter trees, but it did not affect trees with a diameter larger than 5 

cm.  This could be as a result of small diameter trees (<5 cm in diamter) located in the flame zone.  The 

number of trees with diameter class of 1-5 cm decreased across sites, except for W4Ag, by 28% in A4 

in A4Ag, 14% in T4Bu, 17% in W4Bu, and 10% in T4Au (Figure 7.4).  
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Figure 7.4 Total number of trees per diameter class per site in waste rock dump, tailing dam 

and analogue sites before and after fire at the Pine Creek mine (average ± standard error).  

A: Analogue site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, 

u: ungrazed. 



193 

 

7.3.2. Comparison of site conditions before fire 

In general, tree density, species richness, grass cover, and biomass, and non-grass cover in Mine 4 

tended to be similar to Mine 2, 3 and 5 in the same region, except for the “Other species” variable (Table 

7.2).  There were no significant effects due to mine or landform domains, except for “Other species” 

density (GLM, P<0.05).  This indicated the tree density, species richness, tree diameter, grass and non-

grass cover, grass biomass, and litter thickness and cover of Mine 4 were all similar to the other three 

mines in the same region prior to the fire.  However, the impact of site was significant for some of the 

variables such as total tree density, Acacia density, total tree species richness, Acacia and Eucalyptus 

species richness, non-grass cover, and litter cover and thickness.  This suggested that there was high 

variability occurred between sites for those variables.  The main effects of mine and landform domain 

(within mine) on density and species richness of “Other species” was significantly different (GLM, 

P<0.05), but the main effect of site was not significantly different.  This suggested that “Other species” 

density and species richness varied between mines and landform domains within the same mine, but it 

was similar between sites within the same mine and landform domain.  As mine and landform domain 

are not significant except for “Other species”, then one-way ANOVA was carried out to compare 

differences between sites.  Total tree density per hectare, total all species richness per plot, Acacia 

density per hectare, Acacia and Eucalyptus species richness per plot, number of tree per hectare with 

diameter class 1-5 cm, 10-20 cm, grass cover (%), and litter cover and thickness were significantly 

different between sites.  The tree density of W3Au sites was significantly different from other sites 

except W4Bg, W3Bu, A3Ag, and W5Au sites (LSD, P<0.05).  Species richness of W3Au sites was 

significantly higher from W4Ag, W4Bg, and W2Ag (LSD, P<0.05) sites.  Litter thickness and thickness 

in W3Au was higher than other sites, and non-grass cover in W4Ag was higher than other sites.  These 

results suggested variation occurred between sites for total tree density, Acacia density, total species 

richness, Acacia and Eucalyptus/Corymbia species richness, and grass cover and non-grass cover but it 

was not significantly different between mines or landform domains.    
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Table 7.2 Average tree density, species richness, number of trees per diameter class, grass and non-grass cover, litter cover and thickness, grass biomass in 

waste rock dump, tailing dam and analogue sites before fire in the Pine Creek region (average ± standard error). A: Analogue site, W: Waste rock dump, T: 

Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 

Variables 

Mine Mine 4 Mine 2 Mine 3 

 Domain WRD  TD  AS WRD  AS WRD  

Sites W4Ag W4Bg T4Au T4Bu A4Au W2Ag W2Bg A2Ag W3Au W3Bu 

Tree density (ha-1) 
111±62.00 989±595.00 733±499.00 378±80.00 433±51.00 256±11.00 456±106.00 367±158.00 2033±473.00 667±107.00 

Acacia density (ha-1) 
0±0.00 967±574.00 167±88.00 144±78.00 0±0.00 111±80.00 111±44.00 0±0.00 1456±685.00 467±67.00 

Eucalyptus/ Corymbia (ha-1) 
89±56.00 22±22.00 567±411.00 222±128.00 144±48.00 78±78.00 222±22.00 244±59.00 556±229.00 156±62.00 

“Other species” (ha-1) 
22±11.00 0±0.00 0±0.00 11±11.00 289±59.00 67±67.00 122±122.00 122±106.00 22±11.00 44±11.00 

 All tree SR  (300 m2) 
2±0.89 2±0.57 3±1.20 6±0.88 7±0.33 0±0.00 5±0.88 5±1.53 10±0.88 7±0.58 

Acacia SR (300 m2) 
0±0.00 2±0.33 1±0.33 2±0.58 0±0.00 1±0.88 0±0.00 0±0.00 3±1.15 3±1.21 

Eucalyptus/ Corymbia SR (300 m2) 
2±0.67 0.3±0.33 2±1.15 3±1.45 3±0.88 1±1.02 3±0.33 4±0.88 6±1.15 2±0.88 

“Other species” SR (300 m2) 
0.7±0.33 0±0.00 0±0.00 0.3±0.33 4±1.01 0.7±0.67 0.7±0.67 1.3±0.88 0.7±0.33 1.3±0.33 

Number of trees (1-5 cm) 
22±11.11 989±559.89 544±415.15 244±40.06 267±50.92 144±58.79 178±72.86 167±96.22 1689±516.88 533±101.84 

Number of trees (5-10 m) 
67±33.33 67±33.33 156±96.86 67±19.25 56±40.06 78±44.44 200±57.74 67±19.24 244±80.12 100±38.49 

Number of trees (10-20 cm) 
11±11.11 0 ±0.00 44±44.44 22±22.22 111±48.43 33±19.24 78±29.39 100±67 89±72.86 33±19.24 

Number of trees (20-30 cm) 
0±0.00 0±0.00 0±0.00 33±33.33 22±11.11 0±0.00 0±0.00 33±19.24 11±11.11 0±0.00 

Grass cover (% m-2) 
42±11.00 37±13.00 36±6.00 54±4.00 38±4.00 64±12.00 51±22.00 50±2.00 26±11.00 68±5.00 

Grass biomass (g m-2) 
254±31.00 151±83.00 169±23.00 205±19 182±61.00 97±28.00 101±23.00 148±23.00 135±64.00 167±53.00 

Non-grass cover (%m-2) 
17±9.00 3±2.00 11±2.00 19±4.00 7±1.00 2±2.00 2±1.10 1±1.00 5±4.89 2±1.06 

Litter cover (%m-2) 
24±1.95 11±7.56 26±2.14 14±4.59 27±4.43 16±6.36 13±5.76 39±3.85 64±13.61 19±4.15 

Litter thickness (cm) 
0.4±0.10 0.6±0.28 0.4±0.27 1.1±0.28 0.2±0.12 1±0.42 0.9±0.23 0.5±0.03 3±0.56 1±0.48 
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Variables 

Mine Mine 3 Mine 5 GLM P value 
One-way 

ANOVA 

Landform 

domain 
WRD AS            WRD  TD AS Mine Landform 

Site  
Sites W3Cg W3Dg A3Ag W5Au W5Bu T5Ag A5Au     

Tree density (ha-1) 456±175.00 267±88.00 722±182.00 1211±619.00 456±137.00 2289±502.00 467±69.00 NS NS NS 0.006 

Acacia density (ha-1) 222±142.00 78±29.00 33±19.00 589±325.00 178±78.00 1344±588.00 11±11.00 NS NS NS 0.011 

Eucalyptus/ Corymbia(ha-1) 222±78.00 167±69.00 356±142.00 578±280.00 244±78.00 744±62.00 422±44.00 NS NS NS NS 

“Other species” (ha-1) 11±11.00 22±11.00 222±204.00 44±22.00 33±19.00 200±184.00 33±19.00 0.001 0 NS  

 All tree SR  (300 m2) 5±0.88 5±1.45 7±1.76 11±2.65 6±1.15 8±0.88 3±1.20 NS NS NS 0.001 

Acacia SR (300 m2) 2±0.33 2±1.00 1±0.58 4±0.58 1±0.33 2±0.58 0.3±0.33 NS NS NS 0.007 

Eucalyptus/ Corymbia SR (300 m2) 3±0.88 3±0.88 3±1.01 6±1.85 4±0.67 6±1.33 2±0.88 NS NS NS 0.042 

“Other species” SR  (300 m2) 0.3±0.33 0.7±0.33 2.7±0.67 0.7±0.33 1±0.57 0.7±0.33 0.7±0.33 0.014 0.001 NS  

Number of trees (1-5 cm) 178±72.86 122±72.85 411±200.31 367±115.47 978±516.87 1922±464.01 56±29.39 NS NS NS 0 

Number of trees (5-10 m) 222±109.43 100±50.92 211±145.72 78±22.22 211±94.93 367±69.39 144±40.06 NS NS NS NS 

Number of trees (10-20 cm) 56±22.22 44±29.39 89±40.06 11±11.11 11±11.11 22±11.11 256±11.11 NS NS NS 0.002 

Number of trees (20-30 cm) 0±0.00 0±0.00 11±11.11 0±0.00 0±0.00 0±0.00 11±11.11 NS NS NS NS 

Grass cover (% m-2) 63±11.00 54±3.00 55±1.00 21±8.00 5±5.00 22±10.00 44±4.00 NS NS NS 0.001 

Grass biomass (g m-2) 144±51.00 237±107 239±55.00 142±16.00 47±23.00 19±3.00 156±46.00 NS NS NS NS 

Non-grass cover (%m-2) 6±2.89 0.2±0.09 0.3±0.33 6±4.06 6±4.21 7±6.00 0.6±0.61 NS NS NS NS 

Litter cover (%m-2) 11±8.42 10±7.71 39±6.14 35±9.94 5±3.65 51±18.50 30±5.47 NS NS NS 0 

Litter thickness (cm) 0.3±0.11 1±0.76 2±0.04 2±1.18 0.3±0.18 2±0.87 0.9±0.21 NS NS NS 0.05 

Continuous table 
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7.3.3. Sapling density and composition in burnt and unburnt areas 

Overall sapling densities averaging across the burnt and unburnt sites were similar.  The main effects 

of mine, landform domain and sites on sapling density were not significant (GLM, P>0.05) at two mines 

(Mine 4 and Mine 5) with all landform domains and at the four mines (Mine 2-5) with waste rock dump 

and analogue sites.  This suggested that sapling density was not consistent different across mines, 

landform domains (within mine) and sites (within mine and landform domain).  It indicated that overall, 

the burnt sites at Mine 4 had similar sapling densities to other mines in the same region.  Therefore, the 

fire did not have a significant impact overall on sapling density in Mine 4.  It is noted that three of the 

five burnt sites at Mine 4 had the lowest mean sapling densities recorded.  The other burnt sites had 

sapling densities similar to those at the unburnt sites.  Sapling densities within sites were very variable 

as indicated by the high variance (Figure 7.5).   

Sapling densities per species group were not significantly different for burnt and unburnt sites.  The 

main effects of mine and landform domain (within mine) on sapling density per species group were not 

significantly different (GLM, P>0.05) at Mines 2 and 4, but the main effect of Site (within mine and 

landform domain) was significant different for Acacia and Eucalyptus/Corymbia sapling densities at 

Figure 7.5 Average sapling density per hectare per site in waste rock dump, tailing dam and 

analogue sites before fire in the Pine Creek region (average ± standard error).  A: Analogue 

site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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the four mines (GLM, P<0.05).  This suggested that the sapling density per species group in Mine 4 

after the fire was comparable to other mines in the same region, but it varied between sites.  Although 

Acacia and Eucalyptus/Corymbia sapling densities showed considerable variability between transects 

within a site, some sites were significantly different, but this was not due to fire, which would have 

shown up as a significant mine effect.  As mine and landform domain were not significant, sapling 

density per species group was compared between sites.  Acacia and Eucalyptus/Corymbia sapling 

density were significantly different between sites (Kruskal-Wallis test, P<0.05) but “Other species” 

density was not significantly different.   

Table 7.3 Average sapling density per hectare per species group in waste rock dump, tailing dam and 

analogue sites before fire in the Pine Creek region (average ± standard error).  A: Analogue site, W: 

Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 

Burnt/Unburnt Mines Sites 
Acacia density 

(ha-1) 

Eucalyptus/ 

Corymbia density 

(ha-1) 

Other tree 

density (ha-1) 

Burnt sites Mine 4 

W4Ag 2833±2507 222± 222 0±0 

W4Bg 0±0 56±56 111±111 

T4Au 2833±2507 222±222 0±0 

T4Bu 0±0 56±56 111±111 

A4Au 0±0 167±96 333±0 

Unburnt sites 

Mine 2 

W2Ag 1056±294 333±333 111±56 

W2Bg 2333±1018 333±192 389±309 

A2Ag 167±96 667±585 1167±333 

Mine 3 

W3Au 722±389 2556±1891 333±192 

W3Bu 56±56 0±0 1167±631 

W3Cg 833±96 389±147 222±56 

W3Dg 2278±1082 444±222 167±96 

A3Ag 556±389 167±96 1389±709 

Mine 5 

W5Au 611±200 3167±419 111±111 

W5Bu 0±0 944±434 0±0 

T5Ag 833±96 500±167 7056±7056 

A5Au 56±56 389±242 611±444 

 

7.3.4. Seedling density and composition in burnt and unburnt areas 

Seedlings densities were variable, but overall, they were similar in the burnt sites at Mine 4 to the values 

in the unburnt sites at the other mines in the Pine Creek region.  The main effects of mine and landform 
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domain (within mine) on seedling density were not significant when the four mines with waste rock 

dump and analogue sites were compared.  However the main effect of sites within mine and landform 

domain was significant (GLM, P<0.05).  The same result was observed for the two mines (Mines 4 and 

5) when waste rock dump, tailing dam and analogue sites were compared.  Again, the main effect of 

sites (within mine and landform domain) was not significant (GLM, P<0.05).  This suggested that high 

variability in seedling density occurred between sites, but no overall differences between landform 

domains or between mines, including between the burnt Mine 4 sites and the other sites.  The fire did 

not promote the seedling establishment, 80% of burnt sites tended to have similar seedling density to 

most of the unburnt sites, except W3Dg and T5Ag sites (Figure 7.6).  This indicates that the 

establishment of tree seedlings may not even be lower after the fire. 

 

Seedling density per species group also similar in burnt and unburnt mines for Acacia and for the “Other 

species” group.  The main effects of mine and landform domain within mine on Acacia and the “Other 

species” group were not significant (GLM, P>0.05) at four mines with waste rock dump and analogue 

sites.  Acacia seedling densities were significantly different (GLM, P<0.05) between sites.  Seedling 

densities of “Other species” were not significantly different between sites (GLM, P>0.05).  As mine 

Figure 7.6 Average seedling density per hectare per site in waste rock dump, tailing dam and 

analogue sites before fire in the Pine Creek region (average ± standard error).  A: Analogue 

site, W: Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 
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was not a significant effect on Acacia and “Other species” seedling densities, then the burnt sites at 

Mine 4 were comparable to the unburnt sites.  

Eucalyptus/Corymbia seedling densities varied between mines and landform domain (within mines) 

(GLM, P<0.05), but it was similar between sites in the same mine and landform domain at four mines 

with waste rock dump and analogue sites.  Both of unburnt mines (Mine 2 and Mine 4) had consistently 

low and high  seedling densities and the burnt site of Mine 4 was generally intermediate.  

Eucalyptus/Corymbia seedling density in burnt site (T4Au) was the highest seedling density compared 

to other sites in the unburnt mines (Table 7.3).  However the other burnt tailings dam site (T4Bu) had a 

lower seedling density than the unburnt tailings dam site at Mine 5 (T5Ag).  Other sites in the burnt 

area tended to have similar Eucalyptus/Corymbia seedling density with unburnt sites.  This indicated 

that overall the recruitment of Eucalyptus/Corymbia seedlings was not affected by fire.   

Table 7.4 Average seedling density per hectare per species group in waste rock dump, tailing dam and 

analogue sites before fire at Pine Creek region (average ± standard error).  A: Analogue site, W: 

Waste rock dump, T: Tailings dam; 1-7: mines; A-D: sites; g: grazed, u: ungrazed. 

Burnt/Unburnt Mine Site 
Acacia density  

(ha-1) 

Eucalyptus/  

Corymbia density 

(ha-1) 

 Other tree 

density (ha-1) 

Burnt sites Mine 4 W4Ag 1444±1444 111±111 0±0 

W4Bg 167± 167 389± 389 0± 0 

T4Au 944±475 3556±3069 111±111 

T4Bu 667±255 278±147 56±56 

A4Au 56±56 2000±385 722±242 

Unburnt sites Mine 2 W2Ag 1722±455 389±389 333±333 

W2Bg 3389±983 111±56 1722±1722 

A2Ag 222±222 833±674 4222±2855 

Mine 3 W3Au 556±294 833±752 111±111 

W3Bu 222±147 278±278 2667±1575 

W3Cg 3833±1014 611±444 111±56 

W3Dg 10333±2167 111±56 222±147 

A3Ag 722±222 778±294 1056±401 

Mine 5 W5Au 556±389 1889±676 278±200 

W5Bu 389±56 556±242 167±96 

T5Ag 889±722 722±294 7500±7417 

A5Au 0±0 3056±278 2111±1148 
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7.4. Discussion 

Tree sustainability after a fire can become an issue in rehabilitation sites, but the effect depends on tree 

size and taxa.  Overall, up to 22% of trees died after the fire in mine rehabilitation sites, which was 

double the mortality rate on the analogue site.  The tree mortality of this study showed similar patterns 

to another study in the same region.  At Kapalga Research Station within Kakadu National Park, in fire 

regime involving late dry season fires the total live stem basal area declined substantially by 27%  

(Williams et al. 1999).  High mortality of small trees in the mine rehabilitation compared to analogue 

sites indicated fire could prevent the transition of juvenile trees to mature trees.  Bond et al. (2012) 

stated small plants are top killed by fire and become a major demographic bottleneck in the savanna of 

northern Australia.  They also found that only the fastest growing trees reach a fire proof size and make 

the transition from juvenile to mature trees.  Tree sustainability could become a serious issue in mine 

rehabilitation if fires occurred frequently.  In this case, tree death was restricted to young trees, but if 

fires were frequent, mature trees may not survive, and the tree density would decrease over time.  

Williams et al.(1999) reported that trees with large size classes (>40 cm) could also be killed by high 

intensity unplanned fires.  Even though all mine rehabilitation sites in this study were not deliberately 

burnt, unplanned fire frequently occurred in some sites such as the Pine Creek mine since this area is 

located close to the settlement.   

The resistance of trees to fire is related to tree diameter.  Guinto et al, (1999) stated tree mortality was 

both diameter-dependent and fire-related; smaller trees have a lower chance of survival than larger trees 

and frequent burning will increase tree mortality.  All the trees that were killed by fire belonged to the 

1-5 cm and 5-10 cm diameter classes in both mine rehabilitation and analogue sites.  A similar result 

has been reported by Hoffmann and Solbrig (2003) and Liedloff (2001) where stem mortality (top kill) 

significantly affected trees with stem diameters between 1.5 and 3 cm.  The current study found that 

trees with a diameter larger than 10 cm survived the fire.  Russell-Smith et al. (2001) and Williams et 

al. (1999) noted that trees with a 20-40 cm diameter will probably survive fires in this region. 
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Fire could help shift the tree composition of mine rehabilitation sites in the long term toward that of the 

analogue sites where Eucalyptus and Corymbia species are the dominant genera.  Long-term changes 

in tree composition seem likely to occur in mine rehabilitation.  The study indicated 

Eucalyptus/Corymbia was more tolerant to the fire than either the Acacia or “Other species” groups.  

Eucalyptus/Corymbia had a low proportion of mortality (less than 3%) across mine rehabilitation and 

natural woodland sites while Acacia and “Other species” group had proportion of mortality greater than 

5%.  Similarly, Eucalyptus calophylla, E. patens, E. botryiodes, and E. maculata were among the most 

fire-tolerant taxa in rehabilitated bauxite mine in Western Australia (Grant et al. 1997).  “Other species” 

could become less abundant in the long term.  Particular species in the “Other species” grouping such 

as Brachychiton diversifolius could especially be affected as it had a mortality rate of up to 11% as a 

result of the fire.  Williams et al. (1999) also reported that stems of many small, non-Eucalyptus tree 

species such as Terminalia species are killed by fire in savanna woodland.  Thus fire could have a 

significant effect killing “Other species” and could change the composition of tree species in mine 

rehabilitation areas by promoting Corymbia and Eucalyptus, and reducing other tree species.  Therefore 

the effects of fire on tree development and survival depend not only on their size, but also on their taxa 

(Liedloff and Cook 2007).  

Seedling and sapling recruitment occurred in mine rehabilitation sites following fire but was variable.  

Two of burnt rehabilitation sites had similar sapling densities to unburnt rehabilitation sites, but two 

burnt rehabilitation sites had lower sapling density than unburnt sites.  Some other studies have also 

found fire reduces saplings and juvenile trees in tropical savanna woodland in the same region (Prior et 

al. 2010; Setterfield 2002).  Unlike sapling densities, tree seedling (less than 0.5 m in height) densities 

generally had similar densities in burnt and unburnt mine rehabilitation and analogue sites.   

Variation in sapling densities across burnt sites could possibly be related to site variables.  For example 

where grass is thick, fire may reduce understorey vegetation cover and create suitable microsite 

conditions for seedlings to establish.  Fire could also break seed dormancy.  The importance of heat in 

breaking seed dormancy of Acacia and other native legumes is illustrated in many studies (Auld and 

Bradstock 1996; Bell 1994; Bell and Bellairs 1992; Enright et al. 1997; Enright and Kintrup 2001; 
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Singh A and Raizada P 2010).  Thus the heat of fire enhances seed germination of Fabaceae species.  

Fire may also facilitate tree recruitment by fire-mediated changes in resource availability as a result of 

the release of nutrients from burnt wood and litter, and reduction in evapotranspiration demands on soil 

moisture (Wellington and Noble 1985).   

Fire may reduce fuel load, support recruitment and vegetation development in mine rehabilitation.  

However, managing fire is needed to reduce its negative impacts.  Studies of the impact of fire on 

savanna vegetation indicated fire reduces fuel load and stimulates tree recruitment (Murphy et al. 2014; 

Murphy et al. 2010).  Applying prescribed fire regularly and burning early in the dry season to reduce 

intensity and fire risk could help maintain low litter cover and understorey vegetation.  Trees were 

generally robust to the fire with a grass fuel load around 2-3 tonnes ha-1 recorded in this study.  

Maintaining the fuel load to this level may reduce fire severity and maintain tree survival.  Fire may be 

applied when the most of the trees have reached a fire tolerant size.  The study indicated trees will 

survive through fire when their diameter is larger than 10 cm.  This means that the application of fire is 

not recommended in young rehabilitation.  Brady and Noske (2010) recommended excluding fire from 

mine rehabilitation until trees reach the same height as the canopy of the surrounding unmined forests, 

which based on their data could take about 30 years from establishment.  

Investigation of tree recruitment after only one fire event only gives a limited assessment of the effect 

of fire.  A long-term investigation of multiple fire events is required to investigate impacts such as fire 

frequency on tree recruitment and sustainability in mine rehabilitation. 
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Chapter 8 EVALUATION OF SUCCESS OF TREE ESTABLISHMENT 

AND TOLERANCE TO GRAZING ON GOLD MINE REHABILITATION 

IN NORTHERN TERRITORY, AUSTRALIA. 

 

8.1 Introduction 

Evaluation of ongoing tree recruitment in mine rehabilitation is important to assess tree sustainability, 

similarity to surrounding vegetation and to substantiate that the rehabilitation can tolerate grazing.  Tree 

recruitment after initial sowing of the rehabilitation areas is an indicator of whether the rehabilitating 

systems show evidence of successional change (Gould 2012) and is necessary to replace trees that have 

died.  The presence of established trees and tree recruitment in mine rehabilitation indicates the soil 

condition has been stable and that basic ecosystem function has been restored (Corbett 1999).  The 

similarity of tree condition and other parameters in mine rehabilitation to surrounding vegetation 

provides evidence of development toward the natural forest.  The tree condition of mine rehabilitation 

should also be considered similar to the surrounding area when it has similar responses to disturbances 

such as grazing and fire.  It needs to be substantiated that rehabilitation sites can tolerate grazing and 

fire without degrading the rehabilitated or surrounding landscape.  Thus, assessment of tree recruitment 

and establishment as well as resilience of the trees to grazing and fire is an essential part of mine 

rehabilitation evaluation.  

There are several novel features of this study.  First, it investigates impact of grazing and fire on 

vegetation in gold mine rehabilitation in minesites in the monsoonal tropics.  In tropical Australia, the 

only study of gold mine rehabilitation where the end land use of cattle grazing was evaluated was at the 

Kidston gold mine.  The impact of fire was not investigated at that site.  Plant species composition, 

cover and density, soil microbial and invertebrate activities (Gilbert 2000; Mulligan et al. 2006), tree 

litter decomposition in relation to nutrient cycling and grass cover (Grigg 2001; Grigg 2002), long-term 

changes in vegetation cover (Bao, Lechner, Fletcher, et al. 2014; Bao, Lechner, Johansen, et al. 2014), 

metal uptake by cattle grazing (Bruce et al. 2003) and ecosystem development (Roseby et al. 1998) 

were studied at the Kidston gold mine.  A second novel feature is that this study has been carried out 
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across seven mines in a roughly north to south transect from just south of Darwin to Katherine in the 

Northern Territory.  It provided a broad overview of gold mine rehabilitation condition after 12 years 

of rehabilitation within a range of climate conditions.  This study provides a larger scale of study 

compared to other studies such as Gillespie and Mulligan (2003), Gould (2011a, 2012) and Grant and 

Loneragan (1999).  Those studies are mostly in one mine site.  Third, this study investigated the 

subsequent tree recruitment 9 - 12 years after initial rehabilitation.  Subsequent tree recruitment after 

initial tree establishment is often missing in tree assessment studies in mine rehabilitation.  Subsequent 

tree recruitment is important as a sign of tree regeneration and for tree sustainability in mine 

rehabilitation.  Many vegetation studies have focused on initial tree establishment in mine rehabilitation 

(Gould 2012; Grant 2006; Herath et al. 2009; Meek 2009) while assessment of subsequent tree seedling 

establishment is limited.  It is necessary to investigate subsequent tree recruitment and factors affecting 

seedling establishment to ensure tree sustainability in mine rehabilitation.  

This thesis presents the condition of trees after 9 - 12 years of rehabilitation in gold mines in the 

monsoonal tropical savanna in the Northern Territory, Australia, in relation to cattle grazing and fire.  

The rehabilitation outlook appeared promising as adequate established trees, species richness and 

subsequent tree recruitment occurred across the majority of rehabilitated sites after 9 - 12 years of 

rehabilitation.  However, some established tree and tree recruitment parameters are still not similar to 

the natural woodland sites.  Grazing and fire affected tree recruitment and established trees in mine 

rehabilitation.  Grazing of mine rehabilitation benefited tree recruitment but had negative impacts on 

established trees.  Fire in mine rehabilitation killed small trees but tree recruitment occurred after the 

fire and was similar to tree recruitment in unburnt rehabilitation sites.  Assessment of established tree 

and tree recruitment indicates vegetation development is sustainable, but tree composition is not similar 

and unlikely to be on an appropriate trajectory to become similar.  There was considerable variability 

among rehabilitation sites, including variation between sites within mines and between mines, in respect 

to soil types, topography, understorey vegetation, soil surface cover and climate.  This affected 

composition, species richness and density of established trees and tree recruitment.  
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This chapter provides a synthesis of the findings of the study in evaluating the success of tree 

establishment and tolerance to grazing of gold mine rehabilitation in the Northern Territory, Australia.  

This synthesis provides the findings of the study in the light of the broader aims and it discusses the 

implications of the research for theory and practise.  Finally, recommendations for management of gold 

mine rehabilitation and for further research are presented.  

8.2 Established trees and tree recruitment in rehabilitation. 

Recruitment was generally successful in that adequate established tree and tree recruitment occurred 

across the majority of rehabilitated sites after 9 - 12 years of rehabilitation.  Density of established trees 

in mine rehabilitation was comparable to the tree density of natural woodland.  The tree structure of 

mine rehabilitation had the largest proportion of trees fall into the diameter class “less than 10 cm”.  

This indicates that the trees in mine rehabilitation are still in the development stage, and considerable 

growth is yet to occur before the trees reach the range of diameter classes found in the natural woodland 

communities.  The tree density and structure of established trees across the sites in this study showed a 

similar trend to other studies in the Northern Territory at Weipa bauxite mine (Gould 2012) and 

manganese mining in Groote Eylandt, (Meek 2009) for similar rehabilitation ages.  This suggested that 

the established tree condition in gold mine rehabilitation was reasonable in terms of density and 

structure.  Assessment of tree density and structure is one of four generic vegetation attributes suggested 

for assessment of mine rehabilitation by the Australian Commonwealth Government (Department of 

Environment and Heritage Protection 2014).  Initial establishment of trees can be used to interpret the 

early signs of rehabilitation success or failure and so recording this is is desirable for management 

(Ludwig et al. 2003).  

Tree recruitment also occurs in most of the rehabilitated sites.  This indicated tree regeneration was 

taking place and that the trees would replace themselves in the future.  Replacement of dead trees thrugh 

seedling recruitment is not only crucial for tree sustainability but also for landscape stability and 

ecosystem function.  Seedling stage is the critical phase of the life of the plant (Hanley et al. 2004), thus 

monitoring tree recruitment in mine rehabilitation is important to assess future ecosystem stability and 
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dynamics.  Tree recruitment was less successful at some rehabilitated sites.  For example, trees and tree 

recruitment were still absent from one site.  A few rehabilitation sites had lower tree densities than the 

lowest density recorded for any of the natural woodland sites.  

Species richness of trees in mine rehabilitation was not yet comparable to the natural woodland.  The 

rehabilitation sites had more Acacia species and fewer Eucalyptus/Corymbia and “Other species” 

compared to natural woodland.  Nine species of Acacia, six species of Eucalyptus/Corymbia and nine 

species of other genera occurred only in mine rehabilitation.  For example, Ficus and Melaleuca species 

were only recorded in the mine rehabilitation sites.  A dominance of Acacia has also been found at other 

mine rehabilitation areas, for example at Eneabba Acacia blakelyi was among the top three dominant 

species in the rehabilitaiton but not in native vegetation (Herath et al. 2009).  It is crucial to have species 

richness of mine rehabilitation equivalent to the natural woodland because it determines future 

vegetation structure and the achievement of a self-sustaining eucalypt-dominated ecosystem (Grant 

2006).  The number of tree species in mine rehabilitation may depend on a number of species richness 

in seed mix in the initial rehabilitation.  Some tree species exclusively occur in mine rehabilitation sites 

indicating establishment of some species in the rehabilitation relied on species in the seed mix during 

initial rehabilitation.  For example, the species composition of established trees at the Union Reefs mine 

depict tree species in seed mix during initial rehabilitation.  Species richness of mine rehabilitation sites 

can be limited to the species that are sown during initial rehabilitation and sometimes strongly reflects 

the initial species mix (Norman et al. 2006).   

Acacia species were dominant in most of the rehabilitation sites.  Eucalyptus/Corymbia species have 

established in almost all of the mine rehabilitation sites but are not dominant.  Acacia species could 

continue to be the dominant tree in the long term on those sites.  The abundance of Acacia species in 

mine rehabilitation is due to its ability to survive and adapt to a broad range of soil types and annual 

rainfall, and tolerance to droughts, water logging, low nutrient soils and highly saline and alkaline soils 

(Al-Mefarrej 2006).  A high proportion of Acacia in the seed mix during initial rehabilitation can also 

cause Acacia to dominate rehabilitated sites (Appendix 1).  Mine rehabilitation sites with an abundance 
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of Acacia species can be categorised as poorly rehabilitated (Ludwig et al. 2003) and vulnerable to 

disturbance such as fire since most Acacia are easily killed by fires (Fawcett 1995). 

The dominance of Acacia, Corymbia and Eucalyptus may be hindering the establishment of other 

genera in rehabilitation sites.  Thus, tree composition of mine rehabilitation sites may not change to the 

composition of natural woodland.  Koch (2007) stated it was difficult to change vegetation composition 

in restored areas once it becomes established.  This study finding is not surprising, as numerous field 

studies have previously found rehabilitated sites do not have structural and compositional characteristics 

equivalent to natural woodland (Gould 2012; Grant and Norman 2006; Koch and Hobbs 2007; Morrison 

et al. 2005; Norman et al. 2006).  Species composition is regarded as an important indicator of 

ecological and management process.  Differences in species composition and associated functional 

characteristics are likely to have implications for ecosystem function and resilience (Chambers et al. 

1994; Gould 2011b). 

8.3 Factors affecting established tree and tree recruitment in mine rehabilitation 

Microsite conditions affected tree recruitment in mine rehabilitation and were correlated with 

established tree parameters.  Most of the microsite conditions were similar between mine rehabilitation 

and natural woodland.  The study indicated understorey vegetation (exotic grass cover and biomass), 

litter cover and thickness, soil nutrients, grazing and fire all differed depending on densities of 

established trees and tree recruitment.  This finding is consistent with other studies in secondary forest 

and woodland where understorey vegetation, litter, soil disturbance and soil nutrients affect tree 

recruitment (Bailey et al. 2012; Bentos et al. 2013; Dalling and Hubbell 2002; Doust et al. 2006; Dupuy 

and Chazdon 2008).  

Exotic grass cover and biomass tended to be higher in mine rehabilitation than natural woodland.  This 

occurred due to some of the mine rehabilitation sites having been sown with exotic grass during initial 

rehabilitation.  Establishment of exotic grass comes with some consequences.  The presence of exotic 

grass, including gamba grass, increases fuel load due to high biomass and the increased fire risk can 

have a negative impact on established trees and on ongoing tree recruitment.  At Nabarlek Uranium 
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Mine rehabilitation sites, the exotic grass biomass is 5.5 times more than native grass biomass on 

reference sites, and fire became a problem (Bayliss et al. 2006).  Thus, high grass biomass as 

understorey vegetation may increase fire risk.  Werner (2012) reported that late fire season with 

Sorghum as understorey vegetation killed the number juvenile trees (50-149 cm height) up to 60-100%.  

Similarly exotic grasses of higher biomass also could prevent tree recruitment.  The establishment of 

small-seeded early succession species can be significantly negatively affected by the growth of the grass 

weeds (Doust et al. 2008).  Competition for resources between exotic grasses and established tree and 

tree seedlings might slow tree growth (Society for Ecological Restoration 2004).  Exotic grasses tend 

to have higher cover and biomass (Parr et al. 2010; Rossiter-Rachor et al. 2008; Rossiter et al. 2003).  

Plant species, such as exotic grasses that pose an ecological threat to the landscape should be controlled 

or extirpated (Society for Ecological Restoration 2004). 

Soil factors such as phosphorous, aluminium, sulphur and soil electric conductivity were higher in gold 

mine rehabilitation than natural woodland and could affect seedling growth.  Madsen and Mulligan 

(2006) reported low levels of salt (100 mM NaCl) were enough to decrease the growth rate and 

percentage emergence of Eucalyptus citriodora, E. camaldulensis and E. populnea in mine spoils. 

Litter cover and thickness could become an issue that affects tree recruitment in mine rehabilitation, as 

20% of rehabilitation sites had higher litter thickness than analogue sites.  Smith et al., (2004) reported 

that accumulation of litter increased from 15 t ha-1 at five years old rehabilitation to 29.8 t ha-1 in bauxite 

mine rehabilitation.  Accumulation of litter also could prevent seedling emergence as indicated from 

the study that litter thickness more than 609 g m-2 can hinder seedling emergence of Acacia and 

Corymbia (Saragih and Bellairs 2015).  Litter can also act as a light filter that could affect germination 

of light-sensitive seeds (Scariot 2000).  Without management intervention, accumulation of litter may 

increase over time in mine rehabilitation.  However the presence of some litter may enhance 

establishment as it as it can increase surface soil water availability and protect seedlings from seed-

eating fauna (Cintra 1997). 
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Cattle grazing affected established trees and tree recruitment in gold mine rehabilitation.  Cattle reduced 

tree density in mine rehabilitation.  Direct comparison between grazed and ungrazed sites showed tree 

density was significantly higher in ungrazed than grazed site.  The trend also shows grazed waste rock 

dump sites tended to have lower tree density than ungrazed sites.  In the grazed waste rock dumps sites 

only one of eight sites had a tree density exceeding 500 trees ha-1 whereas five of seven ungrazed sites 

had a tree density exceeding 500 trees ha-1.  Cattle grazing also benefits tree recruitment as the tree 

seedling density in grazed sites was significantly higher than ungrazed sites.  Other studies in grassland 

and woodland have found that cattle grazing can have either positive or negative impacts on tree growth 

and recruitment.  Grazing and browsing on grass and other understorey vegetation can decrease 

competition for resources (Grellier et al. 2012) and benefit tree growth.  Cattle contribute to soil 

fertiliser through dung deposition.  A study on the impact of feral water buffalo on growth and survival 

of mature trees in Kakadu National Park found buffalo provide a fertilisation effect that increased the 

growth of Eucalyptus miniata and Eucalyptus tetrodonta (Werner 2005).  The study showed that the 

number of tree seedlings was significantly  higher in grazed sites than ungrazed sites.  This could be as 

a result of indirect effects of cattle grazing such as defoliation of understorey (Kraaij and Ward 2006), 

which reduces cover and biomass, therefore, decreasing plant competition for light, water and nutrients 

(Janzen 1984).  These modified soil surface conditions enhance the emergence, survival and early 

growth of seedlings (Grellier et al. 2012).  Microsites for recruitment are increased in the presence of 

cattle as cattle reduce understorey biomass and increase the proportion of bare soil, therefore, increasing 

rates of emergence (Goheen et al. 2010).  The presence of cattle can also suppress the populations of 

seed predators (such as rodents and insects) through modification of understorey vegetation and 

reducing suitability of seed predator habitat, thus increasing seedling establishment (Goheen et al. 2004; 

2010; Støen et al. 2012). 

Negative consequences of cattle grazing activities are due to direct and indirect impacts.  Direct impacts 

of cattle grazing on tree growth are through browsing on tree foliage and chewing the bark of trees that 

could kill trees in extreme cases.  A study in dry tropical woodland indicates cattle grazing reduced the 

relative abundance and density of larger tree species (Stern et al. 2002).  Trampling and grazing could 
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also have a negative effect on seedling growth and survival (Bassett et al. 2005, Harvey and Haber 

1999).  For example, Asterolasia and Grevillea establishment and development are negatively affected 

by cattle grazing (Williams and Ashton 1987).  Indirect impacts of cattle grazing on tree growth can be 

through trampling that causes soil compaction.  Increasing soil compaction could decrease established 

tree and tree seedling growth due to reducing macro soil pores (Greenwood, and McKenzie, 2001) that 

affect root penetration.  

Fire is a common disturbance that affects established trees and tree recruitment in mine rehabilitation.  

In this study, fire reduced the number of established trees by up to 12% in the burnt mine rehabilitation 

sites.  Small trees with a diameter less than 3 cm were mostly killed by fire (Chapter 7).  Williams et 

al. (1999) reported a similar result where stem survival following fire was least in the small (<10 cm 

DBH) trees in tropical savanna of Kakadu National Park, Northern Australia.  The small juvenile trees 

most strongly experience the impact of fire because their entire above ground biomass is within the 

flame zone (Lawes et al. 2011).  Fire also has been reported to reduce tree growth by 24% with 1.0 fire 

year-1, relative to unburnt sites (Murphy et al. 2010).  Fire is likely to decrease soil nutrients (especially 

N) in the long term (Rossiter-Rachor et al. 2008), affecting both established trees and tree seedling 

growth.  Fire also prevents the transition of juvenile trees into mature trees (Midgley et al. 2010; Murphy 

et al. 2010).  Small saplings (150-299 cm height) were reduced to juveniles’s height (50-149 cm) and 

did not recover to pre-fire height but produced many basal stems after a late dry season fire (Werner 

2012).  Fire also kills tree seedlings with height less than 50 cm (pers observation) and decreases seed 

production (Setterfield 1997) that would affect tree recruitment.  However, fire could facilitate seed 

germination in mine rehabilitation through the breaking seed dormancy of hard seeded species (Smith 

et al. 2004) and fire provides suitable microsite conditions by consuming understorey vegetation and 

litter.  Schelin et al. (2004) stated fire benefits Acacia seeds as it plays a key role in triggering 

germination of Acacia macrostachya seeds.  They found the seeds of Acacia macrostachya that were 

exposed to dry heat treatment germinated up to 94% with 70oC for 15 minutes, whereas seeds can 

germinate up 55% with the same temperature for 60 minutes dry heating.  Negative impacts of fire can 

be minimised through prescribed fire in mine rehabilitation.  Carefully planned fires could be a potential 
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tool to manage fuel load (Cook 2012) that benefits established trees and tree recruitment and controls 

population structure of dominant tree species (Lehmann et al. 2009).  

8.4 Implications of studies for rehabilitation success 

Tree recruitment is a useful indicator of tree rehabilitation success.  Tree seedling density responds 

sensitively to stress in robust and predictable ways over time.  Numerous other studies have also shown 

that tree parameters such as species richness, plant species composition and density are useful indicators 

of rehabilitation success (Bowen 2001; Gould 2012; Gravina et al. 2011; Herath et al. 2009; Koch and 

Hobbs 2007; Meek 2009; Midgley et al. 2010; Norman. et al. 2006; Ruiz-Jaén and Aide 2005; Wortley 

et al. 2013).  Ruiz-Jaén and Aide (2005) reported that 79% of studies used plant attributes such as plant 

cover, density, biomass and height as the most common measurement to assess recovery of vegetation 

structure or diversity after restoration.  Thus, the success of tree establishment is the most common 

indicator of rehabilitation success.  Monitoring of vegetation characteristics of rehabilitation is 

generally a legal requirement and it is assumed that the recovery of fauna and the ecological process 

will follow the establishment of vegetation (Ruiz-Jaén and Aide 2005). 

Even though twelve years of rehabilitation is still a short period to indicate truly successful 

rehabilitation; the tree assessment can be a useful indicator of whether the rehabilitating system shows 

evidence of development toward the target natural vegetation community.  Elliott et al. (1996) 

categorised 9-12 years old rehabilitation as mid development stages and Meek (2009) called it as 

intermediate development stage.  In this stage, the resilience of vegetation to disturbance (fire), tree 

growth, survival and vegetation development can be assessed.  The ability to interpret the early signs 

of rehabilitation success or failure through tree establishment is desirable for management (Ludwig et 

al. 2003).  The land manager has the opportunity to refine completion criteria based on the intermediate 

vegetation development.  Understanding the factors that affect tree condition in mine rehabilitation 

areas will help the land manager to make decisions about what treatments are needed to improve 

rehabilitation condition and accelerate desirable successional changes and avoid or rectify undesirable 

vegetation development.  Timely identification of a deviation in early rehabilitation can enable the land 
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manager to develop rehabilitation techniques and save time and money in re-doing and re-treating 

rehabilitation (Meek 2009). 

8.5 Limitation of the study 

A limitation of the study is the lack of information on the history of the mining and rehabilitation 

process.  For example, there is no information on the seed mix applied during initial rehabilitation for 

any of the mines except for Union Reefs and Brock Creek mines.  Thus, this study was not able to 

investigate which tree species established from the applied seed mix and which species were introduced 

to the site through dispersal.  This is likely to be an industry wide issues due to the frequent turnover of 

ownership and lack of consistent record-keeping among mine owners.  

8.6 Recommendations for management and research 

Recommendations will focus on manipulation of vegetation, microsite management, management of 

disturbance by fire and grazing, monitoring and further research.  Manipulation of vegetation should 

focus on seed supply, microsites to promote seedling recruitment and address competition between taxa.  

Management of fire and grazing disturbances is needed to address weed competition with tree seedlings 

and mortality of saplings.  Continued monitoring is needed to assess the trajectory of vegetation 

development.  

Land and vegetation interventions are needed to solve the vegetation composition issue with Acacia 

dominance in mine rehabilitation.  The Acacia species will remain dominant in the long term in mine 

rehabilitation due to high Acacia density and recruitment.  Vegetation and land management that 

benefits Eucalyptus/Corymbia and particularly genera of “Other species” is needed.  This can be done 

through manipulation of vegetation composition and modification of microsite conditions.  First, 

adjusting the composition of seed mix during the initial rehabilitation could be an alternative solution.  

There may be excessive Acacia seeds in the seed mix or a lack of seed supply of other species.  

Secondly, “Other species” specifically resistant to fire may be included in seed mix during initial 

rehabilitation.  Thirdly, dominant Acacia species with excessive seed production can be excluded from 
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seed mix during initial rehabilitation.  Acacia species with a short life and a low seed production may 

become primary species that are sown during initial rehabilitation to allow the establishment of 

Eucalyptus/Corymbia and “Other species”.  Fourth, manipulation of prescribed fire may also reduce 

Acacia density in mine rehabilitation since Acacia species is more vulnerable to fire than 

Eucalyptus/Corymbia.  Fifth, manipulation of microsite conditions so that they are similar to the natural 

woodland may benefit Eucalyptus/Corymbia and “Other species” recruitment.  Sixth, increasing “Other 

species” in mine rehabilitation could be done through follow-up plantings.  Grant and Norman (2006) 

reported that planting in 10- to 13-year-old rehabilitated sites in the jarrah forest following thinning and 

burning operations was successful and may be used to increase the species richness of rehabilitation 

sites.  Further research to identify limiting factors affecting tree recruitment in mine rehabilitation is 

needed.  Sowing native grass as understorey may reduce competition and allow subsequent tree 

recruitment to occur after initial rehabilitation.  Effective establishment of native grasses may reduce 

invasion of exotic grasses in mine rehabilitation.  The above recommendations should decrease the 

potential risk that trees are not being replaced in the future and ensure tree sustainability in mine 

rehabilitation.  

Applying fire and grazing as a part of land and vegetation management is required to support tree 

establishment in mine rehabilitation.  Fire management intervention is required to control negative fire 

impacts on tree recruitment.  For example, application of fire may be needed when litter thickness is 

above 609 g m-2 to reduce litter fuel load and benefit seed germination.  In addition, fire should be 

applied when the most of trees in the mine rehabilitation sites have a diameter larger than 3 cm.  This 

study indicated trees with diameter larger than 3 cm survived fire.  Cattle grazing at low carrying 

capacity and over the long term may be useful as a management tool in mine rehabilitation to control 

grasses.  This recommendation is in line with studies by Bisrat (2001) and Byrne (2005) who found that 

a low carrying capacity (< 3 ha head-1) is a suitable stocking rate in rehabilitated open-cut coal mines 

in Queensland.  High carrying capacity, short-term grazing could also assist in controlling weeds such 

as gamba grass in mine rehabilitation.  A long-term study on the impact of cattle grazing on vegetation 

and land sustainability is needed to evaluate positive and negative impacts of cattle grazing in mine 
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rehabilitation in the long term. Bisrat (2001) suggested that 4 to 5 year period of grazing was needed to 

validate grazing trials.  

It is essential for a mining company to have complete documentation about the history of mining and 

rehabilitation.  This information helps explain what had been done in the past that could affect current 

rehabilitation success.  That information can become preliminary data that helps re-work and improve 

rehabilitation condition.  

Continued monitoring and analysis of rehabilitated sites with time is recommended.  This will 

contribute to determine the rate at which gold mine rehabilitation areas are progressing towards or 

deviating from the desired post-mine land use.  Long-term monitoring is crucial to determine whether 

the established vegetation communities are developing in a positive direction (Mulligan et al. 2006).  

Comparisons between gold mine rehabilitation and natural woodland areas will highlight where 

deficiencies are evident and allow for management inputs where required.  Long-term monitoring of 

both rehabilitated sites and identified reference areas can facilitate an assessment of the agro-ecological 

development of the rehabilitation over time and provide data to help determine the success and 

sustainability of the rehabilitated communities (Vickers et al. 2012).  

Further study is needed to explain factors that affect vegetation development in mine rehabilitation.  A 

range of geographic, climatic, and soil settings, as well as the age of rehabilitation, might affect 

vegetation establishment and development across mine rehabilitation and unmined sites.  Manipulations 

to improve species composition and soil conditions during initial rehabilitation may have a significant 

impact on rehabilitation in the long term.  Studies on seed production, seed dispersal and seed predators 

are needed to identify factors that cause low tree recruitment in mine rehabilitation.  As cattle graze 

freely across gold mine rehabilitation, a study on stocking rates is necessary to identify sustainable 

stocking rates in the long term.  Studies on metal uptake by grass and cattle are also important to evaluate 

the impact of metal uptake on cattle grazing.  More study of prescribed fire is also required to understand 

the role of fire in maintaining vegetation sustainability in mine rehabilitation.  Management and 
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monitoring of rehabilitation need to be on-going to evaluate rehabilitation progress and to improve 

rehabilitation to achieve rehabilitation goals.  
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Appendices 

Appendix 1. List of species and composition of the seed mix during initial rehabilitation in 

Union Reefs and Brocks Creek mine sites. 

Union Reefs mine  

Tailing dam wet area,  rehabilitated 2002/2003, 25 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 1.75 Eucalyptus alba 0.5 Alphitonia excelsa 1 

Acacia dimidata 1.5 Eucalyptus apodophylla 1 Brachychiton megaphyllum 1 

Acacia gonocarpa 0.25 Eucalyptus bigalerita 2 Cochlospernum fraseri 2 

Acacia hammondii 1 Eucalyptus bleeseri 2 Erythrophloem chlorostachys 1 

Acacia hemignosta 2 Eucalyptus clavigera 1 Grevillea pteridifolia 2 

Acacia latescens 1.5 Eucalyptus confertiflora 2.5 Livistona humilis 1 

Acacia oncinocarpa 2.25 
Eucalyptus 

dichromophloia 
2.5 Melaleuca viridiflora 2 

Acacia platycarpa 2 Eucalyptus ferruginea 3 Melaleucca cajuputi 2 

Acacia plectocarpa 1 Eucalyptus herbertiana 0.5 Melaleucca leucadendra 1 

Acacia umbellata 0.25 Eucalyptus latifolia 0.5 Pandanus spiralis 0 

    Eucalyptus miniata 2 Petalostigma pubescens 1 

    Eucalyptus papuana 2 Sesbania formosa 0.5 

    Eucalyptus phoenicia 2 Terminalia ferdinandiana 1 

    Eucalyptus polycarpa 2.5 Terminalia platyphylla 1 

    Eucalyptus porrecta 2.5 Terminalia pterocarya 1 

    Eucalyptus ptychocarpa 2 Terninalia carpentariae 1 

    Eucalyptus tectifica 0     

    Eucalyptus tetradonta 2     
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    Eucalyptus tintinans 0.5     

  



249 

 

Tailing dam, dry area, rehabilitated 2002/2003, 56 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 4 Eucalyptus bleeseri 7 Alphitonia excelsa 3.5 

Acacia dimidata 3 Eucalyptus clavigera 2 Brachychiton megaphyllum 2.5 

Acacia gonocarpa 1 Eucalyptus confertiflora 3 Calytrix exstipulata 1 

Acacia hammondii 3 
Eucalyptus 

dichromophloia 
7.5 Cochlospernum fraseri 3.5 

Acacia hemignosta 6.5 Eucalyptus foelscheana 1 Erythrophloem chlorostachys 3.5 

Acacia latescens 6 Eucalyptus ferruginea 7 Grevillea decurrens 1 

Acacia oncinocarpa 3 Eucalyptus herbertiana 2 Grevillea mimisoides 2 

Acacia plectocarpa 2 Eucalyptus latifolia 1 Grevillea refracta 3 

Acacia platycarpa 5 Eucalyptus miniata 6 Grevillea pteridifolia 3 

Acacia umbellata 1 Eucalyptus phoenicia 4 Hakea arborescens 1 

    Eucalyptus polycarpa 7 Livistona humilis 4 

    Eucalyptus porrecta 3 Petalostigma pubescens 3.5 

    Eucalyptus tectifica 0 Terninalia carpentariae 4 

    Eucalyptus tetradonta 6.5 Terminalia ferdinandiana 4 

    Eucalyptus tintinans 2 Terminalia pterocarya 4 

        Terminalia platyptera 2 

        Terminalia platyphylla 3 

Waste rock dump  

West waster rock dump (top part), rehabilitated 2002 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 1.75 Eucalyptus bleeseri 3 Alphitonia excelsa 0.75 

Acacia dimidata 0.75 Eucalyptus clavigera 0.75 Brachychiton megaphyllum 0.75 

Acacia gonocarpa 0.25 Eucalyptus confertiflora 0.75 Calytris exstipulata 2 

Acacia hammondii 1.5 
Eucalyptus 

dichromophloia 
3.25 Cochlospernum fraseri 2 

Acacia hemignosta 2.5 Eucalyptus foelscheana 0.5 Erythrophloem chlorostachys 1.25 

Acacia latescens 1.5 Eucalyptus ferruginea 2 Grevillea decurrens 0.25 

Acacia oncinocarpa 1 Eucalyptus herbertiana 0.25 Grevillea mimisoides 0.5 

Acacia plectocarpa 0.5 Eucalyptus latifolia 0.25 Grevillea refracta 2 

Acacia platycarpa 1.5 Eucalyptus miniata 2.5 Grevillea pteridifolia 1 

Acacia umbellate    0.25 Eucalyptus phoenicia 2.25 Hakea arborescens 0.25 

    Eucalyptus polycarpa 2.5 Livistona humilis 1 

    Eucalyptus porrecta 0 Petalostigma pubescens 1.5 

    Eucalyptus tectifica 0 Terninalia carpentariae 1.5 

    Eucalyptus tetradonta 3 Terminalia ferdinandiana 1.25 

    Eucalyptus tintinans 0.75 Terminalia pterocarya 1.25 
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East Waste rock dump, rehabilitated 2002 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 1.3125 Eucalyptus bleeseri 2.25 Alphitonia excelsa 0.5625 

Acacia dimidata 0.5625 Eucalyptus clavigera 0.5625 Brachychiton megaphyllum 0.5625 

Acacia gonocarpa 0.1875 Eucalyptus confertiflora 0.5625 Calytris exstipulata 1.5 

Acacia hammondii 1.125 
Eucalyptus 

dichromophloia 
2.4375 Cochlospernum fraseri 1.5 

Acacia hemignosta 1.875 Eucalyptus foelscheana 0.375 Erythrophloem chlorostachys 0.9375 

Acacia latescens 1.125 Eucalyptus ferruginea 1.5 Grevillea decurrens 0.1875 

Acacia oncinocarpa 0.75 Eucalyptus herbertiana 0.1875 Grevillea mimisoides 0.375 

Acacia plectocarpa 0.375 Eucalyptus latifolia 0.1875 Grevillea refracta 1.5 

Acacia platycarpa 1.125 Eucalyptus miniata 1.875 Grevillea pteridifolia 0.75 

Acacia umbellata 0.1875 Eucalyptus phoenicia 1.6875 Hakea arborescens 0.1875 

    Eucalyptus polycarpa 1.875 Livistona humilis 0.75 

    Eucalyptus porrecta 0 Petalostigma pubescens 1.125 

    Eucalyptus tectifica 0 Terninalia carpentariae 1.125 

    Eucalyptus tetradonta 2.25 Terminalia ferdinandiana 0.9375 

    Eucalyptus tintinans 0.5625 Terminalia pterocarya 0.9375 

North Waste rock dump, rehabilitated 2002 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.875 Eucalyptus bleeseri 1.5 Alphitonia excelsa 0.375 

Acacia dimidata 0.375 Eucalyptus clavigera 0.375 Brachychiton megaphyllum 0.375 

Acacia gonocarpa 0.125 Eucalyptus confertiflora 0.375 Calytris exstipulata 1 

Acacia hammondii 0.75 
Eucalyptus 

dichromophloia 
1.625 Cochlospernum fraseri 1 

Acacia hemignosta 1.25 Eucalyptus foelscheana 0.25 Erythrophloem chlorostachys 0.625 

Acacia latescens 0.75 Eucalyptus ferruginea 1 Grevillea decurrens 0.125 

Acacia oncinocarpa 0.5 Eucalyptus herbertiana 0.125 Grevillea mimisoides 0.25 

Acacia plectocarpa 0.25 Eucalyptus latifolia 0.125 Grevillea refracta 1 

Acacia platycarpa 0.75 Eucalyptus miniata 1.25 Grevillea pteridifolia 0.5 

Acacia umbellata 0.125 Eucalyptus phoenicia 1.125 Hakea arborescens 0.125 

    Eucalyptus polycarpa 1.25 Livistona humilis 0.5 

    Eucalyptus porrecta 0 Petalostigma pubescens 0.75 

    Eucalyptus tectifica 0 Terninalia carpentariae 0.75 

    Eucalyptus tetradonta 1.5 Terminalia ferdinandiana 0.625 

    Eucalyptus tintinans 0.375 Terminalia pterocarya 0.625 
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Office Waste rock dump rehabilitated 2002 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 2.1875 Eucalyptus bleeseri 3.75 Alphitonia excelsa 0.9375 

Acacia dimidata 0.9375 Eucalyptus clavigera 0.9375 Brachychiton megaphyllum 0.9375 

Acacia gonocarpa 0.3125 Eucalyptus confertiflora 0.9375 Calytris exstipulata 2.5 

Acacia hammondii 1.875 
Eucalyptus 

dichromophloia 
4.0625 Cochlospernum fraseri 2.5 

Acacia hemignosta 3.125 Eucalyptus foelscheana 0.625 Erythrophloem chlorostachys 1.5625 

Acacia latescens 1.875 Eucalyptus ferruginea 2.5 Grevillea decurrens 0.3125 

Acacia oncinocarpa 1.25 Eucalyptus herbertiana 0.3125 Grevillea mimisoides 0.625 

Acacia plectocarpa 0.625 Eucalyptus latifolia 0.3125 Grevillea refracta 2.5 

Acacia platycarpa 1.875 Eucalyptus miniata 3.125 Grevillea pteridifolia 1.25 

Acacia umbellata 0.3125 Eucalyptus phoenicia 2.8125 Hakea arborescens 0.3125 

    Eucalyptus polycarpa 3.125 Livistona humilis 1.25 

    Eucalyptus porrecta 0 Petalostigma pubescens 1.875 

    Eucalyptus tectifica 0 Terninalia carpentariae 1.875 

    Eucalyptus tetradonta 3.75 Terminalia ferdinandiana 1.5625 

    Eucalyptus tintinans 0.9375 Terminalia pterocarya 1.5625 

Dam A, rehabilitated 2002/2003, 4 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.875 Eucalyptus bleeseri 1.5 Alphitonia excelsa 0.375 

Acacia dimidata 0.375 Eucalyptus clavigera 0.375 Brachychiton megaphyllum 0.375 

Acacia gonocarpa 0.125 Eucalyptus confertiflora 0.375 Calytris exstipulata 1 

Acacia hammondii 0.75 
Eucalyptus 

dichromophloia 
1.625 Cochlospernum fraseri 1 

Acacia hemignosta 1.25 Eucalyptus foelscheana 0.25 Erythrophloem chlorostachys 0.625 

Acacia latescens 0.75 Eucalyptus ferruginea 1 Grevillea decurrens 0.125 

Acacia oncinocarpa 0.5 Eucalyptus herbertiana 0.125 Grevillea mimisoides 0.25 

Acacia plectocarpa 0.25 Eucalyptus latifolia 0.125 Grevillea refracta 1 

Acacia platycarpa 0.75 Eucalyptus miniata 1.25 Grevillea pteridifolia 0.5 

Acacia umbellata 0.125 Eucalyptus phoenicia 1.125 Hakea arborescens 0.125 

    Eucalyptus polycarpa 1.25 Livistona humilis 0.5 

    Eucalyptus porrecta 0 Petalostigma pubescens 0.75 

    Eucalyptus tectifica 0 Terninalia carpentariae 0.75 

    Eucalyptus tetradonta 1.5 Terminalia ferdinandiana 0.625 

    Eucalyptus tintinans 0.375 Terminalia pterocarya 0.625 
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Dam A, rehabilitated 2003/2004, 4 ha 

Acacia kg Eucalyptus/Corymbia kg other genera kg 

Acacia aulacocarpa 1 Eucalyptus alba 0.5 Melaleuca argentea 0.5 

Acacia auriculiformis 1 Eucalyptus apodophylla 0.5 Melaleuca cajeputi 0.25 

    Eucalyptus bigalerita 0.5 Melaleuca viridiflora 0.75 

    Eucalyptus grandifolia 0.5     

    Eucalyptus papuana 1     

    Eucalyptus polycarpa 1.5     

    Eucalyptus ptychocarpa 0.5     

            

East-west waste rock dump rehabilitated 1999/2000 

Acacia kg Eucalyptus/Corymbia kg other genera kg 

Acacia difficilis 1 Eucalyptus bleeseri 0.7 Alphitonia excelsa 0.25 

Acacia hemignosta 1 
Eucalypus 

dichromophloia 
0.7 Brachychiton megaphyllus 1 

Acacia platycarpa 1 Eucalyptus miniata 0.7 Cochlospermum fraseri 1 

    Eucalyptus herbertiana 0.25 Grevillea pteridifolia 0.5 

    Eucalyptus phoenicea 0.7 Terminalia ferdinandiana 0.5 

    Eucalyptus tectifica 0.7     

            

Trop Finger waste rock dump, rehabilitated 2003/2004,  3 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia aulacocarpa 1 Eucalyptus alba 0.2 Melaleuca argentea 0.5 

Acacia auriculiformis 1 Eucalyptus apodophylla 0.2 Melaleuca cajeputi 0.2 

    Eucalyptus bigalerita 0.4 Melaleuca viridiflora 0.75 

    Eucalyptus grandifolia 0.2     

    Eucalyptus papuana 0.5     

    Eucalyptus polycarpa 1.3     

    Eucalyptus ptychocarpa 0.5     
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Union North waste rock dump, rehabilitated 2003/2004,  7 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia aulacocarpa 0.5 Eucalyptus alba 0.1 Brachychiton megaphyllum 0.55 

Acacia auriculiformis 0.75 Eucalyptus apodophylla 1 Cochlospernum fraseri 0.55 

Acacia difficilis 0.5 Eucalyptus bigalerita 1 Grevillea decurrens 0.5 

Acacia dimidata 0.75 Eucalyptus grandifolia 1 Grevillea refracta 0.5 

Acacia hemignosta 0.75 Eucalyptus papuana 0.3 Livistona humilis 0.5 

Acacia latescens 0.5 Eucalyptus polycarpa 3 Melaleuca argentea 0.2 

Acacia platycarpa 0.75 Eucalyptus ptychocarpa 0.75 Melaleuca cajeputi 0.2 

Acacia plectocarpa 0.5     Melaleuca viridiflora 0.2 

        Petalostigma pubescens 0.55 

        Terminalia carpentariae 1 

        Terminalia pterocarya 1 

      

Low-grade stockpile , rehabilitated 2003/2004, 25 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 1.232 Eucalyptus bleeseri 2.618 Alphitonia excelsa 0.308 

Acacia dimidata 2.31 
Eucalyptus 

dichromophloia 
3.696 Brachychiton megaphyllum 3.08 

Acacia gonocarpa 0.308 Eucalyptus ferruginea 1.232 Buchanania obovata 0.616 

Acacia hammondii 1.848 Eucalyptus foelscheana 0.308 Callitris intratropica 0.077 

Acacia hemignosta 2.618 Eucalyptus herbertiana 0.2772 Calytrix exstipulata 3.08 

Acacia latescens 1.232 Eucalyptus miniata 5.544 Cochlospernum fraseri 2.4332 

Acacia mulitsiliqua 0.462 Eucalyptus phoenicia 0.308 Erythrina variegata 0.154 

Acacia oncinocarpa 1.54 Eucalyptus polycarpa 4.004 Erythrophloem chlorostachys 1.54 

Acacia platycarpa 1.54 Eucalyptus tetradonta 4.928 Grevillea decurrens 0.616 

Acacia plectocarpa 1.232 Eucalyptus tintinans 2.772 Grevillea mimisoides 0.308 

Acacia umbellata 0.924     Grevillea refracta 2.156 

        Hakea arborescens 0.308 

        Livistona humilis 1.2936 

        Petalostigma pubescens 3.388 

        Terminalia carpentariae 0.308 

        Terminalia ferdinandiana  1.078 

        Terminalia latipes 0.308 

        Terminalia pterocarya 3.08 
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Lady Alice waste rock dump, rehabilitated 2003/2004, 16 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.79 Eucalyptus bleeseri 1.6788 Alphitonia excelsa 0.1975 

Acacia dimidata 1.4813 
Eucalyptus 

dichromophloia 
2.37 Brachychiton megaphyllum 1.975 

Acacia gonocarpa 0.1975 Eucalyptus ferruginea 0.79 Buchanania obovata 0.395 

Acacia hammondii 1.185 Eucalyptus foelscheana 0.1975 Callitris intratropica 0.0494 

Acacia hemignosta 1.6788 Eucalyptus herbertiana 0.1778 Calytrix exstipulata 1.975 

Acacia latescens 0.79 Eucalyptus miniata 3.555 Cochlospernum fraseri 1.5603 

Acacia mulitsiliqua 0.2963 Eucalyptus phoenicia 0.1975 Erythrina variegata 0.0988 

Acacia oncinocarpa 0.9875 Eucalyptus polycarpa 2.5675 Erythrophloem chlorostachys 0.9875 

Acacia platycarpa 0.9875 Eucalyptus tetradonta 3.16 Grevillea decurrens 0.395 

Acacia plectocarpa 0.79 Eucalyptus tintinans 1.7775 Grevillea mimisoides 0.1975 

Acacia umbellata 0.5925     Grevillea refracta 1.3825 

        Hakea arborescens 0.1975 

        Livistona humilis 0.8295 

        Petalostigma pubescens 2.1725 

        Terminalia carpentariae 0.1975 

        Terminalia ferdinandiana  0.6913 

        Terminalia latipes 0.1975 

          Terminalia pterocarya 1.975 

Magz Waste rock dump, rehabilitated 2003/2004, 9 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.444 Eucalyptus bleeseri 0.9435 Alphitonia excelsa 0.111 

Acacia dimidata 0.8325 
Eucalyptus 

dichromophloia 
1.332 Brachychiton megaphyllum 1.11 

Acacia gonocarpa 0.111 Eucalyptus ferruginea 0.444 Buchanania obovata 0.222 

Acacia hammondii 0.666 Eucalyptus foelscheana 0.111 Callitris intratropica 0.0278 

Acacia hemignosta 0.9435 Eucalyptus herbertiana 0.0999 Calytrix exstipulata 1.11 

Acacia latescens 0.444 Eucalyptus miniata 1.998 Cochlospernum fraseri 0.8769 

Acacia mulitsiliqua 0.1665 Eucalyptus phoenicia 0.111 Erythrina variegata 0.0555 

Acacia oncinocarpa 0.555 Eucalyptus polycarpa 1.443 Erythrophloem chlorostachys 0.555 

Acacia platycarpa 0.555 Eucalyptus tetradonta 1.776 Grevillea decurrens 0.222 

Acacia plectocarpa 0.444 Eucalyptus tintinans 0.999 Grevillea mimisoides 0.111 

Acacia umbellata 0.333     Grevillea refracta 0.777 

        Hakea arborescens 0.111 

        Livistona humilis 0.4662 

        Petalostigma pubescens 1.221 

        Terminalia carpentariae 0.111 

        Terminalia ferdinandiana  0.3885 
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        Terminalia latipes 0.111 

        Terminalia pterocarya 1.11 

T dam cell, rehabilitated  2003/3004, 8 ha 

Acacia kg Eucalyptus/Corymbia kg other genera kg 

Acacia difficilis 0.392 Eucalyptus bleeseri 0.5185 Alphitonia excelsa 0.098 

Acacia dimidata 0.735 
Eucalyptus 

dichromophloia 
0.732 Brachychiton megaphyllum 0.98 

Acacia gonocarpa 0.098 Eucalyptus ferruginea 0.244 Buchanania obovata 0.196 

Acacia hammondii 0.588 Eucalyptus foelscheana 0.061 Callitris intratropica 0.0245 

Acacia hemignosta 0.833 Eucalyptus herbertiana 0.0549 Calytrix exstipulata 0.98 

Acacia latescens 0.392 Eucalyptus miniata 1.098 Cochlospernum fraseri 0.7742 

Acacia mulitsiliqua 0.147 Eucalyptus phoenicia 0.061 Erythrina variegata 0.049 

Acacia oncinocarpa 0.49 Eucalyptus polycarpa 0.793 Erythrophloem chlorostachys 0.49 

Acacia platycarpa 0.49 Eucalyptus tetradonta 0.976 Grevillea decurrens 0.196 

Acacia plectocarpa 0.392 Eucalyptus tintinans 0.549 Grevillea mimisoides 0.098 

Acacia umbellata 0.294     Grevillea refracta 0.686 

        Hakea arborescens 0.098 

        Livistona humilis 0.4116 

        Petalostigma pubescens 1.078 

        Terminalia carpentariae 0.098 

        Terminalia ferdinandiana  0.343 

        Terminalia latipes 0.098 

        Terminalia pterocarya 0.98 

Roche L slope waste rock dump, rehabilitated 2003/2004, 5 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.244 Eucalyptus bleeseri 0.4165 Alphitonia excelsa 0.061 

Acacia dimidata 0.4575 
Eucalyptus 

dichromophloia 
0.588 Brachychiton megaphyllum 0.61 

Acacia gonocarpa 0.061 Eucalyptus ferruginea 0.196 Buchanania obovata 0.122 

Acacia hammondii 0.366 Eucalyptus foelscheana 0.049 Callitris intratropica 0.0153 

Acacia hemignosta 0.5185 Eucalyptus herbertiana 0.0441 Calytrix exstipulata 0.61 

Acacia latescens 0.244 Eucalyptus miniata 0.882 Cochlospernum fraseri 0.4819 

Acacia mulitsiliqua 0.0915 Eucalyptus phoenicia 0.049 Erythrina variegata 0.0305 

Acacia oncinocarpa 0.305 Eucalyptus polycarpa 0.637 Erythrophloem chlorostachys 0.305 

Acacia platycarpa 0.305 Eucalyptus tetradonta 0.784 Grevillea decurrens 0.122 

Acacia plectocarpa 0.244 Eucalyptus tintinans 0.441 Grevillea mimisoides 0.061 

Acacia umbellata 0.183     Grevillea refracta 0.427 

        Hakea arborescens 0.061 

        Livistona humilis 0.2562 

        Petalostigma pubescens 0.671 
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        Terminalia carpentariae   0.061 

        Terminalia ferdinandiana  0.2135 

        Terminalia latipes 0.061 

        Terminalia pterocarya 0.61 

Crop dump, rehabilitated 2003/2004, 4 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.196 Eucalyptus bleeseri 0.4165 Alphitonia excelsa 0.049 

Acacia dimidata 0.3675 
Eucalyptus 

dichromophloia 
0.588 Brachychiton megaphyllum 0.49 

Acacia gonocarpa 0.049 Eucalyptus ferruginea 0.196 Buchanania obovata 0.098 

Acacia hammondii 0.294 Eucalyptus foelscheana 0.049 Callitris intratropica 0.0123 

Acacia hemignosta 0.4165 Eucalyptus herbertiana 0.0441 Calytrix exstipulata 0.49 

Acacia latescens 0.196 Eucalyptus miniata 0.882 Cochlospernum fraseri 0.3871 

Acacia mulitsiliqua 0.0735 Eucalyptus phoenicia 0.049 Erythrina variegata 0.0245 

Acacia oncinocarpa 0.245 Eucalyptus polycarpa 0.637 Erythrophloem chlorostachys 0.245 

Acacia platycarpa 0.245 Eucalyptus tetradonta 0.784 Grevillea decurrens 0.098 

Acacia plectocarpa 0.196 Eucalyptus tintinans 0.441 Grevillea mimisoides 0.049 

Acacia umbellata 0.147     Grevillea refracta 0.343 

        Hakea arborescens 0.049 

        Livistona humilis 0.2058 

        Petalostigma pubescens 0.539 

        Terminalia carpentariae 0.049 

        Terminalia ferdinandiana  0.1715 

        Terminalia latipes 0.049 

        Terminalia pterocarya 0.49 
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T Dam stone pile 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.196 Eucalyptus bleeseri 0.3145 Alphitonia excelsa 0.049 

Acacia dimidata 0.3675 
Eucalyptus 

dichromophloia 
0.444 Brachychiton megaphyllum 0.49 

Acacia gonocarpa 0.049 Eucalyptus ferruginea 0.148 Buchanania obovata 0.098 

Acacia hammondii 0.294 Eucalyptus foelscheana 0.037 Callitris intratropica 0.0123 

Acacia hemignosta 0.4165 Eucalyptus herbertiana 0.0333 Calytrix exstipulata 0.49 

Acacia latescens 0.196 Eucalyptus miniata 0.666 Cochlospernum fraseri 0.3871 

Acacia mulitsiliqua 0.0735 Eucalyptus phoenicia 0.037 Erythrina variegata 0.0245 

Acacia oncinocarpa 0.245 Eucalyptus polycarpa 0.481 Erythrophloem chlorostachys 0.245 

Acacia platycarpa 0.245 Eucalyptus tetradonta 0.592 Grevillea decurrens 0.098 

Acacia plectocarpa 0.196 Eucalyptus tintinans 0.333 Grevillea mimisoides 0.049 

Acacia umbellata 0.147     Grevillea refracta 0.343 

        Hakea arborescens 0.049 

        Livistona humilis 0.2058 

        Petalostigma pubescens 0.539 

        Terminalia carpentariae 0.049 

        Terminalia ferdinandiana  0.1715 

        Terminalia latipes 0.049 

        Terminalia pterocarya 0.49 

TROP waste rock dump, rehabilitated 2003/2004, 3 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.148 Eucalyptus bleeseri 0.3145 Alphitonia excelsa 0.037 

Acacia dimidata 0.2775 
Eucalyptus 

dichromophloia 
0.444 Brachychiton megaphyllum 0.37 

Acacia gonocarpa 0.037 Eucalyptus ferruginea 0.148 Buchanania obovata 0.074 

Acacia hammondii 0.222 Eucalyptus foelscheana 0.037 Callitris intratropica 0.0093 

Acacia hemignosta 0.3145 Eucalyptus herbertiana 0.0333 Calytrix exstipulata 0.37 

Acacia latescens 0.148 Eucalyptus miniata 0.666 Cochlospernum fraseri 0.2923 

Acacia mulitsiliqua 0.0555 Eucalyptus phoenicia 0.037 Erythrina variegata 0.0185 

Acacia oncinocarpa 0.185 Eucalyptus polycarpa 0.481 Erythrophloem chlorostachys 0.185 

Acacia platycarpa 0.185 Eucalyptus tetradonta 0.592 Grevillea decurrens 0.074 

Acacia plectocarpa 0.148 Eucalyptus tintinans 0.333 Grevillea mimisoides 0.037 

Acacia umbellata 0.111     Grevillea refracta 0.259 

        Hakea arborescens 0.037 

        Livistona humilis 0.1554 

        Petalostigma pubescens 0.407 

        Terminalia carpentariae 0.037 

        Terminalia ferdinandiana  0.1295 
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        Terminalia latipes 0.037 

        Terminalia pterocarya 0.37 

Roche, rehabilitated 2003/2004, 3 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.148 Eucalyptus bleeseri 0.204 Alphitonia excelsa 0.037 

Acacia dimidata 0.2775 
Eucalyptus 

dichromophloia 
0.288 Brachychiton megaphyllum 0.37 

Acacia gonocarpa 0.037 Eucalyptus ferruginea 0.096 Buchanania obovata 0.074 

Acacia hammondii 0.222 Eucalyptus foelscheana 0.024 Callitris intratropica 0.0093 

Acacia hemignosta 0.3145 Eucalyptus herbertiana 0.0216 Calytrix exstipulata 0.37 

Acacia latescens 0.148 Eucalyptus miniata 0.432 Cochlospernum fraseri 0.2923 

Acacia mulitsiliqua 0.0555 Eucalyptus phoenicia 0.024 Erythrina variegata 0.0185 

Acacia oncinocarpa 0.185 Eucalyptus polycarpa 0.312 Erythrophloem chlorostachys 0.185 

Acacia platycarpa 0.185 Eucalyptus tetradonta 0.384 Grevillea decurrens 0.074 

Acacia plectocarpa 0.148 Eucalyptus tintinans 0.216 Grevillea mimisoides 0.037 

Acacia umbellata 0.111     Grevillea refracta 0.259 

        Hakea arborescens 0.037 

        Livistona humilis 0.1554 

        Petalostigma pubescens 0.407 

        Terminalia carpentariae 0.037 

        Terminalia ferdinandiana  0.1295 

        Terminalia latipes 0.037 

        Terminalia pterocarya 0.37 

Orica waste rock dump, rehabilitated 2003/2004, 2 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.096 Eucalyptus bleeseri 0.204 Alphitonia excelsa 0.024 

Acacia dimidata 0.18 
Eucalyptus 

dichromophloia 
0.288 Brachychiton megaphyllum 0.24 

Acacia gonocarpa 0.024 Eucalyptus ferruginea 0.096 Buchanania obovata 0.048 

Acacia hammondii 0.144 Eucalyptus foelscheana 0.024 Callitris intratropica 0.006 

Acacia hemignosta 0.204 Eucalyptus herbertiana 0.0216 Calytrix exstipulata 0.24 

Acacia latescens 0.096 Eucalyptus miniata 0.432 Cochlospernum fraseri 0.1896 

Acacia mulitsiliqua 0.036 Eucalyptus phoenicia 0.024 Erythrina variegata 0.012 

Acacia oncinocarpa 0.12 Eucalyptus polycarpa 0.312 Erythrophloem chlorostachys 0.12 

Acacia platycarpa 0.12 Eucalyptus tetradonta 0.384 Grevillea decurrens 0.048 

Acacia plectocarpa 0.096 Eucalyptus tintinans 0.216 Grevillea mimisoides 0.024 

Acacia umbellata 0.072     Grevillea refracta 0.168 

        Hakea arborescens 0.024 

        Livistona humilis 0.1008 

        Petalostigma pubescens 0.264 
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        Terminalia carpentariae 0.024 

        Terminalia ferdinandiana  0.084 

        Terminalia latipes 0.024 

        Terminalia pterocarya 0.24 

Hughes drilling, rehabilitated 2003/2004, 2 ha 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

Acacia difficilis 0.096 Eucalyptus bleeseri 8.462 Alphitonia excelsa 0.024 

Acacia dimidata 0.18 
Eucalyptus 

dichromophloia 
11.946 Brachychiton megaphyllum 0.24 

Acacia gonocarpa 0.024 Eucalyptus ferruginea 3.982 Buchanania obovata 0.048 

Acacia hammondii 0.144 Eucalyptus foelscheana 0.996 Callitris intratropica 0.006 

Acacia hemignosta 0.204 Eucalyptus herbertiana 0.896 Calytrix exstipulata 0.24 

Acacia latescens 0.096 Eucalyptus miniata 17.919 Cochlospernum fraseri 0.1896 

Acacia mulitsiliqua 0.036 Eucalyptus phoenicia 0.996 Erythrina variegata 0.012 

Acacia oncinocarpa 0.12 Eucalyptus polycarpa 12.942 Erythrophloem chlorostachys 0.12 

Acacia platycarpa 0.12 Eucalyptus tetradonta 15.928 Grevillea decurrens 0.048 

Acacia plectocarpa 0.096 Eucalyptus tintinans 8.96 Grevillea mimisoides 0.024 

Acacia umbellata 0.072     Grevillea refracta 0.168 

        Hakea arborescens 0.024 

        Livistona humilis 0.1008 

        Petalostigma pubescens 0.264 

        Terminalia carpentariae 0.024 

        Terminalia ferdinandiana  0.084 

        Terminalia latipes 0.024 

        Terminalia pterocarya 0.24 

Brock Creek mine  

Top of Faded Lily, rehabilitated 2002. 

Acacia kg Eucalyptus/Corymbia kg Other genera kg 

        Melaleuca argentea 0.5 

        Melaleuca cajuputi 0.5 

        Melaleuca dealbata 0.5 

        Melaleuca leucadendra 0.5 

        Melaleuca nervosa 0.5 

        Melaleuca viridiflora 0.5 
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