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SUMMARY 

Dryland systems make up 41% of the Earth’s land surface and approximately 60% of the 

food required to feed the human population is grown in these regions. These systems are 

experiencing extensive levels of soil degradation as a result of intensive agricultural and 

mining practices, with up to 20% of the world’s drylands degraded. In Australia, there 

are over 50,000 abandoned mine sites with no plans for restoration. The successful 

rehabilitation of mine sites in arid regions is hindered by extreme environmental 

conditions such as erratic and unreliable rainfall and high annual temperatures. 

Furthermore, the limited availability of stockpiled topsoil (top 20 cm of the soil profile) 

used as a growth medium for rehabilitation requires the use of overburden mining waste 

substrates that lack the seedbank, and the physical, chemical and biological competency 

to support native plant recruitment and survival. Previous studies have shown that the use 

of these substrates reduces rates of seed germination, seedling emergence and growth, 

resulting in fewer seedlings that are less resilient to periods of drought. With over 230,000 

ha requiring rehabilitation in the semi-arid Pilbara region of north-west Western 

Australia, investigation into how the quality of these alternative substrates can be 

improved to better support plant establishment is essential for rehabilitation success.  

In this thesis, growth media was reconstructed with waste substrates and a variety of soil 

amendments to examine changes in substrate quality using physical, chemical and 

biological soil indicators. A series of glasshouse experiments and field trials were carried 

out on an active iron-ore mine site in the Pilbara region. The specific objectives of this 

thesis were to (i) assess the impact of inorganic amendments, gypsum and urea, on seed 

germination, seedling emergence and growth of native plants, (ii) determine the 

effectiveness of inorganic amendments under different rainfall scenarios and community 

assemblages, and (iii) explore the use of alternative organic and inorganic soil 

amendments, such as biochar, mulch and Triodia biomass (i.e. locally-sourced perennial 

grass), as a strategy to improve the quality of mining waste substrates. 

Throughout all the experiments, mining waste substrates exhibited lower levels of soil 

chemical and biological quality compared to stockpiled topsoil. Plant recruitment and 

growth was also reduced in the mining substrates. When first applied, the inorganic 

amendment, urea, increased soil nitrogen (N), and N-mineralisation while gypsum 

increased electrical conductivity (EC). However, depending on environmental conditions 

such as water availability and native plant recruitment, soil N, EC and N-mineralisation 
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may decline over time through plant uptake or as the amendments leach into deeper soil 

layers. Furthermore, inorganic amendments had little direct impact on soil biological 

indicators with increased levels of soil microbial activity observed only when plant 

diversity increased, and/or water was available. The use of organic amendments or a 

combination of organic and inorganic amendments had variable effects on the quality of 

the mining substrate, with inorganic amendments altering the substrate faster than most 

organic amendments. As expected, organic amendments increased soil carbon which 

positively impacted microbial activity. The use of mulch or the combination of inorganic 

and organic amendments had the most impact on the soil quality of mining waste 

substrates by immediately altering soil N and carbon and maintaining these improved 

levels of soil quality over the 21-month period.  

At the early stages of plant development, the effectiveness of inorganic amendments 

varied across plant species and water availability. In glasshouse conditions, the inorganic 

amendments had a limited impact on seed germination and were detrimental to seedling 

emergence of native plant species from the dominant Fabaceae, Malvaceae, Myrtaceae 

and Poaceae families. Once seedlings were established, the addition of urea to the mine 

waste substrate increased plant growth compared to the unamended waste, but this trend 

deteriorated with reduced water availability. Under field conditions, inorganic 

amendments increased the recruitment of some native plant species, indirectly increasing 

soil carbon and microbial activity through increased litter inputs. However, further 

assessment of seedling recruitment in a range of organic and inorganic amendments on 

an active rehabilitation slope showed successful establishment only when stockpiled 

topsoil was present. The findings of this thesis suggest that inorganic amendments, i.e. 

gypsum and urea, are not suitable for application in arid regions, especially at the early 

stages of plant recruitment. If necessary, application should occur as small and regular 

doses at the end of the cyclone season when seedlings are established and would benefit 

from growth stimulus. Alternatively, the use of organic amendments such as mulches 

have the potential to improve soil quality over a longer time frame than inorganic 

amendments, but application should occur prior to seeding for rehabilitation. Overall, this 

thesis contributes a comprehensive understanding of how to reconstruct and improve 

these substrates and support the development of effective soil conservation and 

management strategies as a necessary framework to facilitate successful rehabilitation 

outcomes.  
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Chapter 1 

General Introduction 

 

1. Soil quality, management and conservation in a global context 

Soils are vital for maintaining ecosystem function and sustainability (Guo et al., 2019, 

Lal, 2001). Approximately 80% of ecosystem services are linked to soil quality and 

function, making them crucial to the survival of life on the planet (Doran and Zeiss, 2000, 

Guo et al., 2019, Lal., 2001, Muñoz‐Rojas et al., 2016). Soils are responsible for the 

filtering of water and air, supporting crop and livestock production, the cycling of 

nutrients and the storage of carbon (Brevik et al., 2015, Lal, 2015, Pereira et al., 2018). 

Global soil carbon pools contain more carbon than both the atmospheric and aboveground 

carbon pools with a substantial proportion stored in arid regions (Lal, 2019, Lemma et 

al., 2006, United Nations Convention to Combat Desertification, 2017). However, as the 

human population increases, so will the anthropogenic pressures on soils to provide goods 

and services such as food and fibre, support plant health and sustain functioning 

ecosystems (Department of Economic and Social Affairs, 2015). Anthropogenic 

disturbances detrimental to soil quality include intensive mining and agricultural 

practices, inappropriate fire management, urban development, deforestation and 

landscape fragmentation, compaction, contamination and nutrient imbalance, among 

others (Karlen and Rice, 2015). With the human population expected to increase by 37 % 

to reach 9.7 billion by the year 2050 the conservation, management and rehabilitation of 

degraded soils is one of the most critical challenges facing humankind (Lal, 2001).  

Globally, 23% of the Earth’s soils are degraded and continue to degrade at a rate of 5 – 

10 million hectares annually, costing the global economy an excess of US $42 billion per 

annum (Barbier and Hochard, 2016, Nkonya et al., 2016, United Nations Convention to 

Combat Desertification, 2017, 2012). As the sustainable management and conservation 

of soils is crucial for the preservation of the globe’s ecosystems, several global initiatives 

have arisen to raise awareness of soil degradation and inspire change in land management 

practices. The “2030 agenda for Sustainable Development” is one global initiative that 

is striving for zero net land degradation by 2030 through streamlining 17 Sustainable 

Development Goals (SDGs) to drive ecosystem restoration (Chasek et al., 2015, Keesstra 

et al., 2016). These goals seek to eliminate global poverty and hunger, improve human 
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well-being and health, inspire climate action and ensure availability of clean water and 

sanitisation along with many others (Liverman, 2018, Stavi and Lal, 2015). A prominent 

recommendation of the SDGs is the restoration of degraded landscapes and the increasing 

of crop yields on already cultivated lands which both require the conservation and 

management of soils. Other soil restoration initiatives include the Bonn challenge which 

seeks to restore 150 Mha by 2020 and 350 Mha by 2030 (Bouma and Montanarella, 2016). 

First launched in 2011, this initiative seeks to restore degraded forests through 

afforestation, forest regeneration and agroforestry expansion (Laestadius et al., 2011, 

Verdone and Seidl, 2017). In addition, with the announcement by The United Nations 

General Assembly declaring 2021 – 2030 the UN decade of Ecosystem Restoration the 

recognition and prioritisation of ecological restoration has never been more important 

(The United Nations General Assembly, 2019, United Nations Environment Programme, 

2019).  

2. Global arid systems 

Dryland regions, including arid and semi-arid systems, cover approximately 41% of the 

Earth’s land surface and occur predominantly in South America (consisting of 31% arid 

lands), Africa and Australia (both consisting of up to 75% arid lands) making them the 

Earth’s largest biomes (Cortina and Maestre, 2005, Millennium Ecosystem Assessment, 

2005, Prăvălie et al., 2019, Reynolds et al., 2007, Wang et al., 2015). Although arid 

systems are comprised primarily of native grasslands (60%), which hold 10% of the 

global soil carbon, these systems are home to ~20% of the Earth’s plant diversity hotspots 

due to extreme environmental conditions driving high levels of diversification (Abdalla 

et al., 2018, Prăvălie et al., 2019, White et al., 2000). These systems host approximately 

2 billion people, support the livelihoods of one-fifth of the world’s population and house 

45% of the world’s agricultural industry which feeds 60% of the world’s population 

(United Nations Convention to Combat Desertification, 2017). Approximately 20% of 

arid and semi-arid systems are degraded and continue to degrade at a rate of 10 Mha 

annually (Barbier and Hochard, 2016, Stavi and Lal, 2015). This level of disturbance is 

predominantly a result of anthropogenic impacts such as land clearing for agriculture, 

livestock grazing, resource extraction and urbanisation. With the predicted increase in 

global climate change amplifying land degradation and desertification, these systems are 

classified as the most vulnerable to threats from global climate change (Chesson et al., 

2004, Thornton et al., 2014, Vlek et al., 2008). 
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2.1 The semi-arid Pilbara region of Australia 

Approximately three quarters of the Australian continent is classified as arid lands 

(Gratzfeld, 2003, Reynolds et al., 2007). The Pilbara bioregion in the north-west of 

Western Australia is one such semi – arid region which spans 179,000km2 (22°03’S, 

118°07’E to 23°19’S, 119°43’E; Figure 1) and is characterised by high average 

temperatures between 19.4 and 33.2 ˚C and with daily maximums over 40 ˚C in summer. 

Rainfall in the region mainly occurs in the summer months (72% between December and 

April) with a mean annual rainfall of 250 – 400 mm (Bureau of Meteorology, 2015a). 

This rainfall predominantly occurs as cyclonic events that are spatially and temporally 

variable (McKenzie et al., 2009). The combination of high temperatures and intense, but 

sporadic, rainfall events gives rise to high rates of evapotranspiration that far exceed 

precipitation on an annual basis (<0.2 Aridity index) (Bureau of Meteorology, 2015b, von 

Hardenberg et al., 2001, Spinoni et al., 2015). 

Although grasslands are the dominant vegetation type covering up to one-third of the 

continent, the Pilbara region hosts more than 1,800 native plant species, of which 270 

species are endemic to the region (Ford et al., 2007, McKenzie et al., 2009). As these 

systems are water driven, native plant species are highly specialised and possess 

ecophysiological adaptations that enable them to survive in these harsh landscapes 

(Bateman et al., 2016, Cipriotii et al., 2008, Tyree et al., 2003). These adaptations include 

the ability for seeds to quickly respond to significant rain events and/or persist through 

long periods of low water availability (Bateman et al., 2016, Erickson et al., 2017, Gwenzi 

et al., 2014, Lewandrowski et al., 2017). The combination of controlling climatic factors 

and specialised plant species drives native plant community composition with drylands 

predominantly covered in mosaic vegetation patterns with bare soil areas (Cortina and 

Maestre, 2005, Getzin et al., 2019). As a result of the sparse vegetation composition of 

arid systems, soils are typically low in organic matter and aggregate stability making them 

vulnerable to degradation (Cortina and Maestre, 2005, Nicolás et al., 2012, Reynolds et 

al., 2007, United Nations Convention to Combat Desertification, 2017). The soil profiles 

of the Pilbara region are derived from ancient red rock deposits that has been weathered 

over millions of years resulting in low fertility, soil nutrient content, microbial activity 

and overall soil health (Muñoz‐Rojas et al., 2016). Pilbara soils are classified as red 

shallow loams comprising red kandosols, red ferrosols and leptic rudosols (Isbell, 2016, 

McKenzie et al., 2009).  
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Figure 1. The semi-arid Pilbara bioregion (shaded region) of north-west Western 

Australia spans 179, 000km2 (22°03’S, 118°07’E to 23°19’S, 119°43’E) (Beard, 1969) 

(A) and has a monthly average total rainfall and daily temperature for the Pilbara town of 

Newman from 1971 to 2020 (Bureau of Meteorology, 2020) (B). 

3. Post-mining rehabilitation in the Pilbara 

Global estimates for the number of abandoned mine sites requiring rehabilitation exceeds 

one million (Worrall et al., 2009). Across Australia, there are an estimated 50,000 

abandoned mine sites with no future plans for rehabilitation (Lamb et al., 2015, Unger et 

al., 2012, Worrall et al., 2009). Current mining tenements across Western Australia are 

projected to assign 44.2 Mha of land as either currently mined or with licenses open for 

mine exploration in 2017-18 (DMP, 2018). In the Pilbara region of north-west Western 

Australia, an iron-ore mining hotspot, the current footprint for mining rehabilitation 

exceeds 300,000 ha (EPA, 2017). Alongside the agricultural industry, resource mining is 
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one of the dominant industries in Western Australia with 90% of resources mined in 

Australia coming out of open-cut mining operations in the Pilbara region (Britt et al., 

2017). In the 2017-18 financial year, iron-ore sales were valued at AUS $61.7 billion and 

accounted for 55% of Western Australia’s mineral and petroleum exports (DMP, 2018). 

Under the Australian Mining Act 1978 and the Environmental Protection Act 1986, 

mining companies are required to meet minimum industry standards and rehabilitate 

disturbed land to a state of long-term stability and sustainability through the re-

introduction of native plant species into the landscape (Commonwealth of Australia, 

2006, Lamb et al., 2015). Specifically, the primary goal of ecological rehabilitation is to 

return native plant communities and ecosystem function and services to degraded or 

disturbed landscapes (Palmer et al., 2016). However, the rehabilitation of these post-

mining landscapes is challenging in these harsh dryland systems which are amplified with 

the onset of a changing climate (Chesson et al., 2004, Fitter et al., 2005, Muñoz‐Rojas et 

al., 2016, Oliveira et al., 2011). Consequently, the number and degree of successful 

rehabilitation in these landscapes is limited (EPA, 2013, Lamb et al., 2015). 

There are several environmental and human factors that can negatively impact on the 

success of post-mining rehabilitation. Human factors that can determine the success of 

post-mining rehabilitation include, firstly, the selection of a soil substrate and, the design 

and profiling of the final landform (e.g. waste rock dump) to provide a stable substrate 

that minimizes erosion and is a competent growth material for native plant recruitment 

(Merino-Martín et al., 2017). Secondly, where topsoil, and thus the native soil seedbank, 

is unavailable, direct seeding or tubestock planting approaches are required to reinstate 

native vegetation (Erickson et al., 2017). The selection of appropriate native species, the 

collection of seed from wild populations and the storage and preparation of native seed 

(e.g. seed dormancy management) pose a whole suite of challenges surrounding efficient 

seed-use (Erickson et al., 2017, Merritt and Dixon, 2011). Furthermore, with, on average, 

only 10% of seeds sown producing viable seedlings after the first year, the amount of 

seed required to rehabilitate post-mining landscapes highlights the need for further 

scientific research into increasing seedling establishment and survival in these arid 

environments (James et al., 2011, 2013, Merritt and Dixon, 2011). The machinery and 

site preparation methods used to contour (ripping or soil scarification) and broadcast seed 

onto rehabilitation sites can influence seed placement and burial depth and determine the 

chance of successful seedling recruitment success (Masarei et al., 2019). Finally, complex 
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scheduling constraints that govern the time of year that rehabilitation sites are seeded can 

influence long-term seed viability when seed resides in the soil for extended periods of 

time and the chances of successful recruitment. Environmental impacts such as extreme 

temperatures, insufficient rainfall and poor topsoil quality can impede seedling 

recruitment and survival, which even in the case of optimal rehabilitation practice, have 

the potential to make or break rehabilitation success (Anaya‐Romero et al., 2015, Gwenzi 

et al., 2014, Machado et al., 2013, Merino-Martín et al., 2017). Additional challenges that 

face mine site rehabilitation include exotic species invasion and global climate change 

which predict further reductions in rainfall in arid regions (Chesson et al., 2004, 

D'Antonio and Meyerson, 2002). 

 

Figure 2. Pilbara landscape (A); open-cut iron-ore mine site in south eastern region of 

the Pilbara (B). 

4. Substrates in mine site rehabilitation 

Soil quality refers to the health and functionality of the soil profile as well as its ability to 

support plant and vegetation establishment and ecosystem functions such as nutrient 

cycling, plant soil interactions and carbon storage (Costantini et al., 2016, Muñoz-Rojas, 
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2018). The quality of soil can be defined at three levels; physical, chemical and biological, 

with each level of soil quality interrelated. As such, soil physical, chemical and biological 

properties are strong indicators for assessing the recovery of soil functionality and health. 

Soil indicators used to assess soil physical and chemical properties typically include soil 

pH, electrical conductivity, total nitrogen and carbon, particle size distribution and 

aggregate stability (Hueso-González et al., 2018). However, soil microbial communities 

(the biological component of soil quality) are sensitive to disturbance (soil removal, 

drought and fire) and are often the fastest soil indicator to show quantitative responses to 

surrounding environmental changes (Doran and Zeiss, 2000). Soil microorganisms play 

a large functional role in maintaining ecosystem services through carbon and nutrient 

cycling (Muñoz‐Rojas et al., 2016). For example, some microbial functional groups such 

as diazotrophs (N-fixers) or phosphate solubilizing bacteria can transform nitrogen and 

phosphorus int soluble forms available for plants (Xiao et al., 2020). As such, changes in 

soil microbial activity indicates changes in the chemical and physical properties of soil 

(Doran and Zeiss, 2000, Guo et al., 2018). Therefore, in the context of soil restoration for 

post-mining rehabilitation in arid landscapes, the use of soil microbial indicators is crucial 

for identifying potential long-term changes in soil function and ecosystem services in the 

soil profile (Mukhopadhyay et al., 2019). 

Poor quality of substrates used in mine site rehabilitation is one of the prominent 

inhibitors of successful rehabilitation for several reasons and is the primary focus of this 

thesis. The first is through the extractive process of mining itself where mining operations 

have disturbed or removed the top layer of soil, leading to the physical, chemical and 

biological degradation of the locally-sourced natural topsoil (Muñoz‐Rojas et al., 2016, 

Rivera et al., 2014). Secondly, although the natural topsoil is stockpiled for later use in 

rehabilitation, due to the increased footprint of mine sites there is an overwhelmingly 

short supply of stockpiled topsoil. In addition, due to mismanagement, over time the 

stockpiled topsoil can degrade, with a loss in the viability of the natural soil seed bank, 

the inundation of invasive plant species, and a lack of native plant growth resulting in loss 

of soil function (Birnbaum et al., 2017, Golos and Dixon, 2014, Mackenzie and Naeth, 

2019, Muñoz‐Rojas et al., 2016, Rivera, 2012). As a result of having limited access to 

stockpiled topsoil, an alternative soil substrate is commonly utilised on rehabilitation sites 

(Golos and Dixon, 2014, Muñoz‐Rojas et al., 2016, Oliveira et al., 2011). This alternative 

substrate consists of mining waste byproducts taken from within the open-cut pit. 
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Although dryland soils are known for being naturally nutrient deficient, these alternative 

substrates are often further poor in qualities characteristic of a natural topsoil (Muñoz‐

Rojas et al., 2016); let alone a healthy and productive soil. For instance, although the mine 

waste substrates vary from mine site to mine site in the Pilbara, they generally have at 

least 50% less nitrogen and carbon, 12% less phosphorus and a lower soil electrical 

conductivity than stockpiled topsoil (Muñoz‐Rojas et al., 2016). 

Soil microbial activity and abundance is also depleted in mine waste substrates compared 

to topsoil with almost absent levels of bacteria, fungi and actinomycetes (de Quadros et 

al., 2016, Muñoz‐Rojas et al., 2016). In terms of physical competency, mine waste 

substrates generally have a higher sand content and low silt fractions compared to the 

natural and stockpiled topsoil (Muñoz‐Rojas et al., 2016). They are hard setting soils with 

reduced soil water infiltration and water retention and increased soil water runoff which 

can be detrimental to the slope formation through the increased risk of soil erosion 

(Bateman et al., 2016, Hancock et al., 2003). Previous studies have indicated that the use 

of these alternative soil substrates for post-mining rehabilitation has detrimental effects 

on native seed germination, seedling emergence and survival (Atibu et al., 2018, Lamb et 

al., 2015, Merino-Martín et al., 2017). Therefore, while the dominant component of 

ecological restoration required by mining companies is the recovery of native vegetation, 

further attention toward the restoration of soil formation, ecology and function is required. 

Various studies highlight that increased soil health and function is interlinked with 

increased plant recruitment and survival (Guo et al., 2018, Muñoz‐Rojas et al., 2016, 

Soliveres and Maestre, 2014, Zhao et al., 2017). Furthermore, studies conducted on 

degraded soil in Loess Plateau, China show that with the successful re-introduction of the 

native plant community, the soil properties of the alternative waste substrates start to align 

with the quality of the natural topsoil substrates (Zhang et al., 2011). A whole system 

approach that includes the role of soil recovery in returning sustainable ecosystems will 

develop the soil management strategies that are currently lacking in the rehabilitation 

framework (Miller et al., 2017). Through the appropriate management of substrates used 

in mine site rehabilitation, instead of compounding the negative effects inflicted on native 

seedlings through natural climatic processes, a productive soil can mitigate them as 

healthy soils have an increased resilience to changing climate (Balkovic et al., 2018). 

However, our understanding of substrate biological quality in arid systems, and how the 
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interactions between these microbes and the above-ground community can be recovered, 

needs further development.  

5. Soil restoration for post-mining rehabilitation  

Traditionally, soil management and conservation has been of lesser focus in the 

implementation and research of restoration ecology for successful post-mining 

rehabilitation. Instead, the focus has primarily been on evaluating the competency of the 

substrate to form a stable landform that is resistant to erosion, rather than the ability of 

the substrate to support plant recruitment (Hancock et al., 2003). Any efforts to improve 

the substrate quality of alternative mining substrates to benefit plant recruitment generally 

involves the use of stockpiled topsoil (Lamb et al., 2015, Muñoz‐Rojas et al., 2016). 

However, with limits to the availability of topsoil, and research showing that plant 

recruitment of native species in alternative mining substrates is reduced (even when 

native seeds are stored and treated appropriately to alleviate dormancy), the integration 

of more effective soil management practices is vital (Erickson et al., 2017). 

The effective management and conservation of alternative mining substrates used for 

post-mining rehabilitation requires the identification and alleviation of several soil quality 

constraints that are driving poor plant recruitment, high seedling mortality and a failure 

to recover sustainable and functioning ecosystems. First and foremost is that fact that arid 

soils are inherently low in soil organic matter and soil carbon (Nicolás et al., 2012). In 

mining waste substrates that have been extracted from within mining pits the level of 

organic carbon is even lower, with carbon around 0.2 - 0.1% (Muñoz‐Rojas et al., 2016). 

This absence of organic matter can have a detrimental impact on the water holding 

capacity, microbial abundance and subsequently natural soil processes and nutrient 

cycling of these mining substrates (Brevik et al., 2015, Kneller et al., 2018). Furthermore, 

these mining substrates lack soil nitrogen content required to support effective plant 

establishment with seedlings exhibiting stunted growth when grown in these alternative 

substrates (Bateman et al., 2016, Shrestha and Lal, 2006). 

To overcome hurdles associated with poor soil quality of substrates used for post-mining 

rehabilitation alternative soil management practices that are cost-effective, easily 

accessible and scalable for landscape rehabilitation need exploration (Basanta et al., 2017, 

Liu et al., 2010, Schulz and Glaser, 2012). For instance, previous research has focussed 

management practices predominantly on the use of a variety and combination of soil 
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amendments (Luna et al., 2018). Classified as either organic or inorganic soil 

amendments, these products aim to improve soil structure and biological fertility, increase 

soil water holding capacity and promote plant establishment and growth through 

increasing plant available soil nutrients (Basanta et al., 2017, Schulz and Glaser, 2012). 

The application of these amendments has been used widely throughout the agricultural 

industry to improve soil quality and protect against soil degradation (Bastida et al., 2017, 

Vanlauwe et al., 2010). However, limited work has been conducted assessing the use of 

these soil amendments as a soil management strategy for post-mining rehabilitation in 

arid landscapes. As such, this thesis sets out to investigate the effectiveness of a range of 

soil amendments, some of which are already being implemented in mine site 

rehabilitation, to improve the quality of mining substrates and promote plant 

establishment and development at multiple plant life-stages. Overall, the hypothesis 

tested throughout this thesis is that the use of various soil amendments (both inorganic 

and organic) will alter the physical, chemical and biological quality of mining substrates, 

increase soil functionality and cycling processes to provide an improved growing 

environmental that promotes the recruitment of a native plant community.  

Inorganic soil amendments, such as fertilisers (i.e. urea, high in N) and soil conditioners 

(i.e. gypsum, calcium), are commonly used in the agricultural industry as an affordable, 

readily accessible and easy to apply method to improve soil quality and boost crop 

production (Abbott et al., 2018, Vanlauwe et al., 2010). They have recently also been 

used sporadically in the mining industry due to their feasibility at large scales as a single-

entry application at the time the site is broadcast-seeded and using the same machinery 

(Bennett et al., 2014, Courtney and Kirwan, 2012). In the context of post-mining 

rehabilitation, urea is applied to improve the plant available nitrogen content of the soils 

to prevent stunted growth in native plants, and gypsum is applied to improve the soil 

physical structure by increasing soil aggregate stability, soil water infiltration and 

retention and reducing soil alkalinity. To combat the issue of limited soil organic matter 

in the alternative mining substrates, organic soil amendments have been utilised in several 

agricultural and land rehabilitation studies worldwide (Hueso-González et al., 2018, 

Kneller et al., 2018, White Jr et al., 2003). Organic amendments can be sourced from a 

wide range of products such as compost, mulch, sewer sludge, pulp organic waste or 

biochar and aim to improve soil carbon and subsequently soil structure, water retention, 

microbial diversity and abundance and finally plant soil interactions. However, each 
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amendment has a different concentration of organic matter and a variety of factors 

determine how the matter breaks down and interacts with the soil profile. Factors that 

influence amendment effectiveness can include the origin and composition of the 

amendment and mineral nutrient content (especially nitrogen), whether the amendment is 

fresh or dry as well as the biotic and abiotic factors surrounding the amendment such as 

the microbial biomass of the soil profile the amendment is being added to, water 

availability and temperature conditions (Hueso-González et al., 2018). Therefore, an 

assessment of how amendments influence the quality of mining substrates for post-

mining rehabilitation is crucial. Overall, despite the benefits of using these amendments 

widely documented in the agricultural industry, limited research exists assessing the 

impact of these amendments on soil quality and seedling performance in the context of 

post-mining rehabilitation in an arid landscape governed by water availability undergoing 

extensive changes in climate conditions (Bisaro et al., 2014, Charles et al., 2013). 

6. Study Rationale 

The research conducted in this thesis is focussed on an active iron-ore mine site 

undergoing rehabilitation in the Pilbara biogeographical region of north-west Western 

Australia (McKenzie et al., 2009). With the understanding that soil quality and function 

are paramount in facilitating successful post-mining rehabilitation in arid landscapes, this 

study seeks to identify and test the use of organic and inorganic soil amendments as 

methods for improving the soil quality of alternative mining soil substrates. Under that 

premise, the following chapters present research that has been assembled as independent 

manuscripts each addressing challenges associated with mine site rehabilitation in a harsh 

arid landscape at various time scales. Specifically, this thesis aims to: 

• Identify how current practices of soil reconstruction using inorganic soil 

amendments in arid mine site rehabilitation alters seed germination, seedling 

emergence, seedling growth, and soil chemical and biological characteristics 

(Chapter 2). Conducted as a series of glasshouse experiments this chapter 

assesses plant and soil responses to the addition of inorganic amendments, 

gypsum and urea, at the early growth stages of native seedlings under well-

watered conditions (Figure 3a). 

• Unravel how the use of inorganic soil amendments influences plant and soil 

responses to limited available water in an arid climate in which global climate 
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change is projected to alter rainfall patterns and increase temperatures (Chapter 

3). This glasshouse experiment explored the effectiveness of inorganic 

amendments, gypsum and urea, to improve plant establishment and soil quality 

under different rainfall scenarios (Figure 3b). 

• Investigate how native plant community structure, soil recovery and plant-soil 

interactions are impacted by using inorganic amendments, gypsum and urea 

(Chapter 4). This field experiment assessed how the use of amendments altered 

plant-soil interactions under different plant community assemblages (Figure 3c). 

• Explore alternative soil organic and inorganic amendment strategies to identify 

future solutions to improve soil quality of alternative mining substrates (Chapter 

5). This field experiment was conducted on an active mining rehabilitation site 

and mimicked current rehabilitation practices to assess how alternative organic 

and inorganic amendments altered the mining waste soil profile over a 21-month 

period (Figure 3d). 

• Finally, the combined results of these studies are used to identify and discuss 

future management practices that will facilitate successful large-scale mining 

rehabilitation with a focus on soil conservation, management and rehabilitation 

(Chapter 6). 

 

Figure 3. Chapter two and three: native Pilbara seedlings grown in mining substrates with 

gypsum and urea under glasshouse conditions (A & B); chapter four: multi-species 

mesocosms in amended mining substrates (C); chapter five: organic and inorganic 

amendments used on an active rehabilitation site in the Pilbara (D). 
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Chapter 2 

Inorganic soil amendments alter seedling performance of native plant species in 

post-mining arid zone rehabilitation 

Abstract 

Rehabilitation of degraded drylands is challenged by environmental and anthropogenic 

constraints, such as limited availability of locally sourced topsoil and poor quality 

alternative soil substrates. Current rehabilitation practices, at times, utilise inorganic soil 

amendments to improve the physicochemical and biological characteristics of 

reconstructed soil profiles. These approaches may be appropriate for dryland 

rehabilitation, but there is limited research available regarding the benefits of using these 

amendments. This study was conducted in the Pilbara region of Western Australia, an 

arid landscape subject to intensive mining that currently uses inorganic soil amendments 

(gypsum and urea) in post-mining rehabilitation. The aim of this study was to assess the 

effectiveness of these amendments to (1) promote seed germination, seedling emergence 

and seedling growth across five plant species and, (2) reinstate soil quality in mine waste 

substrates. A series of glasshouse experiments assessed eight application combinations of 

these amendments in two alternative substrates and compared these to unamended 

substrates and topsoil. Soil amendments had a limited influence on seed germination, 

were detrimental to seedling emergence and resulted in increased seedling mortality. 

Mortality in the waste ranged from 2 to 61% but increased to 7 to 92% in amended waste. 

Seedling growth improved with high doses of amendments in waste, with a 1.3 to 5.6-

fold increase across all plant species. Soil quality was relatively unaffected by 

amendments with soil nitrogen ranging from 0.01 to 0.08%, organic carbon from 0.01 to 

0.12% and soil microbial activity from 2.3 to 2.4 ppm-CO2 in the amended and 

unamended waste. The use of soil amendments in mine rehabilitation requires 

consideration of the trade-off between initial reductions in seedling recruitment and 

enhanced seedling development at later stages. Future rehabilitation should consider the 

timing of amendment application to avoid detrimental impacts on seedling recruitment 

and maximise the benefits to seedling growth. 

Keywords 

Drylands, Land degradation, Pilbara, Plant growth, Seedling recruitment, Soil quality 
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1. Introduction 

Dryland systems cover 41% of the Earth's land surface, with one-fifth of this land 

categorized as degraded as a result of anthropogenic disturbances such as intensive 

mining practices (Bisaro et al., 2014; Millennium Ecosystem Assessment, 2005; Wang et 

al., 2015). Rehabilitation of these degraded areas is of global importance but establishing 

sustainable ecosystems is hindered by extreme environmental conditions such as high 

annual temperatures and increasingly erratic and unreliable rainfall events (Anaya-

Romero et al., 2015; Hueso-González et al., 2018). Abiotic factors, that challenge plant 

establishment, are compounded by depleted soil nutrients and limited microbial diversity 

in the soil profile (Audet et al., 2013; Cipriotii et al., 2008). Consequently, the success of 

rehabilitation projects in arid regions is limited. Bridging the science-meets-practice gap 

is paramount to attain a deeper understanding of the challenges that face arid zone 

rehabilitation and to devise management actions to overcome them (Erickson et al., 2017; 

Miller et al., 2017; Shackelford et al., 2018; Sheley et al., 2011). 

The limited availability of locally sourced, stockpiled topsoil is one of the most critical 

challenges facing post-mining rehabilitation in arid regions (Muñoz-Rojas et al., 2016a). 

The physicochemical and biological characteristics of soils are strong indicators of 

ecosystem function and sustainability, with approximately 80% of ecosystem services 

linked to soil quality (Costantini, 2016; Pereira et al., 2017). The disturbance or removal 

of the top layer of soil leads to the degradation of soil quality and ecosystem function 

(Luna et al., 2016; Merino-Martín et al., 2017a). Consequently, soil profiles are typically 

reconstructed using alternative soil substrates such as overburden waste substrates that 

have been extracted from within the mining pits (Machado et al., 2013; Merino-Martín et 

al., 2017a). Studies using mine waste substrates in arid rehabilitation show that these 

substrates are structurally and biologically different to natural topsoil, have a reduced 

water holding capacity, lower plant available soil nutrients, and lack crucial soil microbial 

diversity (Bateman et al., 2016; Borůvka et al., 2012; Merino-Martín et al., 2017a; Rivera 

et al., 2014). Overall, these alternative substrates commonly lack the level of soil quality 

required to support seedling emergence, plant growth and community establishment 

(Lamb et al., 2015; Machado et al., 2013; Merino-Martín et al., 2017a). 

One approach to address the absence of a competent soil material is to use inorganic soil 

amendments to improve soil quality (Basanta et al., 2017; Courtney and Kirwan, 2012; 
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Liu et al., 2017; Schulz and Glaser, 2012). Inorganic soil amendments, such as calcium 

sulphate (gypsum), and N-based fertilisers (urea) can improve soil structure, soil water 

retention, soil nutrient availability, reduce soil pH and enhance plant growth (Bennett et 

al., 2014; Courtney and Kirwan, 2012). In dryland systems, soil water relations are major 

drivers for plant growth, species distribution and community composition (Cochrane et 

al., 2015; Lai et al., 2015; Lewandrowski et al., 2017; Yirdaw et al., 2017). The early 

seedling stages of plant development are the most vulnerable to environmentally driven 

mortality, with 90% of seedling deaths occurring in the first season (Benigno et al., 2014; 

James et al., 2011; Larson et al., 2015; Merino-Martín et al., 2017b). Seedlings require 

consistent soil moisture and regular rainfall to successfully germinate, emerge and then 

survive the juvenile life stage (Lewandrowski et al., 2017; Merino-Martín et al., 2017b). 

Therefore, the use of inorganic soil amendments in arid zone rehabilitation may increase 

plant available soil nutrients and soil water in alternative substrates to improve the 

probability of survival (Bennett et al., 2014; Bronick and Lal, 2005). 

Inorganic soil amendments have been commonly used throughout the agricultural 

industry to enhance plant performance in nutrient deficient soils in an affordable, readily 

accessible, and easy to apply manner (Abbott et al., 2018; Agegnehu et al., 2017; Sohi et 

al., 2010). These products may be suitable for post-mining rehabilitation in arid 

environments to improve soil nutrients as a single-entry application alongside broadcast 

seeding of native plant species (Erickson et al., 2017; Lamb et al., 2015). But, despite this 

practice already occurring in mine site rehabilitation (Australian Federal Government, 

2016; Larney and Angers, 2012), limited scientific research has been conducted to ensure 

that the incorporation of inorganic amendments such as gypsum and urea into the soil 

profile will improve the structural and biological integrity of mine soil substrates and be 

beneficial to native plant growth. An evaluation of the application doses for these 

amendments in large-scale rehabilitation projects is crucial to determining their efficacy 

in supporting or improving plant establishment. 

The aim of this study is to identify the amount of inorganic soil amendments required to 

improve soil recovery and, optimise seedling recruitment and plant growth in 

reconstructed substrates used in arid zone rehabilitation. This study assesses the effects 

of adding inorganic soil amendments (gypsum and urea) to soil substrates on (1) seed 

germination, seedling emergence and plant growth of native plant species used in arid 

rehabilitation (Acacia bivenosa DC., Eucalyptus gamophylla L'Her., Gossypium 
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robinsonii F.Muell., Senna notabilis (F.Muell.) Randell and Triodia wiseana 

C.A.Gardner) and (2) changes in soil biological and chemical properties of reconstructed 

soil substrates. It is hypothesised that the addition of gypsum and urea to mine waste soils 

will improve overall soil quality and increase seed germination, seedling emergence and 

plant growth. The potential implications of using inorganic amendments in arid zone 

rehabilitation as a means for improving soil quality, seedling recruitment and 

rehabilitation success is also discussed. 

2. Methods 

2.1. Experimental design 

This study was conducted during 2016 in glasshouse facilities maintained at 30 °C, 

located at The University of Western Australia in Perth, Western Australia. To evaluate 

the effectiveness of inorganic soil amendments to improve arid rehabilitation success, 

three experiments were conducted independently to assess soil quality changes and plant 

responses to inorganic soil amendments at three plant demographic stages (seed 

germination, seedling emergence and plant development after six months). The 

multifactorial experiments consisted of 11 soil treatments that combined different soil 

substrates and amendment doses (Table 1). Five plant species native to the semi-arid 

Pilbara region of Western Australia were selected to represent a range of plant life-forms 

found in this area and commonly used in post-mine rehabilitation (Erickson et al., 2016). 

These species include Acacia bivenosa (a C3 N2-fixing legume shrub), Gossypium 

robinsonii (a small shrub/tree), Senna notabilis (sub-shrub), Eucalyptus gamophylla 

(tree) and Triodia wiseana (a C4 perennial grass). 

2.2. Seed and soil preparation 

All seeds were pre-treated to break dormancy and maximise germination potential prior 

to setting up each experiment (Erickson et al., 2016). Seeds of A. bivenosa, G. robinsonii, 

and S. notabilis were immersed for 1–2 min in hot water at temperatures of 100, 80 and 

90 °C respectively, to alleviate physical dormancy. To maximise germination potential of 

seeds of T. wiseana, seeds were removed from the covering floret structures and soaked 

for 24 h in 1 μM solution of karrikinolide (3-methyl-2H-furo [2,3-c]pyran-2-one, 

synthesised following Flematti et al., 2005). Seeds of E. gamophylla are naturally non-

dormant once released from the fruit and required no further treatment. 
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The soil utilised in these experiments was collected in September 2015 from a mine site 

in the Pilbara region and consisted of topsoil (T) recovered from stockpiled material 

(approximately the top 10–20 cm of soil profile), and mine waste material (W) regularly 

used for post-mining rehabilitation. A third soil substrate consisting of a 1:1 blend of 

topsoil and waste material (TW) was constructed by combining one-part topsoil and one-

part waste material. 

The inorganic soil amendments, urea and gypsum, were mixed thoroughly into the W and 

TW soil substrates at two rates of application in eight different combinations (Table 1). 

The gypsum utilised was a fine, highly soluble powder product composed of 23% calcium 

and 19% sulphur (Sibelco Australia Ltd). The urea amendment was a dry bead material 

with a nitrogen concentration of 46% (Agrifil Pty Ltd). The inorganic amendments were 

applied based on existing concentrations used in current rehabilitation practices (Table 

1). 

Table 1. Soil substrates (100% topsoil (T), an equal parts topsoil:waste blend (TW) and 100% 

waste (W)) and two application rates for the inorganic amendments, gypsum and urea, used in 

four combinations in either the TW or W to create a total of 11 soil treatments. Capital and lower-

case letters used for gypsum (G or g) and urea (U or u) amendments indicate the higher or lower 

doses used, respectively. 

Treatment Gypsum concentration Urea concentration 

Unamended (T, TW & W) - - 

Treatment 1: guTW or guW 0.3 g/kg 0.5 g/kg 

Treatment 2: GUTW or GUW 3 g/kg 1 g/kg 

Treatment 3: GuTW or GuW 3 g/kg 0.5 g/kg 

Treatment 4: gUTW or gUTW 0.3 g/kg 1 g/kg 

 

2.3. Experimental methods 

The first two experiments assessed seed germination and seedling emergence of the five 

plant species in the 11 reconstructed soil treatments (Table 1). For the first experiment, 

nylon sachets containing 25 seeds were buried in trays (280 mm W x 340 mm L and 30 

mm H, 2.5 L), with each tray filled with one of the soil treatments. There were eight 

replicate nylon bags for each soil treatment (n = 8). Trays were maintained at field 

capacity for three weeks at which point the nylon sachets were extracted from each soil 

treatment and seeds removed to assess germination under a microscope (Precision 
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Instruments, Nikon SMZ800). Germination was defined as the emergence of the radicle 

to > 2 mm from the seed. In the second experiment, 25 seeds were sown into forestry 

tubes (40 mm L x 40 mm W and 80 mm H, 0.11 L) and watered 60 mL daily (n = 8). 

Seedling emergence was scored daily for three weeks at which point seedlings were 

harvested and dried at 75 °C for 72 h. Thereafter, total plant biomass (roots and shoots) 

was assessed across soil treatments by weighing the dried plant material using a five-

point balance (GX-600, A&D Pty Ltd, Tokyo, Japan). 

The third experiment assessed seedling growth and soil quality changes of the 

reconstructed soil substrates. Twenty seeds of each of the five species were sown into 

large, free draining pots containing one of the soil treatments (80 mm L, 80 mm W and 

180 mm H and 0.8 L; n = 8). Seedlings were then watered 200 mL daily for six months, 

from August 2016 until January 2017, with seedlings gradually thinned to two seedlings 

per pot. After six months, 200 g of soil was collected from four replicates per treatment, 

and plants were harvested. Plant biomass was determined following the same procedure 

used for the second experiment. 

Prior to analysis of soil chemical and biological properties, soil samples were air dried at 

40 °C for 72 h and sieved to < 2 mm. Soil total nitrogen was measured using the Kjedhal 

method (Bremner and Mulvaney, 1982). Soil organic carbon was measured by 

dichromate oxidation following the Walkley-Black method (Walkley and Black, 1934). 

Soil microbial activity (ppm-CO2) was determined using the low-level CO2- burst 

Solvita lab tests which calculates soil microbial respiration rates according to the level of 

CO2 burst produced after moistening dry soil and incubating at 25 °C for 24 h (Muñoz-

Rojas et al., 2016a, b). 

2.4. Statistical analysis 

Relationships between the different soil and plant variables (seed germination, seedling 

emergence, plant growth and soil nitrogen, carbon and soil microbial activity) and 

amended and unamended soil substrates were analysed using two-way ANOVA to 

determine significance between treatments and dependent variables. Comparisons 

between means of different soil and plant variables were then analysed using the Tukey's 

test (honest significant difference) where the significant interactions were identified. All 

analyses were performed with R statistical software version 3.4.3 (R Core Team, 2017). 
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3. Results 

3.1. Seed germination and seedling emergence 

The germination of seeds grown in topsoil (T) was significantly higher than that of seeds 

grown in the waste (W) soil treatment for A. bivenosa and G. robinsonii and similar to 

that of W in the remaining three species (E. gamophylla, S. notabilis and T. wiseana) (P 

≤ 0.05; Figure 1). The addition of topsoil to waste (TW) improved seed germination, with 

up to 50% more seeds germinating in TW compared to the W. Germination of A. bivenosa 

seeds ranged from 80.5 ± 3.2% in T to 25.0 ± 6.4% in gUW (Figure 1A). Seeds of E. 

gamophylla and G. robinsonii had the highest percentage of germination in T (73.5 ± 

1.2% and 81.5 ± 3.8%, respectively) while the lowest performing soil treatments were 

gUW for E. gamophylla (25.5 ± 5.8%) and GUW for G. robinsonii (19.5 ± 4.1%; Figure 

1). The total germination of S. notabilis ranged from 44.5 ± 6.7% in GuTW to 25.0 ± 

7.5% in GUW (Figure 1). However, T. wiseana responded differently to the addition of 

amendments, with germination of T. wiseana seeds the highest in guW (61.0 ± 5.1%) and 

lowest in GUTW (28.0 ± 6.4%; Figure 1E). 

Seeds of the majority of plant species showed similar, or reduced, germination when sown 

in amended soil treatments, compared to the unamended soil treatments (T, TW and W; 

Figure 1). For seeds of A. bivenosa, E. gamophylla, G. robinsonii and T. wiseana 

germination was significantly reduced in the presence of high doses of GU in TW (P ≤ 

0.05; Figure 1). Seeds of T. wiseana also showed reduced germination in GUW (P ≤ 0.05; 

Figure 1E). However, these effects varied considerably across species and amendment 

doses. For example, germination of A. bivenosa seeds in guW and GuW was significantly 

higher (66.5 ± 7.5% and 63.4 ± 1.8%, respectively) than in unamended W and comparable 

to germination in TW (75.5 ± 3.8%; P ≤ 0.05; Figure 1A).Total seedling emergence was 

highest in T for E. gamophylla, S. notabilis and T. wiseana (65.7 ± 5.3%, 29.2 ± 2.8% 

and 60.6 ± 4.9%, respectively) and ranged down to 10 ± 4.2%, 4.2 ± 2.5% and 3.1 ± 0.9% 

in gUW (Figure 1). Acacia bivenosa showed the highest emergence in TW at 71.7 ± 4.5% 

which ranged down to 23.3 ± 5.5% in gUW (Figure 1). Gossypium robinsonii had a total 

emergence ranging from 68.3 ± 4.3% in guTW down to 3.3 ± 1.3% in GUW (Figure 1C). 

Seedling emergence in T was significantly higher than in W for A. bivenosa, S. notabilis 

and T. wiseana (P ≤ 0.05; Figure 1). Consistent with the results of the germination 

experiment, higher doses of amendment (GUTW and GUW) resulted in lower emergence 
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rates in E. gamophylla, G. robinsonii and T. wiseana. In addition, emergence of E. 

gamophylla and G. robinsonii seedlings grown in any of the amended W soil treatments 

was significantly lower than emergence in W. 

When sown into amended soil treatments, the proportion of seedlings that emerged 

compared to the proportion that germinated, was lower than that in the unamended soils. 

This was evident in 14 of the 20 amended W soil treatments where emergence was 

significantly less than germination (P ≤ 0.05; Figure 1). 

 

Figure 1. Proportion of germinated seeds that emerged in five plant species native to the Pilbara 

in 11 reconstructed soil treatments (n = 8). (A) Acacia bivenosa, (B) Eucalyptus gamophylla, (C) 

Gossypium robinsonii, (D) Senna notabilis and (E) Triodia wiseana. Soil treatments: 100% 

topsoil (T), topsoil:waste blend (TW), 100% waste (W), and TW or W amended with varying 

combinations of inorganic amendments gypsum (G or g) and urea (U or u); capital letters on x-

axis for gypsum or urea indicate higher or lower dosage (Table 1). Capital letters above bars 

indicate significant differences between the germination proportion (lighter coloured bars) across 

soil treatments and lower-case letters above bars depict significantly different proportions of 

emergence between soil treatments (darker coloured bars). Asterisk indicates significant 

difference between germination and emergence within soil treatments. 
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3.2. Seedling growth at two life-stages 

Measures of seedling biomass three weeks after emergence showed that the relationship 

between soil type and plant biomass was only significant in A. bivenosa and E. 

gamophylla (P ≤ 0.05; Table 2). However, T. wiseana had a significant interaction in both 

soil type and amendments combined (P ≤ 0.05; Table 2). In A. bivenosa and E. 

gamophylla, plant total biomass was highest in T with 0.055 ± 0.006 g and 0.006 ± 0.001 

g, respectively, and ranged down to 0.017 ± 0.002 g in W for A. bivenosa and 0.003 ± 

0.001 g in gUTW for E. gamophylla (Figure 2). Plant biomass in G. robinsonii ranged 

from 0.030 ± 0.002 in gUW down to 0.010 ± 0.002 in GuW (Figure 2). Senna notabilis 

had the largest plant biomass in guW at 0.044 ± 0.006 g and the lowest in guTW (0.017 

± 0.004 g; Figure 2). Plant biomass of T. wiseana was largest in GuW at 0.005 ± 0.001 g 

and ranged down to 0.002 ± 0.001 g in GUTW (Figure 2). 

Table 2. Effects of soil type and amendment treatment on plant total biomass at two life stages 

(three weeks and six months after amendment application). Statistical significance levels: N/S = 

not significant, * =P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

Species Factors Three weeks  Six months 

F value P value F value P value 

A. bivenosa 

Soil Type 8.824 *** 89.430 *** 

Amendment  0.7262 N/S 2.7206 N/S 

Soil x Amendment 2.2628 N/S 3.1391 N/S 

 Soil Type 4.996 * 123.855 *** 

E. gamophylla Amendment  0.5892 N/S 9.7145 ** 

 Soil x Amendment 0 N/S 2.751 N/S 

 Soil Type 0.318 N/S 20.662 *** 

G. robinsonii Amendment  0.6136 N/S 7.148 ** 

 Soil x Amendment 1.020 N/S 7.715 ** 

 Soil Type 0.046 N/S 104.598 *** 

S. notabilis Amendment 0.560 N/S 28.66 *** 

 Soil x Amendment 0.238 N/S 0.898 N/S 

 Soil Type 0.517 N/S 67.201 *** 

T. wiseana Amendment  2.953 N/S 13.021 *** 

 Soil x Amendment 4.494 * 0.988 N/S 

 

In A. bivenosa and E. gamophylla, all amended soil treatments had similar plant biomass 

to the unamended TW and W soil treatments while S. notabilis showed increased growth 

in guTW (P ≤ 0.05; Figure 2). Plant biomass of T. wiseana in all amended TW was similar 

to the unamended TW. Within the amended TW doses, T. wiseana grown in the guTW 

soil treatment had significantly larger plant biomass than seedlings grown in GUTW (P 

≤ 0.05; Figure 2E). Across all the amended W treatments, T. wiseana biomass was similar. 

However, plant biomass of T. wiseana was significantly larger in seedlings grown in GuW 
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compared to the W (P ≤ 0.05; Figure 2E). Seedlings of G. robinsonii responded to high 

doses of urea in gUW resulting in significantly higher plant biomass at the three-week 

stage compared to W. 

Figure 2. Total seedling biomass (g) of five plant species after three weeks of growth in different 

growth media types and inorganic amendment doses (n = 8). (A) Acacia bivenosa, (B) Eucalyptus 

gamophylla, (C) Gossypium robinsonii, (D) Senna notabilis, and (E) Triodia wiseana. Soil 

treatments: 100% topsoil (T), topsoil:waste blend (TW), 100% waste (W), and TW or W amended 

with varying combinations of inorganic amendments gypsum (G or g) and urea (U or u); capital 

letters on x-axis for gypsum or urea indicate higher or lower dosage (Table 1). Different letters 

above boxplots indicate significant differences between the total biomass across soil treatments. 

 

After six months of plant growth, there was a significant interaction between soil type 

and plant total biomass for all species (P ≤ 0.001; Table 2). However, only four of the 

five species showed a significant interaction with the soil amendments (E. gamophylla, 

G. robinsonii, S. notabilis and T. wiseana). All species had the lowest total biomass in W 

ranging from 0.57 ± 0.08 g in A. bivenosa down to 0.05 ± 0.00 g in G. robinsonii (Figure 

3). The largest plant biomass for A. bivenosa was in T at 6.09 ± 0.72 g (Figure 3). Both 

S. notabilis and T. wiseana had the largest plant biomass in gUTW with 1.21 ± 0.27 g and 

0.54 ± 0.12 g, respectively. Eucalyptus gamophylla had the largest total biomass in guTW 
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with 0.54 ± 0.07 and G. robinsonii had the largest biomass in GUW with 0.49 ± 0.11 g 

(Figure 2). 

In A. bivenosa, E. gamophylla, G. robinsonii and T. wiseana, plant growth was 

significantly lower in W compared to T (Figure 3). Overall, there were more seedling 

responses to amendments in the TW soil treatments compared to the W soil treatments. 

Triodia wiseana and S. notabilis seedlings in gUTW had significantly larger biomass (P≤ 

0.05) than seedlings in TW, and comparable or larger biomass than the T soil treatment 

(Figure 3). Senna notabilis seedlings grown in GUTW were also significantly larger than 

seedlings grown in T (P≤ 0.05; Figure 3D). When grown in guTW, GUTW or gUTW, E. 

gamophylla seedlings had a total biomass significantly greater (P≤ 0.05) than seedlings 

grown in TW, and similar to seedlings in T (Figure 3B). Across all species, total biomass 

in all W soil treatments (amended and unamended) were statistically similar except for 

G. robinsonii seedlings in GUW which had a significantly higher biomass than in T, TW 

and W soil treatments (P ≤ 0.05; Figure 3C). 

 

Figure 3. Total seedling biomass (g) of five plant species after six months of growth in different 

growth media types and inorganic amendment doses (n = 8). (A) Acacia bivenosa, (B) Eucalyptus 

gamophylla, (C) Gossypium robinsonii, (D) Senna notabilis, and (E) Triodia wiseana. Soil 

treatments: 100% topsoil (T), topsoil:waste blend (TW), 100% waste (W), and TW or W amended 

with varying combinations of in-organic amendments gypsum (G or g) and urea (U or u); capital 

letters on x-axis for gypsum or urea indicate higher or lower dosage (Table 1). Different letters 

above boxplots indicate significant differences between the total biomass across soil treatments. 
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3.3. Soil quality indicators 

After six months of seedling growth, the total nitrogen and organic carbon content of the 

three soil treatments, T, TW and W, were significantly different (P≤ 0.05; Figure 4A &B). 

Organic carbon ranged from 0.44 ± 0.08% in the T soil treatment down to 0.10 ± 0.01% 

in the unamended W soil treatment (Figure 4A). Total nitrogen ranged from 0.023 ± 

0.001% in the T soil treatment down to 0.007 ± 0.001% in the W soil treatment (P ≤ 0.05; 

Figure 4B). Both organic carbon and total nitrogen were significantly higher in all TW 

soil treatments (amended and non-amended) compared to all W soil treatments (P ≤ 0.05). 

In the T soil treatment, organic carbon and total nitrogen content were significantly higher 

(P ≤ 0.05) than all other soil treatments. There were no differences between amended and 

unamended soil treatments in either of the two soil nutrient parameters. 

Soil microbial activity across soil treatments ranged from 3.84 ± 0.28 ppm-CO2 in T 

down to 2.34 ± 0.04 ppm-CO2 in guW (Figure 4C). The GuTW soil treatment showed 

similar levels of soil microbial activity (3.29 ± 0.24 ppm-CO2) to T (Figure 4C). The 

gUTW soil treatment had the lowest microbial activity of all TW treatments (2.73 ± 0.14 

ppm-CO2) and was similar to the microbial activity present in all W soil treatment, which 

was the lowest performing (Figure 4C). 
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Figure 4. Average total soil organic carbon (A), nitrogen content (B) and microbial activity (C) 

across all five species in 11 soil treatments six months after amendment application. Soil 

treatments: 100% topsoil (T), topsoil:waste blend (TW), 100% waste (W), and TW or W amended 

with varying combinations of inorganic amendments gypsum (G or g) and urea (U or u); capital 

letters on x-axis for gypsum or urea indicate higher or lower dosage (Table 1). Different letters 

above boxplots indicate significant differences between the soil parameters across soil treatments. 
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4. Discussion 

4.1. Native plant responses to inorganic soil amendments 

Across all five species, seed germination was the highest or equal highest in T. The 

addition of topsoil to the mine waste (TW) improved seed germination, emergence, plant 

growth, soil microbial activity and total nitrogen compared to the W treatment. The results 

of these glasshouse experiments support previous studies in this mining region that 

assessed seedling growth in mine waste showing the detrimental effects of using W alone 

as a substrate for plant establishment, with the depleted soil total nitrogen, organic carbon 

and soil microbial activity limiting plant establishment, compared to the T or TW 

substrates (Bateman et al., 2016; Kneller et al., 2018). 

Plant responses to the addition of inorganic soil amendments into W differed across 

species and throughout the seedling life cycle. For example, for seeds of E. gamophylla 

the addition of high doses of gypsum and urea (GU) in the W soil treatment neither 

promoted or impaired seed germination, compared to the unamended W, yet at the 

seedling emergence stage, high doses of amendments were detrimental to seedling 

recruitment, resulting in high seedling mortality. For A. bivenosa, germination was 

significantly improved in guW and GuW, compared to W, but emergence in the respective 

soil treatments was 30% and 41% lower. Seeds of G. robinsonii and T. wiseana had both 

reduced germination and higher seedling mortality of emerged seedlings in GUW, 

compared to W. However, after six months, the seedlings of G. robinsonii that did survive 

exhibited significantly larger plant biomass in GUW compared to all other W treatments 

(amended and unamended). 

This species-specific and life-stage variation in plant responses may reflect the level of 

dependency these species have on the soil for nutrients, such as nitrogen, at different 

developmental stages, with some species more self-sufficient than others at early life-

stages (Jurado and Westoby, 1992; Lahoreau et al., 2006; Miller, 1995; Ribeiro et al., 

2015; Vaughton and Ramsey, 2001). For example, studies conducted by Vaughton and 

Ramsey (2001) under conditions of low soil nutrients found that the size of Banksia 

cunninghamii seedlings were proportional with seed mass. These results highlight that 

larger seeded species, such as A. bivenosa, have sufficient reserves within the large 

cotyledons of the embryo in the early stages of plant development to reduce the 

dependency of these seedlings on soil nutrients and thus limit their responses to the 
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addition of soil amendments (Lahoreau et al., 2006; Vaughton and Ramsey, 2001). In 

contrast, species such as E. gamophylla, G. robinsonii and T. wiseana with smaller seed 

mass rely on external sources of nutrients earlier, as evidenced by the increase in plant 

growth in the amended soil treatments compared to the unamended soil treatments after 

six months. 

All plant species had the highest or equal highest percentage of germination and 

emergence in T, highlighting that topsoil is the most appropriate growth media for 

rehabilitation to ensure the maximum number of germinated seedlings. In addition, all 

plant species had the lowest percentage of germinated seeds in GU or gU amended soil 

treatments. When assessing seedling emergence, E. gamophylla, G. robinsonii, S. 

notabilis and T. wiseana had the lowest percentage of emergence in a high dose 

amendment treatment. Our results indicate that an oversupply of nitrogen-based fertiliser 

at the germination and emergence stage may have been detrimental for the recruitment of 

native plant species that are accustomed to soils naturally depleted in soil nutrients 

(Michel and Mew, 1998; Monem et al., 2010; Zhu et al., 2016). 

Across all five species, 14 of the 20 amended W soil treatments had significantly less 

emerged seedlings than germinated seeds, suggesting high seedling mortality between the 

germination and emergence phases of plant development. When comparing amended and 

non-amended soil treatments, E. gamophylla and G. robinsonii had a significantly lower 

rate of emergence in all amended W soil treatments compared to W. High seedling 

mortality at the emergence phase is a prominent hurdle challenging post-mining 

rehabilitation in arid regions (Erickson et al., 2017; James et al., 2011). Consequently, the 

impacts of soil amendments on seedling survival is an area requiring crucial evaluation 

when considering the use of inorganic amendments for post-mining rehabilitation. 

4.2. Soil biological and chemical responses to inorganic soil amendments 

Addition of urea did not increase total nitrogen after six months. In both amended TW 

and W soil treatments, the total nitrogen was lower than levels found in T. Differences 

between the two urea doses (1 g/kg) and (0.5 g/kg) were not evident in the soil nitrogen 

contents after six months. This result may be attributed to the water regime applied, that 

maintained pots under well-watered conditions and may have led to the loss of 

amendments through leaching (Bennett et al., 2014; Monem et al., 2010). Another 

explanation may reside in the natural transformation of nitrogen fertilisers in calcareous 
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soils with pH levels greater than 7 (Officer et al., 2015; Rechcigl, 1995). Nitrogen 

fertilisers under environmental conditions of high temperature with low cation exchange 

capacity can be lost rapidly from the system through leaching processes such as 

volatilization (McKenzie et al., 2004; Officer et al., 2015; Pan et al., 2016; Rechcigl, 

1995). Pilbara soils are known to be alkaline and have a low cation exchange capacity 

that may influence the ability of the soil to transform and retain nitrogen amendments 

(McKenzie et al., 2004). The loss of inorganic soil amendments from the soil profile may 

explain why plant biomass after three weeks of growth showed that 18 of the 20 amended 

W soil treatments had seedlings that were equal or greater in weight than the W, while 

after six months there is a distinct reduction in plant biomass between the T and TW 

compared to W. Further consideration in the use of inorganic soil amendments in arid 

conditions, such as those found in the Pilbara, may be needed to determine the feasibility 

of the investment in a rehabilitation setting. 

When assessing changes in soil microbial activity in response to inorganic soil 

amendments, only the GuTW produced a level of microbial activity significantly higher 

than TW, and similar to the microbial activity measured in T. Overall, the analysis of soil 

microbial activity across the 11 soil treatments showed that the use of inorganic soil 

amendments in the TW and W substrates has limited influence on the activity of the soil 

microbial community. However, this is to be expected as the inorganic amendments, in 

particular the urea, were in a synthetic form designed to be readily available for plant 

uptake rather than influence the soil biological activity (Barabasz et al., 2002; Geisseler 

and Scow, 2014). In fact, some studies have found that the use of nitrogen-based 

fertilizers can restrict the activity of soil micro-organisms (Barabasz et al., 2002; 

Geisseler and Scow, 2014; Lee and Jose, 2003). 

4.3. Implications for rehabilitation 

The main aim of this study was to assess the effectiveness of inorganic soil amendments 

to improve dryland rehabilitation success by promoting soil quality, and plant 

establishment and growth. The results showed that while the use of inorganic soil 

amendments in mine waste had limited influence on seed germination the amendments 

decreased seedling emergence and increased seedling mortality. However, the addition of 

nitrogen into the mine waste increased plant growth in the high doses compared to the 

unamended mine waste. These findings highlight the level of complexity and variability 



                                                    Chapter 2: Inorganic amendments and seedling performance 

 

37 
 

in responses to the addition of inorganic amendments across plant species and life-stages. 

When assessing the role of inorganic amendments to improve soil quality, the results 

suggest that after six months the amendments had no effect on soil quality and were no 

longer present in the soil profile. Consequently, these results raise questions regarding the 

suitability of inorganic amendments in arid regions and further study is required to 

understand the full potential of these soil amendments in a rehabilitation setting. In 

conditions of limited water availability these amendments may prove to be beneficial for 

plant survival with gypsum allowing soil water to remain available to plants for longer 

periods of time. In addition, further assessment of the implications for soil amendments 

in a plant community setting may provide larger-scale evidence for the role of inorganic 

soil amendments in arid zone rehabilitation. Regardless, this study forms part of the first 

steps to understanding how agricultural practices can be adopted in soil reconstruction 

for post-mining rehabilitation efforts in arid regions. 
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Chapter 3 

Water availability drives the effectiveness of inorganic amendments to increase 

plant growth and substrate quality 

Abstract 

In a time when global climate variability threatens the sustainability and productivity of 

arid ecosystems, the development of effective strategies to recover and protect soil 

resources and biota is crucial for the survival of these landscapes. With 20% of arid 

systems degraded and estimates of up to 10 Mha of land degrading each year, this issue 

is of global importance. In the semi-arid Pilbara region of north-west Western Australia, 

climatic projections suggest reductions in annual rainfall and high unpredictability of rain 

events. However, as these ancient landscapes are already degraded due to meteorological 

processes and anthropogenic activities, such as mining, the rehabilitation of this land is 

severely challenging. This case study examines, under different rainfall scenarios, the 

effect of two inorganic amendments (gypsum and urea) on substrate quality and growth 

of two plant species (Acacia inaequilatera and Triodia wiseana) native to the Pilbara 

region. Through an extensive glasshouse experiment, two doses of inorganic amendments 

were tested and compared to unamended mining waste (overburden) substrates extracted 

from an iron-ore mine of moderately alkaline pH and low nitrogen status. Our results 

showed that the addition of urea (nitrogen-based fertiliser) produced a three-fold increase 

of plant growth in A. inaequilatera and up to a 25-fold increase in T. wiseana compared 

to unamended substrates when grown under the higher watering regime but this effect 

was not evident in the lower water regimes. The inorganic amendments decreased pH and 

increased EC, total nitrogen and N-mineralisation but did not have a significant effect on 

soil microbial activity. Overall, water was the dominant driver for determining the 

effectiveness of the substrate amendments to improve the quality of mine waste substrates 

and increase plant growth. This study contributes to unravelling the role of inorganic 

amendments in post-mining rehabilitation in arid regions faced with climate change. 
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1. Introduction 

Global climate change is accelerating the rate of land degradation worldwide (Lal, 2015; 

Schlaepfer et al., 2017). Currently, an estimated 23% of the Earth's land surface is 

degraded to some extent and this degradation is occurring at a rate of 5–10 million 

hectares annually (Barbier and Hochard, 2016; Stavi and Lal, 2015). In arid systems, 

which are predicted to be the most affected by global climate change, 20% of the land 

surface is considered to have undergone some form of degradation as a result of 

anthropogenic activities, such as agriculture or intensive mining (Bisaro et al., 2014; 

Millennium Ecosystem Assessment, 2005; Schlaepfer et al., 2017; Wang et al., 2015). 

With 45% of the world's agricultural industry operating in arid systems and providing 

60% of the global food demand, the conservation and rehabilitation of these landscapes 

is of universal concern (United Nations Convention to Combat Desertification, 2017). In 

addition, arid regions are often hotspots for endemic plant species, with the Pilbara region 

of north-west Western Australia housing > 1800 species (McKenzie et al., 2009). Efforts 

to rehabilitate these arid landscapes are hindered by high annual temperatures and erratic 

summer rainfall, inherent to these systems, which are amplified under climate change 

(Anaya-Romero et al., 2015; Gwenzi et al., 2014). With the rehabilitation of disturbed 

landscapes commonly at the mercy of the environmental conditions, the number of 

successful large-scale rehabilitation projects in arid landscapes is limited (Alday et al., 

2014; Erickson et al., 2017; Lewandrowski et al., 2017; Reynolds et al., 2000). 

In post-mining rehabilitation, one of the predominant hurdles preventing successful 

rehabilitation is the lack of stockpiled topsoil available as a growth media (Golos and 

Dixon, 2014; Merino-Martín et al., 2017). As a result, overburden mining materials that 

have been mined from operational pits are used as an alternative soil substrate for 

rehabilitation (Kneller et al., 2018; Machado et al., 2013). However, this mine waste 

substrate is physically, chemically and biologically different to topsoil, with low organic 

matter and soil nutrient availability to plants, and negligible below-ground biological 

activity (Birnbaum et al., 2017; Borůvka et al., 2012). Such properties of overburden mine 

substrates can limit native seed germination, seedling emergence and plant growth (Atibu 

et al., 2018; Bateman et al., 2016; Lamb et al., 2015; Merino-Martín et al., 2017). 

Alternative management practices to address soil constraints for rehabilitation in arid 

systems include the use of inorganic amendments such as urea and gypsum (Basanta et 
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al., 2017; Liu et al., 2010; Schulz and Glaser, 2012). These amendments have been trialled 

for a number of rehabilitation projects in arid systems with the goal of improving the soil 

quality of the mine waste substrates, increasing plant establishment and restoring 

ecosystem functions (Australian Federal Government, 2016; Larney and Angers, 2012). 

More specifically, while the use of urea increases plant available nitrogen, gypsum seeks 

to improve the physical structure of the substrate, water infiltration and retention (Bennett 

et al., 2014; Courtney and Kirwan, 2012). In addition, the use of amendments reduces 

runoff and maximises the amount of water available to plants and soil microbial 

communities. Such amendments target the early stages of plant development that are the 

most vulnerable to environmentally driven mortality, with up to 90% of seedlings lost in 

the first year (Atwater et al., 2015; James et al., 2013; Larson et al., 2015). The benefits 

of using inorganic fertilizers to increase agricultural production have been widely 

demonstrated over the last 50 years, since the green revolution (Vanlauwe et al., 2010). 

However, the effectiveness of these amendments to remediate the soil quality of mine 

waste substrates in harsh arid conditions needs further development. In addition, the long-

term implications of the use of these substrate amendments in arid systems in the context 

of global climate change are not yet understood. 

Here, a case study is presented for the semi-arid Pilbara region of Western Australia, an 

intensive iron-ore mining hotspot with an estimated disturbance footprint > 230,000 ha 

(Environmental Protection Authority, 2014). The objective of this study was to 

investigate how reconstructing overburden mine waste substrates from an iron-ore mine 

site with inorganic amendments alters the quality of these substrates and influences native 

plant growth under several rainfall scenarios. Specifically, we determined the effect of 

adding inorganic amendments (gypsum and urea) to mine waste material under three 

water treatments on (i) plant seedling growth of native plant species used in post-mining 

rehabilitation (Acacia inaequilatera DC and Triodia wiseana C.A.Gardner) and (ii) 

biological and chemical properties of the substrates that are broadly used as indicators of 

substrate quality, including microbial activity, soil respiration, total carbon and nitrogen 

content, pH and electrical conductivity, and nitrogen mineralisation (Muñoz-Rojas et al., 

2016a). We also discuss the implications of using inorganic amendments as a tool for 

recovering natural soil forming processes for arid post-mining rehabilitation in light of 

global climate change projections. 
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2. Methods 

2.1. Experimental design 

This study was conducted for six months between November 2017 and April 2018 in a 

glasshouse facility located at the University of Western Australia in Perth, Western 

Australia. Two plant species (Acacia inaequilatera and Triodia wiseana) native to the 

Pilbara region of Western Australia were chosen for this study as they represent dominant 

growth forms in the arid landscape and are frequently used in mine rehabilitation 

(Bateman et al., 2016; Erickson et al., 2016;). Acacia inaequilatera is a C3 N2-fixing 

legume shrub, and Triodia wiseana is a C4 perennial evergreen grass. These two plant 

species were grown separately in the glasshouse at 30 °C in five substrate treatments 

(Table 1) under three water regimes. 

Substrates used in this experiment were collected in September 2017 from the Pilbara 

region. They consisted of topsoil (T) recovered from stockpiled material (sourced from 

the top 10–20 cm of the pre-mined soil profile) and mine waste material (W) regularly 

used for post-mining rehabilitation. Specifically, topsoil in this experiment consisted of 

4.6% clay, 24.9% silt and 70.5% sand while the mine waste substrate consisted of 2.1% 

clay, 11.8% silt and 86.1% sand (Muñoz-Rojas et al., 2016b). A third substrate consisting 

of a 1:1 blend of topsoil and mine waste (TW) was also constructed, consistent with 

existing mine rehabilitation practice (Muñoz-Rojas et al., 2016a). Additionally, two 

substrate treatments containing inorganic amendments were constructed. Two application 

rates of gypsum and one application rate of urea were mixed thoroughly into the W soil 

substrates to make the two amended substrate treatments (Table 1). The gypsum fertiliser 

was a fine powder product composed of 23% calcium and 19% sulphur (Si-belco 

Australia Ltd). The urea fertiliser was a dry bead material made up of 46% total nitrogen 

(Agrifil Pty Ltd). The two amended treatments were designed according to existing 

rehabilitation practices and previous research into the effectiveness of amendments for 

rehabilitation (Bateman et al., 2019 (Chapter 2)). 
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Table 1. Soil substrates: T = 100% topsoil, TW = topsoil:waste blend (1:1), W = 100% waste, 

and two application rates for the inorganic amendments, gypsum and urea (U), used in the W soil 

substrate to create a total of five soil treatments. Capital and lower-case letters used for gypsum 

(G or g) amendments indicate the higher or lower doses used, respectively. 

Treatment Gypsum application Urea application 

Unamended (T, TW & W) - - 

Amended W 1 (GUW) 3 g/kg 1 g/kg 

Amended W 2 (gUW) 0.3 g/kg 1 g/kg 

 

All seeds were pre-treated to break dormancy and maximise germination potential prior 

to setting up each experiment (Erickson et al., 2016). Seeds of A. inaequilatera were 

treated for physical dormancy by immersing in water heated to 95 °C for 2 min. Seeds of 

T. wiseana were first removed from their covering floret structures and then immersed in 

a 1 μM solution of karrikinolide, a smoke-derived germination stimulant, for 24 h to break 

physiological dormancy. Twenty seeds of either A. inaequilatera or T. wiseana were 

sown into each of the large, free draining pots (210 mm deep × 140 mm wide; 4 L), with 

each pot filled with one of the five substrate treatments. There was a total of 540 pots 

replicated 12 times for each substrate treatment in each water regime and plant species 

treatment (plant treatments included the two plant species plus blank pots). Pots were 

watered with 165 mL daily for three weeks to ensure seedling emergence before being 

transitioned into one of three watering treatments (high: 132 mL, intermediate: 66 mL or 

low: 49.5 mL single water event). The water treatments were chosen to represent rainfall 

events experienced in the Pilbara region of Western Australia. The highest water 

treatment (132 mL) represents an average rainfall event in the Pilbara, with subsequent 

water treatments representing 50% (intermediate) and 37.7% (low) of the average rainfall 

event (Bureau of Meteorology, 2015). The pots received their total water amount as two 

smaller watering events within a 12 h period. These water amounts were administered 

four times a week (Monday, Wednesday, Friday and Sunday) with the weekly water 

amounts for each treatment equalling 528 mL, 264 mL and 198 mL, respectively. After 

two months, seedlings were thinned to one plant per pot. 

2.2. Experimental monitoring 

Each month, substrate respiration was measured with a portable CO2 gas analyser (EGM-

5, PP Systems, USA) as a non-destructive method of detecting substrate responses to the 

addition of inorganic amendments over time. The experiment was conducted over six 
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months but was prematurely ended by a glasshouse malfunction causing all pots in the 

intermediate water treatment (66 mL) to be overwatered. After six months, plant 

photosynthesis was measured using a LiCor 6400XT (Li-COR Biosciences, USA) to 

assess seedling physiological responses to the use of substrate amendments in mine waste 

substrates under the different water treatments. The LiCor 6400XT was operated under a 

light intensity of 1000 PAR, flow rate of 500, CO2 concentration of 400 ppm with a 2 cm 

× 3 cm chamber. When leaves of plants did not cover entire chamber area, leaf area was 

measured, and photosynthetic measurement multiplied to achieve an accurate reading. 

After, the soil and plant physiological measurements were taken, seedlings were 

harvested, and 200 g of substrate was collected from four replicates of each treatment. 

Plant samples were then oven dried at 75 °C for 72 h prior to being weighed using a five-

point balance (GX-600, A&D Pty Ltd., Tokyo, Japan). All substrate samples were air 

dried at 40 °C for 72 h before undergoing chemical and biological analysis. The pH and 

electrical conductivity (EC) of each substrate was derived using deionised water (1:5), 

with an AD8000 microprocessor-based pH meter. Total nitrogen and carbon were 

analysed using the DUMAS total combustion technique with the vario-MACRO CNS 

(Elementar, USA) (Buckee, 1994). Microbial activity was obtained using the low-level 

CO2- burst Solvita lab test which determines the substrate microbial respiration rate 

according to the level of CO2 produced after moistening dry substrate and incubating 

samples at 25 °C for 24 h (Haney et al., 2008). Nitrogen mineralisation was measured 

using the 1-day Solvita-LAN test that calculated the labile fraction of amino-groups 

(Khan et al., 2001). Due to the flood event affecting the second water treatment (66 mL) 

all substrate data for this treatment was omitted from the results, with the exception of the 

substrate respiration data that was captured before the flood event. The water retention 

curves for each of the substrates were constructed for each substrate treatments using a 

Psychrometer (Model WP4C Dewpoint Potentialmeter, Decagon Devices, Inc., Pullman, 

WA 99163, USA) to assess the effect of inorganic amendments on substrate water 

retention. 

2.3. Statistical analysis 

All analyses were performed with R statistical software version 3.1.4 (R Core Team, 

2017). The effects of the explanatory variables (plant species treatment, water treatment 

and substrate treatment) were tested for all plant and substrate response variables using a 

two-way ANOVA to determine a significant relationship. These relationships were then 
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analysed using Tukey's honest significant difference test employed for post-hoc analysis 

using the agricolae package in the statistical environment R (Mendiburu, 2017). Substrate 

water retention curves were constructed using the three-parameter Weibull function in 

the drc package (Ritz et al., 2015). Curve parameters; maximum water retention, slope of 

the curve and the point of 50% decay threshold for water retention were analysed using 

the ‘comParm’ function (Bateman et al., 2016). 

3. Results 

3.1. Below-ground responses to inorganic amendments 

Analysis of the water retention curves of the five substrates showed that although there 

was an observable increase in the maximum water retention in the GUW substrate, there 

were no significant differences in the maximum water retention, slope or point of 50% 

decay in water retention across any of the five substrates (Figure 1). 

Figure 1. Soil water retention curves of Pilbara mine soil substrates and two amended soils (n = 

3). Soil treatments: 100% topsoil (T), topsoil:waste blend (TW), 100% waste (W), and TW or W 

amended with varying combinations of inorganic amendments gypsum (G or g) and urea (U); 

capital letters in legend for gypsum indicate the higher dose (Table 1). 

 

There was a significant relationship between microbial activity and substrate treatments 

in all the plant treatments when under the highest water treatment (P ≤ 0.05; Figure 2). 

Under the high water treatment in the blank pots, microbial activity was significantly 

higher in the T soil treatment compared to the W and GUW substrates. In the same water 
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treatment, microbial activity in substrates with A. inaequilatera was also significantly 

higher in the T soil substrate compared to the W and gUW substrates. In substrates with 

T. wiseana plants, microbial activity in the TW substrate was significantly higher than all 

other substrates (Figure 2). 

Figure 2. Soil microbial activity in soil treatments in the absence of plants (Blank pots; A–B) and 

presence of either A. inaequilatera (C–D) or T. wiseana (E–F) plants. Soil treatments: T = 100% 

topsoil, TW = topsoil:waste blend (1:1), W = 100% waste and W amended with varying 

combinations of inorganic amendments gypsum (G org) and urea (U); capital letters for gypsum 

indicate the higher dose (Table 1). Water treatments applied were 132 mL (High Water 

Treatment) and 49.5 mL (Low Water Treatment). Different letters above boxplots indicate 

significant differences between the means of the soil parameters across soil treatments but within 

water treatments. P values indicate relationship between soil microbial activity and soil treatments 

within water treatments. Statistical significance levels: * = P ≤0.05, ** = P ≤ 0.01, *** = P ≤ 

0.001. 
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In the blank pots, there was a significant relationship between N-mineralisation and 

substrate treatment in the lowest water treatment (P = 0.003; Figure 3). In this water 

treatment, the gUW substrate had significantly higher levels of N-mineralisation 

compared to all other substrates (Figure 3). In substrates with A. inaequilatera, there was 

a significant relationship between substrate treatment and N-mineralisation in both the 

high and low water treatments (Figure 3). Under the highest water treatment, N-

mineralisation of substrates with A. inaequilatera was significantly higher in the gUW 

and GUW substrates compared to the TW and W substrate (Figure 3). In the lowest water 

treatment N-mineralisation was significantly higher in the GUW substrate compared to 

all unamended substrates (P ≤ 0.05; Figure 3). In substrates with T. wiseana present, 

levels of substrate N-mineralisation were not different across substrate in any of the water 

treatments (Figure 3). 

Figure 3. N-mineralisation of each soil treatment in the absence of plants (Blank pots; A–B) and 

presence of either A. inaequilatera (C–D) or T. wiseana (E–F) plants. Soil treatments T = 100% 

topsoil, TW = topsoil:waste blend (1:1), W = 100% waste and W amended with varying 

combinations of inorganic amendments gypsum (G or g) and urea (U); capital letters for gypsum 

indicate the higher dose (Table 1). Water treatments applied were 132 mL (High Water 

Treatment) and 49.5 mL (Low Water Treatment). Different letters above boxplots indicate 

significant differences between the means of the soil parameters across soil treatments but within 

water treatments. P values indicate relationship between soil N-mineralisation and soil treatments 

within water treatments. Statistical significance levels: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 

0.001. 
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In substrates with A. inaequilatera, there was a significant relationship between the pH 

and substrate treatment in the low water treatment. The pH of the W substrate was 

significantly higher than all other substrates (Table 2). The same trend was observed in 

the pH of substrate with T. wiseana plants under the high water treatment where W 

substrate had a pH that was significantly higher than all other substrates. In the blank pots, 

there was a significant relationship between pH levels and substrate treatments in both 

water treatments: the highest pH levels were found in either the TW or W substrates which 

were significantly more alkaline than the gUW and GUW substrate (Table 2). 

With the exception of the A. inaequilatera under the high water treatment, there was a 

significant relationship between electrical conductivity (EC) and substrate treatment in 

all plant and water treatments. In all but two instances, where there was a significant 

relationship between EC and substrate treatment, the T soil treatment was significantly 

higher than all other substrates. The exception was in the high water treatment, for both 

the blank pots and T. wiseana plant treatment, where the T and GUW substrates had 

similar EC. In the A. inaequilatera plant treatment, the W substrate was the only substrate 

to have a significant relationship between water treatment and substrate EC, with EC 

levels declining as the water treatments became drier (P ≤0.05; Table 2). 

Total carbon significantly differed between substrate treatments in both water treatments 

across all three plant treatments (Table 2). In all instances, total carbon was significantly 

higher in the T soil treatment compared to all other substrates. Under the high water 

treatment, total nitrogen had a significant relationship with substrate treatments in both 

of the two plant species treatments. In A. inaequilatera, total nitrogen was significantly 

higher in the two amended substrates gUW and GUW compared to the unamended 

substrates (Table 2). In pots with T. wiseana, total nitrogen was significantly higher in 

the gUW substrate compared to the unamended substrates. In the low water treatment, 

total nitrogen had a significant relationship with substrate treatment in the blank and T. 

wiseana plant treatments (Table 2). In the blank pots, total nitrogen was significantly 

higher in the gUW substrate compared to all other substrates. In pots with T. wiseana, the 

gUW substrate had significantly higher total nitrogen than the TW, W and GUW 

substrates (Table 2). 

Across all plant treatments and water treatments there was a significant relationship 

between C/N ratio and substrate treatment with substrate C/N significantly higher in the 
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T soil treatment compared to all other substrates (Table 2). In the W substrate there was 

a significant relationship between soil C/N ratio and water treatment in both of the plant 

treatments A. inaequilatera and T. wiseana, with the highest C/N ration found in the 

lowest water treatment and the lowest C/N ratio in the highest water treatment (P ≤0.05; 

Table 2). 

When assessing differences across plant treatments, several significant relationships were 

observed (Table 3). Under the highest water treatment, pH levels in the T and gUW 

substrates were significantly higher (more alkaline) in the blank pots compared to the A. 

inaequilatera and T. wiseana plant treatments (P ≤ 0.05; Table 3). In the T soil treatment, 

substrate EC was significantly higher in the blank pots than in the pots with A. 

inaequilatera. Total carbon significantly differed across plant treatment in the W and 

GUW substrates. In the W substrate, pots with T. wiseana had the higher substrate total 

carbon compared to the blank pots and pots with A. inaequilatera. In the GUW substrate, 

both plant treatments had higher total carbon than the blank pots. Under the low water 

treatment, EC in the T, W and gUW substrate treatments was higher in the blank pots 

than in the T. wiseana or A. inaequilatera treatments (P ≤0.05, Table 3). In the GUW 

substrate, pots with T. wiseana had the highest substrate total carbon compared to the 

blank pots and pots with A. inaequilatera. In contrast, in the T soil treatment, the blank 

pot had significantly higher total carbon than pots with T. wiseana. Total nitrogen differed 

between plant treatments in the W substrate with the blank pot having significantly higher 

total nitrogen compared to pots with the native plant species (Table 3). The C/ N ratio in 

the W substrate was significantly higher in pots with A. inaequilatera compared to the 

blank treatment (P ≤ 0.05; Table 3). 

However, in the TW substrate the blank pots had a higher C/N ratio than pots with the 

native plants (P ≤0.05; Table 3). In the T soil treatment, the blank pots had a higher level 

of microbial activity compared to both plant treatments (P ≤ 0.05; Table 3). There were 

no differences in N-mineralisation across plant species in either the high or low water 

treatments. 

Throughout the experiment, levels of substrate respiration varied across substrate 

treatments, plant treatments, water regimes and time (Table 4). In the blank pots, across 

all five months, the highest substrate respiration was found in either the T or TW 

substrates while the lowest was found in the W, gUW or GUW substrates (Table 4). 
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However, in pots with either the A. inaequilatera or T. wiseana, substrate respiration was 

highest in the amended treatments (gUW and GUW) when under the high water treatment 

but was highest in the T and TW substrates when under the low water treatment (Table 

4). In the blank and T. wiseana plant treatments, where there was a significant relationship 

between time and substrate respiration, there was a decline in substrate respiration over 

time. In the blank pots this occurred in the T, TW and gUW substrates under the high 

water treatment and the TW substrate in the lowest water treatment (P ≤ 0.05; Table 5). 

In pots with T. wiseana plants, this decline in substrate respiration overtime was observed 

in the T and TW substrate under the high water treatment (P ≤ 0.05; Table 4). In contrast, 

in the TW substrate under the low water treatment, substrate respiration in pots with A. 

inaequilatera plants increased over time (P ≤0.05; Table 4). 
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Table 2. Soil chemical parameters (pH, EC and C/N) of soil samples taken six months after one of the two water treatments (132 mL or 49.5 mL) and in the presence of either 

A inaequilatera, T. wiseana or no plants (Blank pot); mean ± SE. Soil treatments: T = 100% topsoil, TW = topsoil:waste blend (1:1), W = 100% waste and W amended with 

varying combinations of inorganic amendments gypsum (G or g) and urea (U); capital letters for gypsum indicate the higher dose (Table 1). Superscript in capital letters 

indicates significant differences between water treatments and lower case indicates significant differences between soil treatments. Statistical significance levels: * = P ≤ 0.05, 

** = P ≤ 0.01, *** = P ≤0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plant treatment Soil Indicator Water Treatment Soil Treatment P-value 

T TW W gUW GUW 

Blank pH 132 mL 8.2 ± 0.0 Abc 8.4 ± 0.1 Aab 8.4 ± 0.1 Aa 8.1 ± 0.1 Ac 8.0 ± 0.1 Ac 0.01** 

49.5 mL 8.2 ± 0.1 Abc 8.5 ± 0.1 Aa 8.4 ± 0.1 Aab 8.1 ± 0.1 Ac 8.1 ± 0.1 Ac 0.01** 

EC (µS/m) 132 mL 2026.3 ± 118.8 Aa 770.8 ± 224.1 Ab 529.0 ± 139.1 Ab 911.0 ± 154.6 Ab 1820.8 ± 416.8 Aa 0.01 ** 

49.5 mL 2150.8 ± 118.2 Aa 349.0 ± 63.3 Ac 325.3 ± 26.4 Ac 1240.2 ± 135.6Ab 1124.0 ± 246.2 Ab 6.62e-07 *** 

Total Carbon (%) 132 mL 2.1 ± 0.0 Aa 0.7 ± 0.0 Ab 0.3 ± 0.0 Ac 0.3 ± 0.0 Ac 0.3 ± 0.0 Ac 1.86e-13*** 

49.5 mL 2.2 ± 0.1 Aa 0.7 ± 0.0 Ab 0.3 ± 0.0 Ac 0.4 ± 0.0 Ac 0.3 ± 0.0 Ac 3.15e-13*** 

Total Nitrogen (%) 132 mL 0.03 ± 0.0 Ab 0.03 ± 0.0 Ab 0.02 ± 0.0 Ab 0.05 ± 0.0 Aab 0.07 ± 0.0 Aa 0.07 

49.5 mL 0.03 ± 0.0 Abc 0.03 ± 0.0 Abc 0.02 ± 0.0 Ac 0.06 ± 0.0 Aa 0.04 ± 0.0 Ab 0.001*** 

C/N 132 mL 74.1 ± 8.4 Aa 25.3 ± 4.1 Ab 22.0 ± 3.8 Abc 9.3 ± 2.9 Acd 5.7 ± 1.4 Ad 9.18e-06*** 

49.5 mL 70.1 ± 3.1 Aa 27.0 ± 0.5 Ab 19.6 ± 0.4 Ac 5.9 ± 0.6 Ad 10.0 ± 0.6 Ad 1.66e-09*** 

Acacia 

Inaequilatera 

pH 132 mL 7.9 ± 0.1 Ab 8.2 ± 0.1 Aab 8.4 ± 0.3 Aa 7.8 ± 0.1 Bb 8.0 ± 0.1 Aab 0.08 

49.5 mL 8.1 ± 0.0 Abc 8.3 ± 0.0 Ab 8.6 ± 0.2 Aa 8.2 ± 0.1 Abc 7.9 ± 0.1 Ac 0.01** 

EC (µS/m) 132 mL 789.3 ± 349.1 Aab 586.5 ± 145.2 Aab 311.3 ± 42.2 Ab 906.8 ± 107.4 Aab 1092.0 ± 239.2 Aa 0.13 

49.5 mL 1328.3 ± 100.4 Aa 352.0 ± 32.5 Acd 118.3 ± 27.0 Bc 463.3 ± 120.3 Ac 891.8 ± 104.1 Ab 4.27e-07*** 

Total Carbon (%) 132 mL 2.2 ± 0.1 Aa 0.7 ± 0.0 Ab 0.3 ± 0.0 Ac 0.4 ± 0.0 Ac 0.4 ± 0.0 Ac 3.11e-11*** 

49.5 mL 2.1 ± 0.0 Aa 0.6 ± 0.0 Bb 0.3 ± 0.0 Ad 0.4 ± 0.0 Ac 0.3 ± 0.0 Acd 2.07e-15*** 

Total Nitrogen (%) 132 mL 0.04 ± 0.0 Ab 0.03 ± 0.0 Abc 0.02 ± 0.0 Ac 0.07 ± 0.0 Aa 0.07 ± 0.0 Aa 7.38e-5*** 

49.5 mL 0.03 ± 0.0 Aab 0.03 ± 0.0 Aab 0.01 ± 0.0 Ab 0.04 ± 0.0 Ba 0.03 ± 0.0 Bab 0.10 

C/N 132 mL 55.9 ± 1.3 Aa 24.5 ± 2.4 Ab 16.9 ± 1.5 Bc 5.7 ± 0.8 Ad 5.4 ± 0.5 Ad 1.52e-09*** 

49.5 mL 66.9 ± 6.0 Aa 23.5 ± 0.7 Abc 27.8 ± 1.8 Ab 10.7 ± 3.1 Ad 13.3 ± 3.6 Acd 3.48e-06*** 

Triodia wiseana pH 132 mL 7.9 ± 0.1 Abc 8.1 ± 0.1 Ab 8.4 ± 0.2 Aa 7.7 ± 0.1 Ac 7.8 ± 0.1 Ac 0.002** 

49.5 mL 8.1 ± 0.0 Aab 8.3 ± 0.0 Aa 8.4 ± 0.1 Aa 7.4 ± 0.6 Ab 8.0 ± 0.1 Aab 0.15 

EC (µS/m) 132 mL 1474.3 ± 173.7 Aa 562.3 ± 105.7 Abc 291.5 ± 135.0 Ac 779.5 ± 89.2 Abc 1263.5 ± 169.6 Aa 0.001*** 

49.5 mL 1617.3 ± 74.6 Aa 414.0 ± 26.9 Ac 173.7 ± 46.2 Ac 768.3 ± 174.3 Ab 1000.0 ± 133.0 Ab 9.09e-07*** 

Total Carbon (%) 132 mL 1.6 ± 0.3 Ba 0.7 ± 0.0 Ab 0.4 ± 0.0 Ab 0.4 ± 0.0 Ab 0.4 ± 0.0 Ab 0.001*** 

49.5 mL 2.0 ± 0.1 Aa 0.6 ± 0.1 Ab 0.3 ± 0.0 Ac 0.4 ± 0.0 Ac 0.4 ± 0.0 Ac 2.82e-11*** 

Total Nitrogen (%) 132 mL 0.03 ± 0.0 Abc 0.2 ± 0.0 Ac 0.02 ± 0.0 Ac 0.05 ± 0.0 Aa 0.04 ± 0.0 Aab 0.001*** 

49.5 mL 0.03 ± 0.0 Aab 0.03 ± 0.0 Abc 0.01 ± 0.0 Ac 0.05 ± 0.0 Aa 0.03 ± 0.0 Bbc 0.01* 

C/N 132 mL 50.6 ± 12.4 Aa 27.7 ± 2.9 Ab 17.0 ± 1.7 Bbc 7.1 ± 0.4 Ac 9.6 ± 1.9 Abc 0.01** 

49.5 mL 61.3 ± 0.6 Aa 22.7 ± 0.9 Ab 25.9 ± 2.6 Ab 8.6 ± 1.8 Ad 15.6 ± 1.8 Ac 9.28e-09*** 
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Table 3. Level of significant difference in soil chemical properties between the three plant treatments (A. inaequilatera, T. wiseana or blank pot) under each water regime (132 

mL or 49.5 mL) after six months; mean ± SE. Soil treatments: T = 100% topsoil, TW = topsoil:waste blend (1:1), W = 100% waste and W amended with varying combinations 

of inorganic amendments gypsum (G or g) and urea (U) (Table 1). Statistical significance levels: N/S = not significant * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Soil Indicator 
Water 

treatment 

Soil treatment 

T TW W gUW GUW 

F value P value F value P value F value P value F value P value F value P value 

pH 132 mL 4.28 * 2.19 N/S 0.05 N/S 4.83 * 2.68 N/S 

49.5 mL 2.76 N/S 2.79 N/S 0.17 N/S 1.55 N/S 1.36 N/S 

EC (µS/m) 132 mL 6.93 * 0.47 N/S 1.33 N/S 0.39 N/S 1.68 N/S 

49.5 mL 17.63 *** 0.70 N/S 9.68 ** 7.27 * 0.45 N/S 

Total Carbon (%) 132 mL 2.31 N/S 2.80 N/S 6.08 * 0.21 N/S 11.38 ** 

49.5 mL 6.35 * 2.32 N/S 0.87 N/S 0.86 N/S 44.57 *** 

Total Nitrogen 

(%) 

132 mL 3.97 N/S 0.99 N/S 2.34 N/S 1.18 N/S 1.07 N/S 

49.5 mL 0.10 N/S 2.17 N/S 9.69  * 1.56 N/S 0.47 N/S 

C/N  132 mL 2.02 N/S 0.27 N/S 1.29 N/S 1.06 N/S 2.76 N/S 

49.5 mL 1.32 N/S 9.79 * 5.39 * 1.36 N/S 1.03 N/S 

Total CO2-Low 

(ppm – CO2) 

132 mL 1.06 N/S 2.99 N/S 1.09 N/S 0.14 N/S 3.12 N/S 

49.5 mL 4.44 * 1.04 N/S 0.08 N/S 0.001 N/S 2.07 N/S 

N-mineralisation 

(mg kg-1) 

132 mL 0.01 N/S 2.68 N/S 0.57 N/S 0.53 N/S 0.76 N/S 

49.5 mL 3.25 N/S 2.34 N/S 0.44 N/S 1.30 N/S 3.25 N/S 
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Table 4. Soil respiration (μmol m2 s−1) of each soil treatment under each water regime across time (6 months); mean ± SE. Soil treatments: T = 100% topsoil, TW = topsoil:waste 

blend (1:1), W = 100% waste and W amended with varying combinations of inorganic amendments gypsum (G or g) and urea (U); capital letters for gypsum indicate the higher 

dose (Table 1). Superscript in capital letters indicates significant differences across time and lower case indicates significant differences between soil treatments. Statistical 

significance levels: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

 

Plant treatment Water 

Treatment 

Time 

(month) 
Soil Treatment P-value 

T TW W gUW GUW 

Blank 132 mL 2 (Dec) 2.82 ± 0.23 Aa 1.17 ± 0.19 Ab 0.84 ± 0.38 Ab 2.12 ± 0.68 Aab 1.43 ± 0.57 Ab 0.05* 

3 (Jan) 1.15 ± 0.46 Ba 0.91 ± 0.23 ABa  0.43 ± 0.20 Aa 1.61 ± 0.53 Aba 1.15 ± 0.61 Aa 0.46 

4 (Feb) 0.25 ± 0.12 Bb 0.80 ± 0.21 ABab 0.25 ± 0.04 Ab 0.72 ± 0.32 ABab 0.98 ± 0.26 Aa 0.06 

6 (April) 0.47 ± 0.11 Ba 0.30 ± 0.27 Ba 0.20 ± 0.14 Aa 0.34 ± 0.17 Ba 0.36 ± 0.13 Aa 0.80 

P-value 0.01** 0.02* 0.08 0.01* 0.18  

66 mL 2 (Dec) 1.88 ± 0.59 Aab 4.03 ± 1.57 Aa 1.06 ± 0.24 Ab 2.23 ± 0.21 Aab 1.68 ± 0.47 Aab 0.15 

3 (Jan) 2.23 ± 0.51 Aa 1.13 ± 0.26 Ab 1.06 ± 0.27 Ab 0.31 ± 0.11 Ab 0.45 ± 0.15 Ab 0.01** 

4 (Feb) 1.03 ± 0.50 Aab 1.64 ± 0.50 Aa 1.05 ± 0.29 Aab 0.53 ± 0.09 Ab 0.91 ± 0.29 Aab 0.36 

6 (April) 1.46 ± 0.51 Aab 1.66 ± 0.30 Aa 0.85 ± 0.15 Aab 1.11 ± 0.41 Aab 0.61 ± 0.10 Ab 0.20 

P-value 0.38 0.20 0.49 0.26 0.11  

49.5 mL 2 (Dec) 2.43 ± 0.62 Aa 1.17 ± 0.16 Ba 1.86 ± 0.52 Aa 2.41 ± 0.43 Aa 1.65 ± 0.24 Aa 0.24 

3 (Jan) 4.40 ± 1.16 Aa 2.31 ± 0.14 Ab 0.70 ± 0.08 Ab 1.96 ± 0.44 Ab 1.52 ± 0.36 Ab 0.01** 

4 (Feb) 3.41 ± 0.33 Aa 2.48 ± 0.36 Ab 0.79 ± 0.23 Ad 2.15 ± 0.34 Abc 1.27± 0.27 Acd 0.001*** 

6 (April) 2.08 ± 0.25 Aab 2.45 ± 0.41 Aa 1.37 ± 0.17 Abc 1.27 ± 0.50 Abc 0.91 ± 0.33 Ac 0.03* 

P-value 0.39 0.03* 0.66 0.10 0.0  

Acacia 

inaequilatera 

132 mL 2 (Dec) 2.40 ± 0.59 Aa 1.89 ± 0.99 Aa 1.88 ± 0.30 Aa 3.94 ± 1.21 Aa 2.66 ± 0.32 Aa 0.35 

3 (Jan) 1.12 ± 0.45 Ab 1.44 ± 0.40 Ab 1.26 ± 0.32 Ab 3.10 ± 0.24 Aa 3.50 ± 0.49 Aa 0.001*** 

4 (Feb) 0.76 ± 0.17 Acd 1.59 ± 0.41 Abc 0.50 ± 0.17 Ad 2.79 ± 0.34 Aa 1.96 ± 0.44 Aab 0.001** 

5 (Mar) 2.38 ± 0.64 Aab 2.88 ± 0.30 Aab 1.51 ± 0.68 Ab 4.13 ± 0.54 Aa 2.78 ± 0.88 Aab 0.12 

6 (April) 1.12 ± 0.39 Ac 2.89 ± 0.58 Aabc 2.53 ± 0.46 Abc 4.65 ± 0.32 Aa 4.13 ± 1.00 Aab 0.01** 

P-value 0.47 0.08 0.35 0.25 0.34  

66 mL  2 (Dec) 1.85 ± 0.62 ABa 2.50 ± 1.11 Aa 2.47 ± 1.03 ABa 2.52 ± 0.81 Aba 0.78 ± 0.46 Ba 0.55 

3 (Jan) 3.97 ± 0.57 Aa 2.19 ± 0.28 Ab 1.31 ± 0.15 ABb 2.10 ± 0.41 ABb 0.96 ± 0.49 Bb 0.001** 

4 (Feb) 0.84 ± 0.09 Bab 0.52 ± 0.22 Aab 0.30 ± 0.09 Bb 1.19 ± 0.48 Ba 1.05 ± 0.24 Bab 0.16 

6 (April) 2.66 ± 0.38 ABb 2.69 ± 0.71 Ab 2.61 ± 0.71 Ab 3.37 ± 0.23 Aab 4.52 ± 0.91 Aa 0.15 

P-value 0.10 0.94 0.77 0.32 0.001***  



    Chapter 3: Inorganic amendments and water availability 

 

58 
 

49.5 mL 2 (Dec) 2.82 ± 0.78 Aa 1.33 ± 0.18 Ca 1.32 ± 0.20 Aa 1.86 ± 0.81 Aa 2.43 ± 0.13 Aa 0.21 

3 (Jan) 2.96 ± 0.39 Aab 2.53 ± 0.07 ABab 0.80 ± 0.38 Ab 3.91 ± 1.49 Aa 0.92 ± 0.30 Ab 0.04* 

4 (Feb) 4.57 ± 0.64 Aa 1.98 ± 0.13 BCbc 2.20 ± 0.17 Ab 1.89 ± 0.21 Abc 0.91 ± 0.49 Ac 0.001*** 

5 (Mar) 3.16 ± 0.57 Aa 2.98 ± 0.31 Aa 1.46 ± 0.13 Ab 1.99 ± 0.56 Aab 2.28 ± 0.18 Aab 0.05* 

6 (April) 4.87 ± 1.04 Aa 3.14 ± 0.58 Aab 1.35 ± 0.70 Ab 1.90 ± 0.26 Ab 2.52 ± 0.51 Ab 0.02* 

P-value 0.08 0.01** 0.11 0.50 0.34  

Triodia 

wiseana 

132 mL  

 

 

 

 

2 (Dec) 3.67 ± 0.90 Aa 3.34 ± 0.84 Aa 0.84 ± 0.23 Ab 2.46 ± 0.39 Aab 1.39 ± 0.34 Ab 0.01* 

3 (Jan) 2.43 ± 0.13 ABb 2.65 ± 0.44 Ab 0.78 ± 0.29 Ab 2.46 ± 0.91 ABb 5.96 ± 1.08 Aa 0.01** 

4 (Feb) 2.71 ± 0.46 ABb 2.79 ± 0.25 Ab 0.49 ± 0.20 Bc 4.88 ± 0.41 Aa 5.92 ± 0.74 Aa 4.13e-06*** 

5 (Mar) 2.95 ± 0.61 Ab 2.42 ± 0.45 Ab 0.99 ± 0.50 Ab 2.35 ± 0.88 Bb 5.09 ± 0.89 Aa 0.01* 

6 (April) 1.27 ± 0.14 Bbc 0.93 ± 0.25 Bbc 0.43 ± 0.19 Ac 1.66 ± 0.60 Aab 2.27 ± 0.19 Aa 0.01* 

P-value 0.02* 0.01** 0.52 0.4 0.82  

66 mL  2 (Dec) 1.45 ± 1.15 Aa 2.61 ± 0.59 Aa 1.29 ± 0.45 ABa 1.88 ± 0.60 Aba 1.22 ± 0.13 Aa 0.58 

3 (Jan) 1.89 ± 0.59 Aabc 2.40 ± 0.72 Aab 1.37 ± 0.26 Abc 3.20 ± 0.36 Aa 0.67 ± 0.26 Ac 0.02* 

4 (Feb) 1.80 ± 0.48 Aa 2.03 ± 0.20 Aa 0.67 ± 0.09 ABb 0.95 ± 0.22 Bb 0.79 ± 0.21 Ab 0.01** 

6 (April) 1.23 ± 0.39 Aabc 1.50 ± 0.29 Aab 0.42 ± 0.20 Bc 1.96 ± 0.17 Aba 0.74 ± 0.33 Abc 0.02* 

P-value 0.72 0.09 0.029* 0.53 0.30  

49.5 mL 2 (Dec) 2.19 ± 0.49 Aa 2.63 ± 0.67 Aa 1.45 ± 0.61 Aa 2.02 ± 0.42 Aa 2.05 ± 0.38 Aa 0.64 

3 (Jan) 1.85 ± 0.44 Aa 2.27 ± 0.54 Aa 1.53 ± 0.43 Aa 1.27 ± 0.36 Aa 1.05 ± 0.27 Aa 0.31 

4 (Feb) 2.44 ± 0.51 Aa 1.57 ± 0.19 Aa 1.74 ± 0.03 Aa 1.60 ± 0.68 Aa 3.66 ± 1.80 Aa 0.45 

5 (Mar) 3.02 ± 0.70 Aa 3.00 ± 0.56 Aa 0.82 ± 0.18 Ab 2.51 ± 0.37 Aa 1.48 ± 0.59 Aab 0.03* 

6 (April) 1.83 ± 0.49 Aa 1.34 ± 0.35 Aa 1.51 ± 0.58 Aa 1.83 ± 0.45 Aa 0.69 ± 0.41 Aa 0.51 

P-value 0.80 0.30 0.66 0.58 0.57  
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3.2. Responses of seedlings to inorganic amendments 

Plant biomass of A. inaequilatera and T. wiseana was significantly influenced by 

substrate treatment across all water treatments (P ≤ 0.001; Figure 4). Under the high water 

treatment, plant biomass of A. inaequilatera was significantly larger in the GUW 

substrate at 6.20 ± 0.56 g compared to plant biomass in the TW and W substrates (Figure 

4). In the intermediate water treatment, plant biomass was significantly larger in the gUW 

substrate at 3.94 ± 0.50 g compared to all other substrate treatments. Under the low water 

treatment, the gUW substrate at 1.43 ± 0.23 g had a plant biomass significantly larger 

than the T soil treatment (Figure 4). In T. wiseana, the gUW substrate had the largest 

plant total biomass across all three water treatments ranging from 9.52 ± 0.57 g in the 

high water treatment to 3.67 ± 0.48 g in the lowest treatment. Under the high water 

treatment, plant biomass in the gUW treatment was significantly higher than in all three 

unamended substrates. In the intermediate and low water treatment, plant biomass in the 

gUW treatment was significantly higher than in all other substrate treatments (Figure 4). 

Figure 4. Total seedling biomass (g) of A. inaequilatera (A–C) and T. wiseana (D–F) after six 

months of growth in five different soil treatments and under three water regimes (n ≤12). Soil 

treatments: T = 100% topsoil, TW = topsoil:waste blend (1:1), W = 100% waste, and W amended 

with varying combinations of inorganic amendments gypsum (G or g) and urea (U); capital letters 

for gypsum indicate the higher dose (Table 1). Water treatments applied were 132 mL (High 

Water Treatment), 66 mL (Intermediate Water Treatment) and 49.5 mL (Low Water Treatment). 

Different letters above boxplots indicate significant differences between the means of the total 

biomass across soil treatments but within water treatments. P values indicate relationship between 

plant biomass and soil treatments within water treatments. Statistical significance levels: * = P ≤ 

0.05, ** = P ≤ 0.01, *** = P ≤0.001. 
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Within each watering treatment, photosynthesis of A. inaequilatera had a significant 

relationship with substrate treatment in the low water treatment (P ≤ 0.01; Table 5). 

Within the low water treatment, photosynthesis of A. inaequilatera in the unamended W 

substrate was significantly higher than photosynthesis of A. inaequilatera in all other 

substrates (Table 5). Photosynthetic rates of A. inaequilatera were also significantly 

different across water treatments in the T, TW and GUW substrates (P ≤ 0.05; Table 5). 

Plants growing in all three of these substrates (T, TW and GUW) had the highest 

photosynthesis rate in the high water treatment and the lowest photosynthetic rate in the 

low water treatment. In T. wiseana, photosynthesis significantly differed across substrate 

treatments in the highest water treatment. Under the high water treatment, the 

photosynthetic rate of T. wiseana was significantly higher in the gUW and GUW 

compared to the unamended T and W substrates (P ≤ 0.05; Table 5). There were no 

significant relationships between T. wiseana photosynthesis and water treatment. 

Table 5. Effects of soil treatment and amendment treatment on plant photosynthesis (μmol m−2 

s−1) in two plant species (A. inaequilatera and T. wiseana); mean ± SE. Soil treatments: T = 

100% topsoil, TW = topsoil:waste blend (1:1), W = 100% waste and W amended with two 

combinations of inorganic amendments gypsum (G or g) and urea (U); capital letters of gypsum 

indicate the higher dose (Table 1). Superscript in capital letters indicate significant differences in 

photosynthesis rate within soil treatments receiving different water treatments and lower-case 

letters depict significantly different in photosynthesis within water treatments but across soil 

treatments. Statistical significance levels: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤0.001. 

 

4. Discussion 

4.1. Below-ground responses to inorganic amendments 

The addition of inorganic amendments to the mine waste substrate lowered pH by 0.3 to 

0.7 points, increased substrate total nitrogen and, more than doubled substrate electrical 

conductivity (EC). These changes in substrate chemical properties to levels more 

Species 
Water 

Treatment 

Soil Treatment 
P-values 

T TW W gUW GUW 

Acacia 

inaequilatera 

132 ml 14.8 ± 1.2 Aa 13.1 ± 1.4 Aab 15.4 ± 2.6 Aa 9.1 ± 1.2 Ab 10.8 ± 2.0 Aab 0.11 

66 ml 6.9 ± 1.0 Bb 6.9 ± 1.1 Bb 14.1 ± 1.6 Aa 11.1 ± 1.8 Aab 10.6 ± 3.2 Aab 0.08 

49.5 mL 6.5 ± 1.9 Bb 6.5 ± 1.0 Bb 11.5 ± 1.6 Aa 5.4 ± 2.1 Abc 1.5 ± 0.3 Bc 0.01** 

 P- value 0.005** 0.006** 0.170 0.212 0.019*  

Triodia 

wiseana 

132 ml 12.1 ± 1.7 ABb 20.3 ± 3.9 Aab 8.4 ± 4.0 Ab 24.9 ± 2.4 Aa 28.2 ± 6.5 Aa 0.02* 

66 ml 7.0 ± 3.0 Bb 22.2 ± 2.0 Aa 19.1 ± 3.1 Aab 22.5 ± 6.7 Aa 19.6 ± 6.7 Aab 0.18 

49.5 mL 19.2 ± 1.8 Aab 17.9 ± 2.3 Aab 14.0 ± 1.9 Ab 29.2 ± 7.0 Aa 26.7 ± 2.7 Aa 0.05 

 P- value 0.403 0.732 0.295 0.595 0.901  
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favourable for native plant recruitment (less alkaline substrates and higher conductivity) 

indicate that inorganic amendments can be effective to increase the quality of substrate 

chemical properties and improve the ability of native plants to inhabit substrates 

(Courtney and Kirwan, 2012). In addition, the improvement in substrate chemical 

properties in conjunction with increased water availability and plant growth worked to 

further decrease pH from alkaline substrates to more neutral levels. Contrary to results 

found in other studies (Bateman et al., 2019 (Chapter 2)), the effect of the addition of urea 

into the W substrate did persist in the substrate after six months as indicated by the 

increased substrate total nitrogen in the amended substrates. This addition of nitrogen 

increased plant growth, however, it had limited influence on substrate microbial activity 

in the W substrate due to the decline in substrate C/N (Liu et al., 2016). These results 

suggest that the current application dose for urea may be in excess of what is required to 

create plant available nitrogen in the substrate. Future experiments assessing the use of 

nitrogen fertilizers should also consider adding carbon in the form of organic matter to 

ensure a balanced C/N ratio which will encourage the recovery of substrate microbes 

(Benigno et al., 2012; Breulmann et al., 2012; Kneller et al., 2018). 

In support of other research, the use of gypsum reduced soil pH and increased soil 

electrical conductivity through the addition of calcium (Courtney and Kirwan, 2012). 

However, an improvement to the soil water retention of the reconstructed substrates, 

although observable, was not significant in the water retention curves. This is contrary to 

other research by Moret-Fernández and Herrero (2015) that found that the addition of 

gypsum did affect the water retention curves of arid soils. Specifically, the range in soil 

water potential that maintained soil saturation was larger in gypsum amended soils 

(Moret-Fernández and Herrero, 2015). The experimental design did not allow for a full 

assessment of the potential of gypsum to mitigate effects of reduced water availability, 

since water treatments were administered as different total amounts of water rather than 

different watering intervals. Future experiments seeking to assess the effectiveness of 

gypsum as a strategy to mitigate plant water stress need to take into account the pattern 

of water application. 

Substrate respiration varied between plant treatments and water treatments more so than 

across time. Under the high water treatment, substrate respiration in pots with either of 

the two plant species (A. inaequilatera and T. wiseana) was the highest in either the gUW 

or GUW substrates but as the water declined, substrate respiration was the highest in the 
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T soil treatment. In the blank pots, substrate respiration was the highest in the T and TW 

substrates. In addition, the results of the substrate microbial analysis found that water was 

a driver for microbial activity with the inorganic amendments having limited effect on 

substrate microbial activity. These results suggest that the plant roots play a large role in 

the rate of substrate respiration as plants grown in the amended substrates under the higher 

water treatment had larger root systems and larger substrate respiration values. Thus, 

differences in substrate indicators across substrates can be caused directly by the addition 

of inorganic amendments, but also indirectly by the increase in plant biomass. With 

previous research highlighting the importance of establishing diverse plant communities 

on these degraded substrates as a means of returning substrate quality, the use of 

amendments to support plant growth also works to indirectly promote substrate recovery 

(Breulmann et al., 2012; Klopf et al., 2017; Lange et al., 2015; Muñoz-Rojas et al., 

2016b). 

Although it was not an intended component of the study, the unplanned flood event that 

affected the intermediate water treatment showed that nitrogen can be easily lost from the 

system in a single water event (data not shown). The high mobility of urea allowing 

leaching from the substrate profile through excessive watering suggests that inorganic 

amendments may be unsuitable for regions where large and intense rainfall events occur 

such as cyclone or hurricane prone regions – a characteristic of the Pilbara region (Flint 

et al., 2008; Nieder and Benbi, 2008). In addition, the leaching of substrate nutrients may 

give rise to a false economy where plants have access to nitrogen and invest in above-

ground plant biomass, increasing their dependence on both water and nutrients, in an 

environment where continued availability of these resources is not guaranteed, thus 

reducing plant vigour and increasing vulnerability to drought. (Gessler et al., 2017). 

4.2. Responses of seedlings to inorganic substrate amendments 

The addition of inorganic amendments to the mine waste significantly increased the plant 

biomass of both native species compared to the unamended W substrate. However, the 

level of increased plant growth in amended substrates varied depending on water 

availability with the effects of the substrate amendments on plant biomass declining as 

water became limited. In the context of arid zone rehabilitation, a region in which water 

availability is a limiting factor, the results of this study scrutinize the effectiveness of 

these amendments for landscape rehabilitation in arid systems. In arid regions, such as 
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the Pilbara, which are characterised by high temperatures and highly erratic annual 

rainfall, the investment of plants into over developing plant biomass when water and 

amendments are available may be detrimental to long-term survival in the face of drought 

(Blum and Sullivan, 1997; Gessler et al., 2017; Keesstra et al., 2017, Kulpa and Leger, 

2013). Larger seedlings may be vulnerable in periods of drought stress because their 

larger leaf area and higher photosynthesis is associated with higher transpiration and 

greater water requirements, which is a desired trait in harsh conditions and may result in 

high rates of mortality (Bateman et al., 2016; Kulpa and Leger, 2013). This is evident in 

the T. wiseana seedlings, where larger seedlings in the amended W substrate had an 

increased photosynthetic rate compared to the unamended W substrate. However, the 

long-term effects of these larger, more active seedlings could not be observed in this 

study. Future field-based studies need to assess whether this increased biomass and higher 

photosynthetic activity impacts on long-term survival across a range of field conditions. 

4.3. Implications for rehabilitation 

The aim of this study was to assess the effectiveness of two inorganic amendments (urea 

and gypsum) to increase substrate quality and plant growth of native Pilbara species in 

the context of arid zone mine site rehabilitation facing future global climate change. 

Overall, the use of amendments to improve substrate quality and seedling growth is 

effective when water is readily available in the landscape. The inorganic amendments 

increased plant total biomass when grown under the two higher water treatments, 

compared to growth in W alone, and the amendments improved some substrate chemical 

properties of the mine waste by reducing pH and increasing substrate EC and substrate 

N-mineralisation. However, the substrate amendments reduced the substrate C/N ratio 

due to increased nitrogen limiting substrate carbon availability and restricting substrate 

microbial activity. In the context of mine site rehabilitation in arid regions, the use of 

these inorganic amendments needs to be carefully considered. Although inorganic 

amendments are the most effective when available to plants under well-watered 

conditions, once water became scarce the benefits of these amendments can be limited. 

Differences in plant total biomass and substrate chemical and biological indicators 

between amended and unamended W substrate declined. In an arid region characterised 

by erratic, unreliable and often intense rainfall events, these results indicate that limited 

water will minimise plant access to inorganic amendments and restrict their effectiveness. 

In contrast, intense rainfall events may cause leaching of the amendments from the 
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substrate profile also rendering them ineffective. With the increasing aridity of arid 

regions as a result of global climate change, the use of inorganic amendments in arid zone 

mine site rehabilitation needs further consideration with future studies broadening the 

scope of assessment for substrate amendments as a means of rehabilitating these disturbed 

arid landscapes. 
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Chapter 4 

Native plant diversity is a stronger driver for soil quality than inorganic 

amendments in arid post-mining rehabilitation 

Abstract  

Rehabilitation of mine sites in arid and semi-arid landscapes is hindered by poor quality 

of mine waste substrates, a byproduct of mining, used as alternative growth media. 

Inorganic soil amendments, such as gypsum and urea, are sometimes used to improve the 

chemical and physical quality of mine waste substrates and increase native plant 

establishment. However, limited research is available regarding the medium and long-

term effectiveness of these amendments in arid post-mining landscapes. In this study, 

inorganic amendments were incorporated into two alternative mine substrates (mine 

waste and a topsoil:waste blend) in large 0.8 m3 above-ground mesocosms in the semi-

arid Pilbara region of Western Australia. These mesocosms were seeded with one of three 

different mixes of plant species to determine how amendments and species diversity 

altered plant growth and survival, and substrate quality compared to stockpiled topsoil 

over a 21-month period. The unamended waste had a lower electrical conductivity (EC), 

soil carbon, soil nitrogen and C/N ratio compared to the topsoil. The amendments had a 

strong initial effect on soil quality, increasing nitrogen, soil EC and N-mineralisation in 

the amended waste compared to all other soil treatments. However, nitrogen levels 

returned to non-amended levels after the first year and the amendments had limited 

influence on plant growth. Plant survival was higher in the amended substrates with the 

more diverse plant community, which increased substrate microbial activity to levels 

significantly greater than the unamended waste. The use of inorganic amendments may 

be ineffective at increasing long-term substrate quality and growth of native plants but 

may support seedling survival that in turn will improve soil chemical and biological 

properties of waste substrates.  

Keywords 

Plant diversity, Soil function, Rehabilitation, fertilisers, Arid region, Soil microbes 
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1. Introduction 

In arid landscapes, the rehabilitation of native vegetation on post-mining sites is hindered 

by erratic and unreliable rainfall, high annual temperatures and low soil quality (Anaya‐

Romero et al., 2015, Gwenzi et al., 2014). In addition to the natural climatic and 

environmental factors that rehabilitation, the limited availability of stockpiled topsoil is 

the overarching constraint for successful rehabilitation of these landscapes. Where topsoil 

is unavailable for rehabilitation, alternative growth materials, such as overburden or mine 

waste substrates, are used to build and shape rehabilitation landforms (Machado et al., 

2013, Merino-Martín et al., 2017). These mine waste substrates are the non-hazardous 

biproduct of mining, extracted from within the mining pit and used on the surface of 

rehabilitation sites which are then directly seeded or planted with tube stock to overcome 

the absence of a soil seedbank when returning native plant communities to the landscape 

(Erickson et al., 2017, Machado et al., 2013, Merino-Martín et al., 2017). Research 

focusing on mine rehabilitation techniques has highlighted the limitations of mine 

overburden or waste as substrates to support plant establishment and survival, with long-

term rehabilitation programs commonly failing to return self-sustaining ecosystems 

(Alday et al., 2014, Bateman et al., 2016, Birnbaum et al., 2017, Borůvka et al., 2012).  

To combat the negative impacts of using waste substrates as growth media for 

rehabilitation, practitioners sometimes use soil amendments to improve the soil quality 

of rehabilitation sites (Basanta et al., 2017, Liu et al., 2010). These amendments can 

include inorganic or organic amendments such as synthetic fertilisers, mulches, polymers 

and composts (Courtney and Kirwan, 2012, Garbowski et al., 2019, Hueso-González et 

al., 2018). In arid and semi-arid mining rehabilitation specifically, inorganic amendments, 

gypsum (calcium sulphate) and urea (a nitrogen fertiliser), have been trialled on mining 

waste substrates to address the substrates nutrient deficiencies and decreased water 

holding capacity (Bennett et al., 2014, Courtney and Kirwan, 2012). When incorporated 

in the soil profile, urea increases plant available soil nitrogen, and gypsum improves soil 

water infiltration and retention (Bennett et al., 2014). However, little is known regarding 

the long-term ramifications of soil manipulation and the effects such manipulation may 

have on native plant communities. This is of concern for systems that are comprised of 

highly specialised plant species adapted to survive in naturally harsh arid conditions. Thus 

far, research into the use of these amendments showed that successful seedling 

establishment and growth is usually achieved only under favourable environmental 
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conditions (i.e. high soil moisture), while high doses of urea can negatively affect seed 

germination potential (Bateman et al., 2019a (Chapter 2), Michel and Mew, 1998, Monem 

et al., 2010). As the effectiveness of these amendments to increase plant growth is 

intrinsically linked to the availability of water, which is a limiting factor in arid 

environments, further assessment of the long-term ramifications of using these 

amendments is required. 

Soil quality and vegetation establishment are interdependent components that both 

contribute to the sustainable functionality of ecosystems (Guo et al., 2018, Soliveres and 

Maestre, 2014). Research across various types of ecosystems, especially harsh arid 

environments, has indicated that changes in soil quality and health have implications for 

the growth and survival of plant species and vice versa, with both affecting ecosystem 

function (Bennett and Klironomos, 2019, Soliveres and Maestre, 2014, Zhao et al., 2017). 

Species diversity within a landscape is also considered a strong indicator for community 

function with positive plant-plant interactions influencing resource partitioning and 

ecological processes (Cardinale et al., 2002). As such, the manipulation of the soil 

substrates used for rehabilitation by adding soil amendments such as nitrogen has the 

potential to alter natural community development trajectories by favouring native species 

with higher nitrogen demands over other species that require little nitrogen or are able to 

fix nitrogen as required, such as Acacia species (Adams et al., 2004, Garbowski et al., 

2019, Islam et al., 2000). The addition of nitrogen may also modify the development of 

nitrogen -fixing species and plant soil feedbacks by decreasing the requirement for 

nitrogen fixation (Adams et al., 2004). This potential alteration to the structure of native 

plant communities may alter plant-soil interactions, soil quality and subsequently the 

functionality of the restored ecosystem (Hacker and Gaines, 1997, Mulder et al., 2001). 

Here, a case study is presented to assess the use of inorganic amendments to reconstruct 

soil profiles and inform land management practices. The aims were to assess the impact 

of adding inorganic soil amendments gypsum and urea to mining waste substrates, and to 

determine how these amendments affected soil quality, native plant community 

establishment and plant-soil interactions. This experiment examined the establishment of 

various mixes of diverse plant communities and soil quality indicators of substrates in 

large 0.8 m3 above-ground mesocosms located at a field station in the Pilbara region of 

Western Australia (Figure 1). Specifically, I set out to (i) determine how long the N-based 

urea amendment persists in the substrate under semi-arid conditions, (ii) assess how the 
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inorganic amendments affect soil quality of waste substrates in the presence of different 

vegetation types, and (iii) determine how the inorganic amendments influence plant 

growth and survival in relation to species diversity. The effects of these amendments on 

plant-soil interactions are also discussed. It is hypothesised that (1) the use of inorganic 

soil amendments gypsum and urea will establish a positive feedback in which diverse 

native plant communities establish and grow in mine waste substrates to levels similar to 

that observed in the topsoil, and (2) such effects of amendment addition will subsequently 

improve the biological and chemical soil quality of degraded mine waste substrates. 

2. Methods 

2.1 Site description 

This study was conducted over 21 months from December 2017 to August 2019 at a mine 

site in the south east region of the Pilbara, Western Australia. Spanning 179,000 km², the 

Pilbara biogeographical region (22°03’S, 118°07’E to 23°19’S, 119°43’E) is a semi-arid 

landscape recognised for its high species diversity (ca. 1800 plant species), low annual 

rainfall (250 – 400 mm/year), and high temperatures that exceed 40 °C in summer (Bureau 

of Meteorology, 2015a, Erickson et al., 2016a, McKenzie et al., 2009). The region is 

known for high-intensity iron-ore extraction with a reported disturbance footprint that 

exceeds 2,300 km2 (Environmental Protection Authority, 2014). Soils in this unique 

region are red shallow stony soils on ranges nestled around intermittent sand plains along 

ancient river beds (Isbell, 2016). These soils are poor in plant available nutrients and 

microbial activity (Muñoz‐Rojas et al., 2016). Thus, the vegetation is predominantly 

composed of highly specialised species arranged in hummock grasslands, tussock 

grasslands and sclerophyll shrublands. The dominant plant genera include Acacia and 

Senna from the Fabaceae family, Ptilotus from the Amaranthaceae family, and Triodia 

and Aristida spp. from the Poaceae family (Erickson et al., 2016a). 

2.2 Experimental design 

This experiment was conducted in 45 above-ground 1 m2 x 0.8 m high soil plots, 

constructed in groups of three using corrugated iron sheeting to make 15 planters (Figure 

1). Five substrate treatments were applied (Table 1), each replicated three times across 

the planters, with the three soil plots in each planter having the same substrate but a 

different mix of plant species. The unamended substrates consisted of topsoil (T) 

recovered from stockpiled material (originally recovered from the top 10 – 20 cm of soil 
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profile during vegetation clearance), a mine waste material (W) regularly used in 

rehabilitation, and a 1:1 blend of topsoil and waste material (TW). The final two substrate 

treatments consisted of either the TW or W substrates amended with urea and one of two 

different amounts of gypsum, hereafter referred to as TWA and WA, respectively (Table 

1). The application dose was determined according to existing mining rehabilitation 

practice and previous studies (Table 1) (Bateman et al., 2019a (Chapter 2)). The gypsum 

fertiliser was a fine white powder product containing 23% calcium and 19% sulphur 

(Sibelco Australia Ltd). The urea fertiliser was a dry bead material containing 46% 

nitrogen (Agrifil Pty Ltd). 

Figure 1. Forty-five corrugated iron above-ground mesocosms designed to test native plant 

growth in five soil treatments. These mesocosms were designed to hold large quantities of soil 

material constructed to represent the top 800 mm soil profile of a rehabilitation site over multiple 

years, and to be deconstructed to assess below ground soil properties and root biomass. View 

from above plots (A) and side view (B). Plant community treatments: Bare soil, two individual 

A. inaequilatera and four individual T. wiseana (TrAc) and, one of each of the following species: 

A. inaequilatera, T. wiseana, I. monophylla, C. lasiocarpus and P. auriculifolius (Mixed). 

 

Soil was arranged within the planters to represent the top 80 cm of a reconstructed soil 

profile typical of current iron-ore mine rehabilitation practice in the Pilbara. The T 

treatment was made up of W (20 – 80 cm) and was capped with T (0 – 20 cm), the TW 
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treatment consisted of W (40 – 80 cm) capped with TW (0 – 40 cm) and the W treatment 

consisted entirely of W (0 – 80 cm). Substrate treatments with amendments had the 

gypsum and urea mixed thoroughly into the top 20 cm of the TW and W soil substrates 

at different concentrations (Table 1). To monitor soil moisture throughout the experiment, 

soil moisture and temperature loggers were placed at the surface and 400 mm below the 

surface of the soil plots (HOBO data loggers, Onset Computer Corporation, 

Massachusetts, USA). 

 

Table 1. Substrate treatments: 100 % topsoil (T), 100 % mining waste (W), an equal parts topsoil: 

waste blend (TW), and two application rates for the inorganic amendments, gypsum and urea, 

used in either the TW (TWA) or W (WA) substrates to create a total of five soil treatments. Note 

the differing rates of gypsum used between the amendment treatments.  

To assess plant community responses and plant-soil interactions in the presence of soil 

amendments, two plant communities were compared against a bare soil control. The bare 

soil treatment was included to assess soil recovery independent of plant influences. The 

plant community treatments consisted of either: (1) a two-species community made up of 

two dominant plant species commonly found in a mature undisturbed community - two 

individual plants of Acacia inaequilatera (C3 N2-fixing legume shrub) and four of Triodia 

wiseana (C4 perennial evergreen grass), or; (2) a mixed species community (mixed) 

consisting of one individual plant of Acacia inaequilatera, Triodia wiseana, Indigofera 

monophylla (C3 shrub), Ptilotus auriculifolius (C3 annual herb) and Corchorus 

lasiocarpus (C3 perennial herb). Plant species were selected based on their use in mine 

rehabilitation and functional role in native Pilbara ecosystems (Erickson et al., 2016a). 

2.3 Experimental methods 

Plants were introduced into the plots via direct sowing of seeds. All seeds used in this 

study were pre-treated according to recommendations in Erickson et al (2016b) to break 

dormancy and maximise germination potential prior to setting up each experiment 

(Erickson et al., 2016b). Seeds from the Fabaceae and Malvacaeae family (A. 

Treatment Gypsum 

application 

Urea application 

Unamended (T, TW & W) - - 

Amended blend (TWA) 80 g/m2 320 g/m2 

Amended overburden (WA) 800 g/m2 320 g/m2 
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inaequilatera, I. monophylla, and C. lasiocarpus) were treated for physical dormancy by 

immersing seeds for 1-2 minutes in water heated to 80 – 95 °C. Seeds of T. wiseana were 

removed from their floret structures to aid in alleviating physiological dormancy, then 

soaked for 24 h in 1 µM Karrikinolide (KAR1), a smoke-derived germination stimulant, 

to further enhance the germination potential of the seeds. Ptilotus auriculifolius seeds 

were removed from their floret structures to aid in alleviating physiological dormancy 

and required no further seed treatment. Each soil plot was seeded according to its 

designated plant community treatment, with 10 seeds sown for each individual plant 

species. Following seed sowing, the mesocosms were watered with 2.6 L six times a day, 

each day for two months to maximise seed germination and to ensure plant establishment, 

before watering ceased. After two months, seedlings were thinned where required to 

create the designated plant community. Furthermore, the plots were weeded and any plant 

species that were not part of the desired plant communities were removed.  

Soil samples (200 g) were collected from each substrate type prior to the commencement 

of the experiment and then from each mesocosm every three months during the 

experiment and air dried prior to analysis of substrate biological and chemical parameters. 

Soil respiration (CO2 efflux) of the mesocosms (including microbes and plant roots) was 

also measured every three months with a portable CO2 gas analyser (EGM-5, PP Systems, 

USA). Substrate pH and electrical conductivity (EC) were measured in suspension using 

deionised water (1:5), with a pH meter (AD8000, Adwa, Hungary and pH Cube pH-ORP-

Temp meter, TPS Pty Ltd, Australia). Total nitrogen and carbon were analysed using the 

DUMAS total combustion technique with the vario-MACRO CNS (Elementar, USA) 

(Buckee, 1994). Soil microbial activity (CO2- C ppm) was analysed using Solvita CO2- 

burst lab tests which determines the soil microbial respiration rate according to the level 

of CO2 produced after moistening 40 g of dry soil and incubating samples at 25 °C for 24 

h (Haney et al., 2008). Nitrogen mineralisation (mg kg-1 NH3-N) was measured using the 

1-day Solvita-LAN test by moistening 4 g of dry soil with 10 ml of NaOH and incubating 

at 25 °C for 24 h (Khan et al., 2001). 

After 20 months, plant photosynthesis was measured using a LiCor 6400XT (Li-COR 

Biosciences, USA) which was operated under a light intensity of 1000 µmol m-2 s-1, a 

maximum flow rate of 500 µmol s-1 and a CO2 concentration of 400 ppm. Prior to the 

deconstruction of the mesocosms, plant cover, number of species, number of plants and 



Chapter 4: Inorganic amendments and native plant diversity 

76 
 

individual plant height and stem or hummock diameter was recorded. Mesocosms were 

then deconstructed to harvest above-ground plant biomass and collect the top 10 cm of 

the root biomass by carefully washing soil away from the roots. The plant biomass was 

dried in an oven at 65 °C for 72 h prior to being weighed. 

2.4 Statistical analysis 

Due to the small sample size and unequal homogeneity, all dependent variables were 

analysed using the non-parametric Kruskal-Wallis test to determine significant effects of 

substrate treatments on the dependent variables (soil physical, biological and chemical 

indicators and plant indicators). If there was a significant difference found between soil 

treatments or time, then a post-hoc Dunn test was employed to discern differences 

between treatments using the Dunn Test package (Dinno, 2017). All analyses were 

performed with R statistical software version 3.1.4 (R Core Team, 2014). A correlation 

matrix assessing the dependent variables was constructed using the Hmisc package 

(Harrell, 2018).  

3. Results 

3.1 Below-ground responses to inorganic amendments and plant diversity 

Throughout the entire experiment, soil microbial activity within plant treatments was 

statistically similar across all substrate treatments except for the mixed plant community 

in the 2nd month at which the T and TWA substrates were significantly higher than the 

WA substrate, and TWA was also higher than the TW and W substrates (Figure 2C & D). 

When comparing across plant treatments, microbial activity was mostly higher in the 

mixed plant treatment compared to the two-species community and the bare soil plots 

(Table S1; Supplementary Information). In the TWA treatment, microbial activity 

became significantly higher in the mixed community after 18 months while in the T 

substrate, microbial activity was significantly higher in the mixed community compared 

to the other plant treatments after 12 months (P < 0.05) until the end of the 21-month 

experiment (Table S1; Supplementary Information). In the TW substrate treatment, 

microbial activity was significantly higher in the mixed community treatment after 15 

months. However, in the W substrate microbial activity did not increase in the mixed 

community treatment until the final 21-month monitoring time point (Table S1; 

Supplementary Information). 
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Figure 2. Soil microbial activity in soil treatments over time in bare soil (A), in the presence of 

T. wiseana and A. inaequilatera (TrAc; B) and, in the presence of the mixed plant community 

(Mixed; C). A fourth panel (D) shows microbial activity in the five substrates at time point two 

in the mixed plant community. Substrate treatments: T = 100 % topsoil, TW = topsoil:waste blend 

(1:1), W = 100 % waste and a TW (TWA) or W (WA) amended soil treatment with varying 

combinations of inorganic amendments gypsum and urea (Table 1). The y-axis has been adjusted 

for each individual panel for ease of interpretation. Asterisk indicates significant difference 

between soil treatments at a single time point. Statistical significance levels: * = P ≤ 0.05. 

 

Across all plant and substrate treatments, soil respiration was higher at the start of the 

experiment, likely due to the regular watering (Figure 3), but as the experiment 

progressed, soil moisture declined (Figure 4), and subsequently, so did soil respiration. 

Throughout the experiment, soil respiration differed significantly across the substrate 

treatments at seven time points; at two points in the bare soil and two-species treatments, 
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and three times in the mixed plant treatments (Figure 3). In six of these time points, either 

T, TW or TWA had a higher rate of soil respiration than W and/or WA. The remaining 

time point (month 6 in the bare soil) was the exception, with soil respiration in the TW 

substrate significantly higher than the T and WA substrates. 

 

Figure 3. Soil respiration in soil treatments over time in bare soil (A), in the presence of T. 

wiseana and A. inaequilatera (TrAc; B) and in the presence of the mixed plant community 

(Mixed; C). Substrate treatments: T = 100 % topsoil, TW = topsoil:waste blend (1:1), W = 100 % 

waste and a TW (TWA) or W (WA) amended soil treatment with varying combinations of 

inorganic amendments gypsum and urea (Table 1). The y-axis is logged for ease of interpretation. 

Asterisk indicates significant difference between soil treatments at a single timepoint. Statistical 

significance levels: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 
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Figure 4. Mean daily maximum temperature (Temp), total daily rainfall (black bars) and average 

mean daily soil moisture across all soil and plant treatments at the surface and 400 mm below the 

surface of the experimental plots for the study period December 2017 to August 2019. 

 

The influence of plant treatments on soil respiration within substrate treatments, differed 

significantly at seven time points (Table S2; Supplementary Information). Four of these 

seven instances occurred in either the T or TWA substrate treatments, where soil 

respiration in both or one of the plant community treatments was higher than in the bare 

soil plots (P < 0.05; Table S2; Supplementary Information). Two instances occurred in 

the WA substrate treatment, with the two-species plant community having a higher rate 

of soil respiration than the bare soil and mixed plots at six months and the mixed 

community was higher than the bare soil plot at 12 months (P < 0.05; Table S2; 

Supplementary Information). The final instance occurred in the TW treatments at three 

months, with the bare soil plot significantly lower than the two plant community 

treatments (Table S2; Supplementary Information). 

At the start of the experiment, the substrate treatments showed very similar pH values, 

the highest value being for the W substrate treatment at 8.5 ± 0.1 and the lowest for the 

WA treatment at 8.2 ± 0.04 (Table 2). Twelve months after the commencement of the 

experiment, soil pH was similar across substrates and community type (Table 2). 

However, after 21 months, the pH of the substrates significantly differed in the mixed 

plant communities with the highest value obtained in the W treatment at 8.8 ± 0.1, which 

was significantly higher than the TW, TWA and WA substrate treatments (P < 0.05). 
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As expected, soil electrical conductivity (EC) was higher in the amended WA soil 

treatment compared to all the other substrate treatments at the start of the experiment 

(Table 2). EC was significantly different between substrate treatments in the mixed plant 

plots at 12- and 21- months, with significantly higher values in the WA treatment 

compared to the TW and W substrates after 12 months, and higher than the T and W 

substrates after 21 months (Table 2). In the bare soil treatment, EC differed between 

substrates after 21 months, with the WA having a significantly higher EC than the TW, 

TWA and W substrates (P < 0.05). Soil EC was similar across plant treatments at both 

12- and 21- months (P < 0.05). 

At the outset, soil total carbon was significantly higher in the T and TW substrate 

treatments compared to the W and WA substrates (P < 0.001; Table 2). After 12 months 

of plant growth, soil carbon was significantly different across substrate treatments in all 

three plant communities (Table 2), with higher contents in the T substrate compared to 

the W and WA (P < 0.001). In the bare soil treatment, soil carbon was also higher in the 

TWA substrate compared to the W and WA treatments (P < 0.05). After 21 months, soil 

carbon significantly differed across soil treatments in the bare soil and two-species 

communities. In the blank plots, soil carbon in the T substrate was still significantly 

higher than the W and WA substrates, and the TW substrate was significantly higher than 

the WA substrate (P < 0.001). Soil carbon was not significantly different across plant 

treatments in any of the substrates. 

Initially, soil total nitrogen was significantly higher in the TWA and WA substrate 

compared to the TW and W treatments (P < 0.05; Table 2). After 12 months, total nitrogen 

was significantly higher in the bare soil treatment for the T substrate compared to the TW, 

W and WA substrates (P < 0.05). In the two-species community, soil nitrogen was 

significantly higher in the T substrate compared to the TWA, W and WA substrates (P < 

0.01). After 12 months, soil nitrogen differed across plant community treatments in the T 

substrate, with soil nitrogen higher in the mixed community compared to the bare soil 

treatment (P < 0.05). After 21 months, soil nitrogen was highest in the mixed community 

compared to both the two-species and bare soil treatments in the TW substrate (P < 0.05; 

Table 2). 

The C/N ratio of the substrate treatments was significantly higher in the T and TW 

substrates compared to the TWA and WA substrates at the start of the experiment (P < 
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0.001; Table 2). However, after 12 months all substrate treatments had a similar C/N ratio. 

After 21 months the C/N ratio differed across substrates in the bare soil treatment with 

the TW treatment significantly higher than the W and WA substrates (Table 2). The C/N 

ratio was significantly different across the plant community treatments in the TW 

substrate, with the bare soil treatment having a significantly higher C/N ratio compared 

to the two vegetated treatments after 21 months (P < 0.05, Table 2). 

N-mineralisation was significantly higher in the TWA and WA soil treatments compared 

to the unamended substrates at the beginning of the experiment (P < 0.05; Table 2). Two 

months after amendments were added, substrate N-mineralisation remained high in the 

two-species plant treatment with the TWA amended substrate higher compared to the T, 

TW and W substrates and higher in the WA treatment compared to the TW and W 

substrates (P < 0.05; Table 2). In the mixed community, both the TWA and WA substrates 

had a higher level of N-mineralisation compared to the unamended substrates (P < 0.05). 

However, after 12 months N-mineralisation levels in the TWA and WA substrates 

returned to levels consistent with the unamended substrates. 
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Table 2. Soil chemical properties (mean ± S.E) of substrate treatments across plant treatments at various time points throughout the experiment. Substrate treatments: 

T = 100 % topsoil, TW = topsoil:waste blend (1:1), W = 100 % waste and a TW (TWA) or W (WA) amended soil treatments (Table 1). Plant community treatments: 

Bare soil, two individual A. inaequilatera and four individual T.wiseana (TrAc) and, one of each of the following species; A. inaequilatera, T.wiseana, I. monophylla, 

C. lasiocarpus and P. auriculifolius (Mixed). Superscript letters in lowercase indicate significant differences across soil treatments within plant community treatments 

and uppercase letters indicate difference across plant treatments within soil treatments. Statistical significance levels (Kruskal-Wallis): * = P ≤ 0.05, ** = P ≤ 0.01, *** 

= P ≤ 0.001. 

Soil Property Time 

(month) 

Plant Treatment Substrate Treatment P- value 

T TW TWA W WA 

pH 0  8.3 ± 0.1  8.4 ± 0.1  8.4 ± 0.03 8.5 ± 0.1  8.2 ± 0.04  0.132 

12  Bare soil  7.9 ± 0.1  8.1 ± 0.2  7.8 ± 0.04  8.09 ± 0.1  7.7 ± 0.1  0.235 

TrAc 8.0 ± 0.1 7.8 ± 0.2 7.9 ± 0.1 7.9 ± 0.2 7.8 ± 0.04 0.578 

Mixed 7.8 ± 0.1 7.8 ± 0.1 7.5 ± 0.1 8.2 ± 0.2 7.6 ± 0.1 0.064 

P-value 0.430 0.393 0.063 0.904 0.587  

21  Bare soil 8.7 ± 0.2  8.8 ± 0.1 8.8 ± 0.1 9.2 ± 0.2 8.3 ± 0.2 0.120 

TrAc 8.4 ± 0.3 8.4 ± 0.2 8.5 ± 0.2 9.0 ± 0.1 8.1 ± 0.04 0.116 

Mixed 8.5 ± 0.2 ab 7.7 ± 0.5 bc 7.6 ± 0.2 c 8.8 ± 0.1 a 7.9 ± 0.3 bc 0.046* 

P-value 0.494 0.113 0.061 0.202 0.561  

Electrical 

Conductivity 

(µS/m) 

0  447 ± 94.5  375 ± 91.1  594 ± 273.5  204 ± 38.1 2062 ± 109.0  0.075 

12  Bare soil  1276 ± 617.2 677 ± 146.2 671 ± 132.6 417 ± 61.4 2068 ± 83.1 0.065 

TrAc 1045 ± 493.0 757 ± 196.7 578 ± 69.8 375 ± 84.2 1866 ± 520.0 0.079 

Mixed 750 ± 34.9 ab 517 ± 31.5 bc 875 ± 158.5 ab 341 ± 41.7 c 1456 ± 304.2 a 0.014* 

P-value 0.561 0.733 0.430 0.561 0.587  

21  Bare soil 156 ± 33.2 ab 115 ± 17.4 bc 136 ± 5.0 b 84.1 ± 3.8 c 510 ± 150.4 a 0.029* 

TrAc 272 ± 118.2 176 ± 30.5 172 ± 44.7 89.0 ± 2.8 610 ± 200.8 0.054 

Mixed 174 ± 22.1 b 283 ± 94.8 ab 361 ± 55.8 a 105 ± 9.3 b 376 ± 68.3 a 0.030* 

P-value 0.837 0.148 0.061 0.202 0.561  

Total Carbon (%) 

 

 

 

 

 

 

 

0  1.35 ± 0.23 a 0.94 ± 0.04 a 0.95 ± 0.04 ab 0.63 ± 0.09 b 0.63 ± 0.08 b 0.027* 

12  Bare soil  1.41 ± 0.19 a 0.98 ± 0.05 ab 0.99 ± 0.1 a 0.62 ± 0.06 bc 0.58 ± 0.04 c 0.016* 

TrAc 1.29 ± 0.10 a 1.06 ± 0.1 ab 1.03 ± 0.06 ab 0.71 ± 0.12 bc 0.54 ± 0.08 c 0.026* 

Mixed 1.67 ± 0.10 a 1.27 ± 0.16 abc 1.46 ± 0.10 ab 0.76 ± 0.16 c 1.02 ± 0.26 bc 0.046* 

P-value 0.161 0.361 0.067 0.904 0.528  

21  Bare soil  1.35 ± 0.15 a 0.97 ± 0.01 ab 0.95 ± 0.04 abc 0.63 ± 0.06 bc 0.56 ± 0.01 c  0.015* 

TrAc 1.40 ± 0.08 a 1.10 ± 0.04 ab 1.07 ± 0.10 ab 0.70 ± 0.07 bc 0.62 ± 0.10 c 0.015* 

Mixed 1.79 ± 0.03 1.58 ± 0.38 2.24 ± 0.61 0.74 ± 0.10 1.28 ± 0.57 0.192 
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21 P-value 0.066 0.051 0.061 0.733 0.430  

Total Nitrogen (%) 0  0.04 ± 0.001 ab 0.03 ± 0.001b 0.18 ± 0.06 a  0.03 ± 0.004 b 0.32 ± 0.09 a 0.030* 

12  Bare soil 0.03 ± 0.00 Ba 0.02 ± 0.00 bc 0.03 ± 0.0 ab 0.02 ± 0.01 c 0.02 ± 0.00 bc 0.037* 

TrAc 0.04 ± 0.00 ABa 0.03 ± 0.0 ab 0.03 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b 0.046* 

Mixed 0.05 ± 0.01 A 0.04 ± 0.01 0.06 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.090 

P-value 0.032* 0.051 0.061 0.875 0.188  

21  Bare soil  0.03 ± 0.00 0.03 ± 0.00 B 0.03 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.134 

TrAc 0.04 ± 0.00 0.03 ± 0.00 AB 0.04 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.083 

Mixed 0.05 ± 0.00 0.06 ± 0.02 A 0.08 ± 0.02 0.03 ± 0.01 0.05 ± 0.02 0.129 

P-value 0.066 0.038* 0.051 0.725 0.326  

C/N Ratio  0 34.80 ± 5.63 a 29.85 ± 1.38 a 6.44 ± 2.24 b 20.32 ± 2.55 ab 2.26 ± 0.50 b 0.019* 

12  Bare soil  41.89 ± 5.59 42.53 ± 1.87 34.57 ± 2.96 35.30 ± 6.14 24.62 ± 3.69  0.115 

TrAc 33.75 ± 1.81 34.09 ± 0.91 39.66 ± 5.93 33.59 ± 1.16 23.39 ± 4.95 0.149 

Mixed 31.99 ± 2.99 32.13 ± 1.07 25.85 ± 0.85 31.97 ± 3.85 23.34 ± 1.70 0.127 

P-value 0.430 0.051 0.051 0.875 0.957  

21  Bare soil  41.38 ± 9.15 ab 39.00 ± 1.45 Aa 32.98 ± 1.34 ab 26.29 ± 1.55 bc 23.17 ± 1.18 c 0.039* 

TrAc 39.92 ± 4.57 34.57 ± 2.03 AB 31.30 ± 2.62 26.75 ± 1.58 29.01 ± 5.79 0.182 

Mixed 35.74 ± 2.25 29.17 ± 0.62 B 28.25 ± 2.29 30.37 ± 3.74 26.26 ± 0.09 0.138 

P-value 0.733 0.039* 0.329 0.561 0.301  

N-mineralisation 

(mg kg-1) 

0  21.7 ± 11.2 b 8.3 ± 8.3 b 130.8 ± 26.7 a 11.7 ± 11.7 b 124.2 ± 24.4 a 0.027* 

2  Bare soil 20.0 ± 10.4 9.2 ± 9.2 125.8 ± 14.5 19.2 ± 9.8 73.3 ± 40.0 0.120 

 TrAc 21.7 ± 11.2 bc 9.17 ± 9.17 c 144.2 ± 51.5 a 0.0 ± 0.0 c 94.2 ± 19.7 ab 0.020* 

 Mixed 9.2 ± 9.2 b 8.3 ± 8.3 b 80.0 ± 21.6 a 9.2 ± 9.2 b 113.3 ± 30.4 a 0.026* 

 P-value 0.591 0.954 0.288 0.281 0.865  

12  Bare soil 42.5 ± 7.5 21.7 ± 11.2 33.3 ± 4.4  35.83 ± 5.1 19.2 ± 10.2 0.317 

 TrAc 38.3 ± 6.7 13.3 ± 13.3 24.2 ± 4.2 8.33 ± 8.3 37.5 ± 1.4 0.113 

 Mixed 45.8 ± 4.2 15.8 ± 15.8 36.7 ± 2.2 32.5 ± 5.2 36.7 ± 10.4 0.433 

 P-value 0.395 0.948 0.411 0.202 0.193  

21  Bare soil 33.3 ± 3.0 36.7 ± 2.2 30.0 ± 2.5 37.5 ± 1.44 32.5 ± 3.8 0.319 

 TrAc 38.33 ± 1.7 30.83 ± 1.7 34.2 ± 3.3 36.67 ± 4.17 40.8 ± 8.3 0.369 

 Mixed 40.0 ± 2.5 40.83 ± 3.6 40.0 ± 7.5 37.5 ± 1.44 32.5 ± 6.3 0.692 

 P-value 0.221 0.081 0.413 0.968 0.705  
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3.2 Above-ground responses to inorganic amendments and plant diversity 

The total plant cover, number of species, number of plants and total shoot biomass were 

not significantly different across substrate treatments or plant communities (Table S3; 

Supplementary Information). However, plant survival in the mixed plant community did 

decline in the W and WA substrates compared to the T, TW and TWA substrates, with 

an average of 2.7 ± 0.3 and 2.7 ± 0.9 plants present in the treatments after 21 months, 

respectively. In the W substrate there were no surviving I. monophylla plants in any of 

the replicates. 

There were a limited number of significant differences in the plant morphological traits 

after 21 months of growth (P < 0.05; Table 3). However, plant aboveground biomass of 

A. inaequilatera differed in the WA substrate, with larger biomass in the two-species 

plant treatment compared to the mixed community (Table 3). Plant height of A. 

inaequilatera differed across substrate treatments in the two-species community with 

individuals significantly taller in the T and TWA substrates compared to the W and WA 

substrates (P = 0.029; Table 3). 

Plant photosynthesis measured after 21 months of plant growth did not differ across 

substrate treatments or plant communities (Table S4; Supplementary Information). 

3.3 Responses in plant and soil interactions to inorganic amendments 

At the end of the experiment, assessment of the plant and soil indicators through a 

correlation matrix showed several significant relationships (Table 4). Firstly, in the bare 

soil treatment, soil carbon positively correlated with total nitrogen and C/N ratio (r = 0.53 

and 0.84, respectively; P < 0.05) and soil pH negatively correlated with EC (r = -0.83; P 

< 0.001). In the two-species plant community both shoot and root biomass were positively 

correlated with soil carbon (r = 0.52 and 0.55, respectively; P < 0.05). Furthermore, in 

both the two-species and mixed plant communities, both shoot biomass and soil carbon 

positively correlated with microbial activity (r = 0.61 – 0.80; P < 0.05). In the two-species 

plant treatment, root total biomass also correlated with microbial activity (r = 0.82; P < 

0.01) while in the mixed plant community, microbial activity positively correlated with 

soil nitrogen and EC, and negatively correlated with soil pH (r = 0.69, 0.64 and -0.7, 

respectively; P < 0.001; Table 4)
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Table 3. Plant morphological characteristics of species grown in different soil treatments and native plant communities after 20 months of growth. Substrate 

treatments: T = 100 % topsoil, TW = topsoil:waste blend (1:1), W = 100 % waste and a TW (TWA) or W (WA) amended soil treatments (Table 1). Plant 

community treatments: bare soil, two individual A. inaequilatera and four individual T. wiseana (TrAc) and, one of each of the following species; A. 

inaequilatera, T. wiseana, I. monophylla, C. lasiocarpus and P. auriculifolius (Mixed). Superscript letters indicate significant differences across soil treatments 

within plant community treatments. Statistical significance levels (ANOVA): * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

Plant Trait Plant Species Community Substrate Treatment P- value 

T TW TWA W WA  

Plant Height 

(mm) 

A.inaequilatera TrAc 810.0 ± 138.2a 706.7 ± 96.6 ab 798.3 ± 88.7 a 440 ± 55.6 c 468.0 ± 95.4 bc 0.019* 

Mixed 736.7 ± 156.0  623.3 ± 93.5  813.3 ± 94.9  740.0 ± 193.0  265.0 ± 25.0  0.242 

P-value 0.606 0.517 0.796 0.071 0.245  

T. wiseana TrAc 198.0 ± 23.1  178.3 ± 21.4  193.6 ± 13.8  210.0 ± 18.3  201.3 ± 21.1  0.890 

Mixed 193.3 ± 16.7  180.0  136.7 ± 57.8  195.0 ± 15.0  140.0  0.741 

P-value 0.612 0.893 0.390 0.552 0.323  

I.monophylla Mixed 293.3 ± 8.8  336.7 ± 23.3  376.7 ± 33.8  NA 295.0 ± 45.0  0.217 

C.lasiocarpus Mixed 606.7 ± 169.0  700.0 ± 60.3  590.0 ± 147.3  710.0 ± 47.3  503.3 ± 151.9  0.750 

Plant or stem 

Diameter (mm) 

A.inaequilatera TrAc 24.3 ± 6.7  16.8 ± 3.4  18.7 ± 4.7  10.8 ± 1.7  13.6 ± 3.0  0.113 

 Mixed 17.0 ± 5.5  13.7 ± 3.7  19.3 ± 7.5  14.7 ± 3.3  7.5 ± 2.5  0.622 

 P-value 0.517 0.437 0.795 0.138 0.171  

T. wiseana TrAc 287.0 ± 35.6  234.2 ± 29.3  262.7 ± 19.5  289.1 ± 38.1  297.5 ± 38.4 0.676 

Mixed 200.0 ± 35.1  230.0  200.0 ± 90.7  295.0 ± 45.0  170.0  0.605 

P-value 0.176 0.894 0.483 0.921 0.241  

I. monophylla Mixed 21.7 ± 1.5  19.0 ± 1.5  21.3 ± 0.7  NA 21.0 ± 0.0  0.507 

C.lasiocarpus Mixed 13.7 ± 5.7  16.7 ± 0.7  14.3 ± 6.8  26.3 ± 4.2  11.7 ± 5.5  0.308 

Above-ground 

biomass (g) 

A.inaequilatera TrAc 752.8 ± 592.2 a 243.0 ± 159.5  489.9 ± 364.3  51.6 ± 24.9  69.6 ± 18.0  0.057 

Mixed 127.8 ± 62.6 125.7 ± 55.6  243.6 ± 138.4  139.2 ± 86.0  18.15 ± 9.4  0.271 

P-value 0.796 1 1 0.197 0.049*  

T. wiseana TrAc 191.9 ± 35.5  130.7 ± 27.7  159.9 ± 22.3  145.4 ± 25.6  183.3 ± 42.4  0.661 

 Mixed 125.3 ± 51.3  100.9 ± 0.00  65.8 ± 50.1  127.5 ± 34.3  37.4 ± 0.0  0.884 
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T. wiseana P-value 0.398 0.789 0.073 0.554 0.245  

I. monophylla Mixed 588.0 ± 164.7  697.9 ± 134.1  618.6 ± 129.8  NA 637.5 ± 357.5  0.935 

C.lasiocarpus Mixed 106.9 ± 82.5  164.2 ± 25.1  62.9 ± 39.2  335.1 ± 90.8  53.0 ± 25.7  0.097 

Root Biomass 

(top 10 cm) (g) 

A.inaequilatera TrAc 34.6 ± 23.9  18.5 ± 12.9  27.5 ± 15.4  3.8 ± 1.7  6.7 ± 2.2  0.063 

 Mixed 17.9 ± 8.5  12.2 ± 7.0  19.4 ± 11.2  5.2 ± 0.1  1.7 ± 0.9  0.259 

 P-value 0.796 0.796 0.796 0.182 0.245  

T. wiseana TrAc 1.3 ± 0.5  1.1 ± 0.5  0.25 ± 0.06  0.59 ± 0.15  1.45 ± 0.51  0.068 

 Mixed 0.44 ± 0.17  0.62 ± 0.00  0.13 ± 0.11  0.80 ± 0.37  0.48 ± 0.00  0.466 

 P-value 0.309 0.664 0.390 0.430 0.617  

I. monophylla Mixed 19.4 ± 6.1  18.0 ± 6.5  17.7 ± 4.9  NA 29.2 ± 0.1  0.569 

C.lasiocarpus Mixed 13.9 ± 10.1  23.1 ± 10.1  4.7 ± 0.1  32.6 ± 10.3  14.6 ± 0.1  0.486 

 

Table 4. Pearson’s correlation matrix of soil and plant indicators in two plant communities after 20 months of growth. Plant community treatments: bare soil, 

two individual A. inaequilatera and four individual T. wiseana (TrAc) and, one of each of the following species; A. inaequilatera, T. wiseana, I. monophylla, 

C. lasiocarpus and P. auriculifolius (Mixed). Statistical significance levels: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

 

Plant 

Community 

Plant and soil 

indicators 

Plant and soil indicators 

Total shoot 

biomass 

Total root 

biomass 

Carbon Nitrogen C/N ratio pH EC Microbial 

activity 

N-

mineralisatio

n 

Blank Carbon - -  0.53* 0.84*** 0.04 -0.36 0.19 -0.02 

 Nitrogen  - - 0.53*  -0.01 0.17 -0.16 0.50 -0.25 

 C/N ratio - - 0.84*** -0.01  -0.03 -0.36 -0.10 -0.25 

 pH - - -0.03 0.17 -0.03  -0.83*** -0.15 0.24 

 EC - - -0.36 -0.16 -0.36 -0.83***  0.02 -0.30 

 Microbial activity - - 0.19 0.50 -0.10 -0.15 0.02  -0.13 

 N-mineralisation - - -0.25 -0.02 -0.25 0.24 -0.30 -0.13  
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TrAc Total shoot biomass 
 

0.95 0.52* 0.39 0.04 -0.48 0.17 0.80*** 0.12 

Total root biomass  0.95*** 
 

0.55* 0.30 -0.08 -0.27 0.01 0.82*** 0.07 

Carbon 0.52* 0.55* 
 

0.74** 0.05 -0.03 -0.37 0.61* 0.19 

Nitrogen  0.39 0.30 0.74** 
 

0.70** -0.08 -0.35 0.43 -0.10 

C/N ratio 0.04 -0.08 0.05 0.70** 
 

-0.09 -0.17 0.03 -0.35 

pH -0.48 -0.27* -0.03 -0.08 -0.09 
 

-0.68** -0.46 -0.10 

EC 0.17 0.01 -0.37 -0.35 -0.17 -0.68** 
 

0.09 0.11 

Microbial activity 0.80*** 0.82** 0.61* 0.43 0.03 -0.46 0.09 
 

0.10 

N-mineralisation 0.12 0.07 0.19 -0.10 -0.35 -0.10 0.11 0.10 
 

Mixed Total shoot biomass 
 

0.20 0.46 0.54 0.25 -0.60* 0.42 0.67* -0.17 

Total root biomass 0.20 
 

0.33 0.29 -0.35 -0.07 0.16 0.36 0.46 

Carbon 0.46 0.33 
 

0.96 -0.31 -0.59 0.59* 0.64* 0.35 

Nitrogen 0.54 0.29 0.96*** 
 

-0.06 -0.51 0.46 0.69** 0.37 

C/N ratio 0.25 -0.35 -0.31 -0.06 
 

0.35 -0.55 -0.04 -0.09 

pH -0.60* -0.07 -0.59* -0.51 0.35 
 

-0.90 -0.70** 0.01 

EC 0.42 0.16 0.59* 0.46 -0.55 -0.90 
 

0.64* -0.09 

Microbial activity 0.67* 0.36 0.64* 0.69** -0.04 -0.70** 0.64* 
 

0.14 

N-mineralisation -0.17 0.46 0.35 0.37 -0.09 0.01 -0.09 0.14 
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4. Discussion 

4.1 Plant and soil responses to inorganic amendments 

This study used several soil and plant indicators to assess the effectiveness of applying 

inorganic soil amendments to mining substrates to improve substrate quality and the 

establishment of plant species native to the semi-arid Pilbara region of Western Australia. 

When first incorporated into the mining substrates, gypsum and urea increased soil 

nitrogen, electrical conductivity (EC) and N-mineralisation, and significantly lowered the 

soil C/N ratio. After 12 months, the inorganic amendments maintained high levels of soil 

EC in the WA substrate compared to the W substrate however, soil nitrogen, soil C/N 

ratio and N-mineralisation returned to levels similar to the unamended TW and W 

substrates, indicating that nitrogen was either lost to deeper soil layers due to leaching, 

or, where vegetation was present, taken up by plants. These results are to be expected as 

the application of the amendments was a once-off event that occurred at the start of the 

experiment when seeds were sown and seedlings have low demand for nitrogen compared 

to later plant growth stages (Grant et al., 2012, Ma and Herath, 2016). In the agricultural 

industry, when nitrogen fertilisers such as urea are used they are sometimes applied as 

regular, small doses throughout the growing season, rather than a once-off event, to target 

different stages of plant development with higher demand for nitrogen (Grant et al., 2012, 

Malhi et al., 2006). This strategy for fertiliser management minimises nitrogen losses 

from the soil through leaching and increases nitrogen use efficiency (Ma and Herath, 

2016). With previous studies in a mine rehabilitation context suggesting that the addition 

of nitrogen increases plant growth under conditions of favourable water availability 

conditions (Bateman et al., 2019b (Chapter 3)), it may be worth considering the logistics 

of applying fertiliser to sites later in the rehabilitation process when seedlings have 

emerged, to ensure nitrogen is available at crucial plant growth stages when plants can 

utilise the amendment efficiently. To avoid disturbance to establishing plants, fertiliser 

applications could be achieved through aerial delivery (e.g. bauxite mine rehabilitation) 

(Grant and Koch, 2007). 

For the most part, the morphological and physiological indicators for each plant species 

were statistically similar across substrates and plant communities. However, there were 

observable trends across the data, that showed varied species responses. For example, 

morphological indicators of plant growth for A. inaequilatera grown in the two-species 
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community were largest in the T substrate and the lowest in the W substrate, with larger 

plants in the amended treatments compared to the unamended counterparts. In contrast, 

in the mixed community, morphological traits of A. inaequilatera plants were always 

larger in the TWA substrate compared to the TW, but lowest in the WA substrate 

compared to the W substrate. This was similar for T. wiseana plants where plant growth 

differed depending on the plant community treatment. Plants of C. lasiocarpus were also 

smaller in the WA substrate than the W substrate in mixed plant community treatments, 

while I. monophylla plants did not survive in any of the W substrate replicates. This 

change in plant growth responses between the two plant communities may be a result of 

increased plant competition for available resources, which is common in arid landscapes 

where limited plant available resources (i.e. soil nutrients and water), along with other 

abiotic factors, can influence plant community structure and plant diversity (Saiz et al., 

2018). In this study, the mesocosms with inorganic amendments had I. monophylla while 

the W did not, which may have increased competition between plant species and 

negatively impacted the growth of A. inaequilatera, T. wiseana and C. lasiocarpus. 

Although this finding suggests that the use of amendments favour some plant species over 

others and could alter natural vegetation establishment, it is more likely that resources 

related to space such as light, was driving this competition, due to the size of the plots. 

As arid systems often have structured vegetation patterns that vary over spatial scales 

(Getzin et al., 2019, Soliveres and Maestre, 2014) it is unlikely that the survival of I. 

monophylla, due to the addition of amendments, as evident in the WA substrate, will 

negatively impact the development of surrounding plant species and alter the community 

development trajectory of native plant communities on mining rehabilitation sites 

(Arroyo et al., 2015). 

An increase in plant total biomass was linked to an increase in soil carbon, and both 

parameters positively affected soil microbial activity. However, this positive plant-soil 

interaction may not be related to the addition of inorganic soil amendments, but a 

consequence of the natural recovery of ecosystem functions and, in the case of the mixed 

community, the initial recruitment and survival of a diverse range of species (Guo et al., 

2018). This positive interaction among plant species has been documented to contribute 

to sustainable ecosystem function, especially in harsh arid environments (Mulder et al., 

2001, Soliveres and Maestre, 2014). The establishment of a diverse plant community on 

degraded lands improves soil physical properties through reducing soil erosion and 
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increasing water infiltration, soil nutrients and carbon as a result of increased litter input 

(Zhang et al., 2019). In this study, an increase in soil carbon in the mixed community was 

aligned with a higher rate of microbial activity. This demonstrates that an increase in 

species diversity can potentially be improved by using inorganic amendments which can 

influence the decomposition and availability of other soil nutrients and influence the 

biological health of soil substrates (Guo et al., 2018). 

4.2 Implications for arid zone rehabilitation 

This study also supports previous research showing that the mine waste substrate used as 

growth media was chemically and biological deficient compared to stockpiled topsoil 

(Kneller et al., 2018a, Machado et al., 2013). These substrates require some form of 

remediation to improve soil quality. As such, the aim of this study was to assess how the 

use of inorganic soil amendments in mining waste substrates may improve rehabilitation 

success by enhancing substrate quality, improving the establishment of native plant 

communities and introducing positive plant- soil interactions into the system. Although 

the inorganic soil amendments had a strong initial effect on soil quality, after 12 months 

this improved soil quality had returned to pre-amended levels suggesting that at least the 

nitrogen was lost to plant up-take or leached into deeper soil layers. Additionally, their 

effectiveness varied between plant species and vegetation community with plant growth 

reduced in the amended WA substrate compared to the unamended W when a diverse mix 

of species is present. A previous study conducted with the same soils and amendments 

highlighted the large variability in plant responses to the addition of these amendments at 

the early stages of plant development with high levels of mortality between the 

germination and emergence phases in the amended soil compared to the unamended 

substrates (Bateman et al., 2019a (Chapter 2)). Together, these studies show that the use 

of these amendments may favour some plant species over others and if applied as a single 

dose at the same time as seed application may have negative implications for seedling 

recruitment. As such, thorough analysis of the shortcoming of the waste substrate used 

for rehabilitation is required so that the selection of amendments is appropriate for the 

selected species. Consideration of the cost effectiveness of using inorganic amendments, 

the application schedule for these amendments and the exploration of other types of soil 

amendments is required to ensure appropriate management decisions are made to 

reinstate natural ecosystem function in these arid systems. 



                                                    Chapter 4: Inorganic amendments and native plant diversity 

 

91 
 

5. Acknowledgements 

This research was supported by a BHP Western Australia Iron Ore Community 

Development Project (contract no. 8600048550) under the auspices of the Restoration 

Seedbank Initiative, a partnership between BHP Western Australia Iron Ore, The 

University of Western Australia and the Botanic Gardens and Parks Authority. The 

authors would like to acknowledge the Traditional Owners of the lands where this 

experiment was conducted. The authors would like to thank Gary Bateman, David 

Symons, Monte Masarei and Andrew Blackburn for their assistance setting up and 

terminating the field experiment. 

6. References 

Adams, M., Ineson, P., Binkley, D., Cadisch, G., Tokuchi, N., Scholes, M., Hicks, K., 2004. 

Soil functional responses to excess nitrogen inputs at global scale. AMBIO: A Journal of the 

Human Environment 33, 530-537. 

 

Alday, J.G., Santana, V.M., Marrs, R.H., Martínez-Ruiz, C., 2014. Shrub-induced understory 

vegetation changes in reclaimed mine sites. Ecological engineering 73, 691-698. 

 

Anaya‐Romero, M., Abd‐Elmabod, S.K., Muñoz‐Rojas, M., Castellano, G., Ceacero, C.J., 

Alvarez, S., Méndez, M., De la Rosa, D., 2015. Evaluating soil threats under climate change 

scenarios in the Andalusia region, Southern Spain. Land Degradation & Development 26, 441-

449. 

 

Arroyo, A.I., Pueyo, Y., Saiz, H., Alados, C.L., 2015. Plant–plant interactions as a mechanism 

structuring plant diversity in a Mediterranean semi‐arid ecosystem. Ecology and evolution 5, 

5305-5317. 

 

Basanta, R., de Varennes, A., Diaz-Ravina, M., 2017. Microbial community structure and 

biomass of a mine soil with different organic and inorganic treatments and native plants. Journal 

of soil science and plant nutrition 17, 839-852. 

 

Bateman, A., Lewandrowski, W., Stevens, J.C., Muñoz‐Rojas, M., 2016. Ecophysiological 

indicators to assess drought responses of arid zone native seedlings in reconstructed soils. Land 

Degradation & Development 29, 984-993. 

 

Bateman, A.M., Erickson, T.E., Merritt, D.J., Muñoz-Rojas, M., 2019a (chapter 2). Inorganic 

soil amendments alter seedling performance of native plant species in post-mining arid zone 

rehabilitation. Journal of environmental management 241, 179-186. 

 

Bateman, A.M., Erickson, T.E., Merritt, D.J., Veneklaas, E.J., Muñoz-Rojas, M., 2019b 

(chapter 3). Water availability drives the effectiveness of inorganic amendments to increase 

plant growth and substrate quality. CATENA 182, 104-116. 

 

Bennett, J.A., Klironomos, J., 2019. Mechanisms of plant–soil feedback: interactions among 

biotic and abiotic drivers. New Phytologist 222, 91-96. 

 



Chapter 4: Inorganic amendments and native plant diversity 

92 
 

Bennett, J.M., Greene, R., Murphy, B., Hocking, P., Tongway, D., 2014. Influence of lime and 

gypsum on long-term rehabilitation of a Red Sodosol, in a semi-arid environment of New South 

Wales. Soil Research 52, 120-128. 

 

Birnbaum, C., Bradshaw, L.E., Ruthrof, K.X., Fontaine, J.B., 2017. Topsoil stockpiling in 

restoration: Impact of storage time on plant growth and symbiotic soil biota. Ecological 

Restoration 35, 237-245. 

 

Borůvka, L., Kozák, J., Mühlhanselová, M., Donátová, H., Nikodem, A., Němeček, K., Drábek, 

O., 2012. Effect of covering with natural topsoil as a reclamation measure on brown-coal 

mining dumpsites. Journal of Geochemical Exploration 113, 118-123. 

 

Buckee, G., 1994. Determination of total nitrogen in barley, malt and beer by Kjeldahl 

procedures and the Dumas combustion method--collaborative trial. Journal of the Institute of 

Brewing 100, 57-64. 

 

Bureau of Meteorology, 2015. Newman Aero Monthly Rainfall. Australian Government, 

http://www.bom.gov.au/climate/data/?ref=ftr [accessed 7th June 2019]. 

 

Cardinale, B.J., Palmer, M.A., Collins, S.L., 2002. Species diversity enhances ecosystem 

functioning through interspecific facilitation. Nature 415(6870), 415, 426. 

 

Courtney, R., Kirwan, L., 2012. Gypsum amendment of alkaline bauxite residue–plant available 

aluminium and implications for grassland restoration. Ecological engineering 42, 279-282. 

 

Dinno, A., 2017. Dunn.test: Dunn's test of multiple comparisons using rank sums. R package 

version 1.3.5. 

 

Environmental Protection Authority, 2014. Environmental Protection Authority 2014 Annual 

Report, in: EPA, E.P.A. (Ed.), Perth, Western Australia. 

 

Erickson, T.E., Barrett, R., Merritt, D., Dixon, K., 2016a. Pilbara seed atlas and field guide: 

plant restoration in Australia's arid northwest. CSIRO PUBLISHING. 

 

Erickson, T.E., Muñoz-Rojas, M., Kildisheva, O.A., Stokes, B.A., White, S.A., Heyes, J.L., 

Dalziell, E.L., Lewandrowski, W., James, J.J., Madsen, M.D., 2017. Benefits of adopting seed-

based technologies for rehabilitation in the mining sector: a Pilbara perspective. Australian 

Journal of Botany 65, 646-660. 

 

Erickson, T.E., Shackelford, N., Dixon, K.W., Turner, S.R., Merritt, D.J., 2016b. Overcoming 

physiological dormancy in seeds of Triodia (Poaceae) to improve restoration in the arid zone. 

Restoration Ecology 24, S64-76. 

 

Garbowski, M., Brown, C.S., Johnston, D.B., 2019. Soil amendment interacts with invasive 

grass and drought to uniquely influence aboveground vs. belowground biomass in aridland 

restoration. Restoration Ecology. 

 

Getzin, S., Yizhaq, H., Muñoz‐Rojas, M., Wiegand, K., Erickson, T.E., 2019. A multi‐scale 

study of Australian fairy circles using soil excavations and drone‐based image analysis. 

Ecosphere 10(2), e02620. 

 

Grant, C., Koch, J., 2007. Decommissioning Western Australia's first bauxite mine: co‐evolving 

vegetation restoration techniques and targets. Ecol. Manage. Restor. 8, 92-105. 

 



                                                    Chapter 4: Inorganic amendments and native plant diversity 

 

93 
 

Grant, C., Wu, R., Selles, F., Harker, K., Clayton, G., Bittman, S., Zebarth, B., Lupwayi, N., 

2012. Crop yield and nitrogen concentration with controlled release urea and split applications 

of nitrogen as compared to non-coated urea applied at seeding. Field Crops Research 127, 170-

180. 

 

Guo, S., Han, X., Li, H., Wang, T., Tong, X., Ren, G., Feng, Y., Yang, G., 2018. Evaluation of 

soil quality along two revegetation chronosequences on the Loess Hilly Region of China. 

Science of The Total Environment 633, 808-815. 

 

Gwenzi, W., Hinz, C., Bleby, T., Veneklaas, E., 2014. Transpiration and water relations of 

evergreen shrub species on an artificial landform for mine waste storage versus an adjacent 

natural site in semi-arid Western Australia. Ecohydrology 7, 965-981. 

 

Hacker, S.D., Gaines, S.D., 1997. Some implications of direct positive interactions for 

community species diversity. Ecology 78, 1990-2003. 

 

Haney, R., Brinton, W., Evans, E., 2008. Soil CO2 respiration: comparison of chemical 

titration, CO2 IRGA analysis and the Solvita gel system. Renewable Agriculture and Food 

Systems 23, 171-176. 

 

Harrell, F.E.J., 2018. Hmisc: Harrell Miscellaneous. R Pakcage version 4.1-1. 

 

Hueso-González, P., Muñoz-Rojas, M., Martínez-Murillo, J., 2018. The role of organic 

amendments in drylands restoration. Current Opinion in Environmental Science & Health 5, 1-

6. 

 

Isbell, R., 2016. The Australian soil classification. CSIRO publishing. 

 

Islam, M., Turner, D.W., Adams, M.A., 2000. Regeneration of the legumes Acacia 

ancistrocarpa and Senna notabilis in the Pilbara region of Western Australia: mineral nutrition 

and carbon fractions. Australian Journal of Botany 48, 435-444. 

 

Khan, S., Mulvaney, R., Hoeft, R., 2001. A simple soil test for detecting sites that are 

nonresponsive to nitrogen fertilization. Soil Science Society of America Journal 65, 1751-1760. 

 

Kneller, T., Harris, R., Bateman, A., Muñoz-Rojas, M., 2018. Native-plant amendments and 

topsoil addition enhance soil function in post-mining arid grasslands. Science of The Total 

Environment 621, pp.744-752. 

 

Liu, E., Yan, C., Mei, X., He, W., Bing, S.H., Ding, L., Liu, Q., Liu, S., Fan, T., 2010. Long-

term effect of chemical fertilizer, straw, and manure on soil chemical and biological properties 

in northwest China. Geoderma 158, 173-180. 

 

Ma, B., Herath, A., 2016. Timing and rates of nitrogen fertiliser application on seed yield, 

quality and nitrogen-use efficiency of canola. Crop and Pasture Science 67, 167-180. 

 

Machado, N.A.d.M., Leite, M.G.P., Figueiredo, M.A., Kozovits, A.R., 2013. Growing 

Eremanthus erythropappus in crushed laterite: a promising alternative to topsoil for bauxite-

mine revegetation. Journal of environmental management 129, 149-156. 

 

Malhi, S., Johnston, A., Schoenau, J., Wang, Z., Vera, C., 2006. Seasonal biomass accumulation 

and nutrient uptake of wheat, barley and oat on a Black Chernozem soil in Saskatchewan. 

Canadian Journal of Plant Science 86, 1005-1014. 

 



Chapter 4: Inorganic amendments and native plant diversity 

94 
 

McKenzie, N., van Leeuwen, S., Pinder, A., 2009. Introduction to the Pilbara biodiversity 

survey, 2002–2007. Records of the Western Australian Museum, Supplement 78, 3-89. 

 

Merino-Martín, L., Commander, L., Mao, Z., Stevens, J.C., Miller, B.P., Golos, P.J., Mayence, 

C.E., Dixon, K., 2017. Overcoming topsoil deficits in restoration of semiarid lands: Designing 

hydrologically favourable soil covers for seedling emergence. Ecological Engineering 105, 102-

117. 

 

Michel, V.V., Mew, T., 1998. Effect of a soil amendment on the survival of Ralstonia 

solanacearum in different soils. Phytopathology 88, 300-305. 

 

Monem, M.A., Lindsay, W., Sommer, R., Ryan, J., 2010. Loss of nitrogen from urea applied to 

rainfed wheat in varying rainfall zones in northern Syria. Nutrient cycling in agroecosystems 86, 

357-366. 

 

Mulder, C., Uliassi, D., Doak, D., 2001. Physical stress and diversity-productivity relationships: 

the role of positive interactions. Proceedings of the National Academy of Sciences 98, 6704-

6708. 

 

Muñoz‐Rojas, M., Erickson, T.E., Dixon, K.W., Merritt, D.J., 2016. Soil quality indicators to 

assess functionality of restored soils in degraded semiarid ecosystems. Restoration Ecology 24, 

S43-S52. 

 

R Core Team, 2014. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. 

 

Saiz, H., Gómez‐Gardeñes, J., Borda, J.P., Maestre, F.T., 2018. The structure of plant spatial 

association networks is linked to plant diversity in global drylands. J. Ecol. 106, 1443-1453. 

 

Soliveres, S., Maestre, F.T., 2014. Plant–plant interactions, environmental gradients and plant 

diversity: a global synthesis of community-level studies. Perspect. Plant Ecol. Evol. Syst. 16, 

154-163. 

 

Zhang, Y.H., Xu, X.L., Li, Z.W., Liu, M.X., Xu, C.H., Zhang, R.F., Luo, W., 2019. Effects of 

vegetation restoration on soil quality in degraded karst landscapes of southwest China. Science 

of the Total Environment 650, 2657-2665. 

 

Zhao, D., Xu, M., Liu, G., Ma, L., Zhang, S., Xiao, T., Peng, G., 2017. Effect of vegetation type 

on microstructure of soil aggregates on the Loess Plateau, China. Agric., Ecosyst. Environ. 242, 

1-8. 

 

 

 

 

 

 



                                                    Chapter 4: Inorganic amendments and native plant diversity 

 

95 
 

Supplementary information 

Table S1. Soil microbial activity (CO2- C ppm) (mean ± S.E) of substrate treatments across plant 

treatments at various time points throughout the experiment. Substrate treatments: T = 100 % 

topsoil, TW = topsoil:waste blend (1:1), W = 100 % waste and a TW (TWA) or W (WA) amended 

soil treatments (Table 1). Plant community treatments: Bare soil, two individual A. inaequilatera 

and four individual T. wiseana (TrAc) and, one of each of the following species; A. inaequilatera, 

T. wiseana, I. monophylla, C. lasiocarpus and P. auriculifolius (Mixed). Superscript letters in 

lowercase indicate significant differences across soil treatments within plant community 

treatments and uppercase letters indicate difference across plant treatments within soil treatments. 

Statistical significance levels (Kruskal-Wallis): * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

 

 

 

 

Time 

(month) 

Plant 

Treatment 

Soil Treatment P-value 

T TW TWA W WA 

0  7.73 ± 1.46 4.30 ± 0.55 5.16 ± 0.14 5.01 ± 0.91 4.32 ± 0.10 0.164 

2 Blank  4.75 ± 0.31 4.00 ± 0.17 4.08 ± 0.58 3.43 ± 0.08 3.02 ± 0.21 0.058 

TrAc 3.85 ± 0.43 3.56 ± 0.29 3.64 ± 0.10 3.63 ± 0.35 3.05 ± 0.19 0.320 

Mixed 4.02 ± 0.32 ab 3.75 ± 0.30 ab 4.56 ± 0.06 a 3.32 ± 0.35 ab 3.00 ± 0.21 b 0.045* 

P-value 0.236 0.460 0.197 0.807 0.922  

6 Blank  2.94 ± 0.50 2.77 ± 0.04 2.77 ± 0.34 2.55 ± 0.16 2.63 ± 0.18 0.881 

TrAc 3.49 ± 0.14 2.99 ± 0.31 2.93 ± 0.23 2.57 ± 0.03 2.43 ± 0.09 0.091 

Mixed 3.66 ± 0.19 2.92 ± 0.20 6.83 ± 3.34 2.65 ± 0.56 3.08 ± 0.53 0.180 

P-value 0.572 0.789 0.288 0.859 0.320  

9 Blank  4.54 ± 0.64 9.47 ± 3.25 10.15 ± 3.53 4.66 ± 0.9 5.55 ± 2.11 0.530 

TrAc 6.73 ± 0.91 12.17 ± 7.15 8.01 ± 1.39 7.24 ± 3.38 4.11 ± 0.53 0.318 

Mixed 23.81 ± 13.30 70.86 ± 16.22 126.75 ± 52.33 5.98 ± 1.68 66.79 ± 56.29 0.119 

P-value 0.094 0.066 0.059 0.668 0.353  

12 Blank  3.06 ± 0.17 B 4.68 ± 2.12 5.79 ± 2.72 2.82 ± 0.33 3.45 ± 0.30 0.699 

TrAc 4.79 ± 0.63 B 9.38 ± 4.08 5.29 ± 1.30 5.22 ± 1.85 4.15 ± 1.48 0.603 

Mixed 91.75 ± 29.36 A 24.05 ± 10.29 135.23 ± 39.11 5.90 ± 3.45 120.25 ± 58.83 0.091 

P-value 0.027* 0.148 0.067 0.393 0.522  

15 Blank  4.18 ± 0.75 B 3.8 ± 0.94 B 17.44 ± 8.74 2.55 ± 0.04 10.0 ± 6.07  0.140 

TrAc 24.45 ± 2.56 AB 58.82 ± 29.86 AB 9.63 ± 3.86 15.06 ± 5.71  15.69 ± 3.81 0.055 

Mixed 153.91 ± 20.53 
A 

118.58 ± 38.25 
A 

88.70 ± 45.19 7.01 ± 2.40 121.54 ± 57.54 0.152 

P-value 0.027* 0.039* 0.059 0.113 0.285  

18 Blank  5.59 ± 0.71 B 6.36 ± 1.32 B 15.15 ± 5.03 B 4.72 ± 0.64 6.36 ± 1.32 0.183 

TrAc 24.77 ± 2.56 B 33.46 ± 11.90 B 26.14 ± 3.77 B 17.19 ± 2.49 33.46 ± 11.90 0.247 

Mixed 179.08 ± 0.00 A 137.01 ± 25.77 
A 

179.08 ± 0.0 A 40.90 ± 22.94 137.01 ± 25.77 0.081 

P-value 0.024* 0.027* 0.035* 0.055 0.355  

21 Blank  6.77 ± 1.73 B 7.42 ± 2.14 B 11.33 ± 4.36 4.30 ± 0.56 B 6.27 ± 1.19 0.418 

TrAc 30.27 ± 13.61 B 27.23 ± 10.55 AB 33.75 ± 24.35 7.58 ± 1.42 B 14.82 ± 4.70 0.282 

Mixed 162.35 ± 20.49 
A 

127.45 ± 89.42 
A 

179.08 ± 0.0 17.94 ± 4.32 A 112.23 ± 52.40 0.132 

P-value 0.027* 0.038* 0.055 0.038* 0.113  
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Table S2. Soil respiration (μmol m² s -1; mean ± S.E) of substrate treatments across plant 

treatments at various time points throughout the experiment. Substrate treatments: T = 100 % 

topsoil, TW = topsoil:waste blend (1:1), W = 100 % waste and a TW (TWA) or W (WA) amended 

soil treatments (Table 1). Plant community treatments: Bare soil, two individual A. inaequilatera 

and four individual T. wiseana (TrAc) and, one of each of the following species; A. inaequilatera, 

T. wiseana, I. monophylla, C. lasiocarpus and P. auriculifolius (Mixed). Superscript letters in 

lowercase indicate significant differences across soil treatments within plant community 

treatments and uppercase letters indicate difference across plant treatments within soil treatments. 

Statistical significance levels (Kruskal-Wallis): * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

 

 

 

 

Time 

(month) 

Plant 

Treatment 

Soil Treatment P-value 

T TW TWA W WA 

2 (Jan) Blank  12.73 ± 1.91 a 11.03 ± 2.28 a 12.18 ± 1.41 a 5.64 ± 0.99 b 3.67 ± 1.13 b 0.001** 

TrAc 16.39 ± 3.37 10.0 ± 3.03 10.32 ± 0.81 7.90 ± 2.41 5.21 ± 1.46 0.112 

Mixed 12.13 ± 1.91 a 14.94 ± 3.80 a 12.58 ± 1.77 a 3.95 ± 0.56 b 4.82 ± 1.02 b <0.001*** 

P-value 0.495 0.529 0.554 0.541 0.687  

3 (Feb) Blank  15.43 ± 3.64 11.79 ± 0.87 11.25 ± 2.34 B 13.28 ± 2.97 5.36 ± 1.19 0.052 

TrAc 18.15 ± 3.49 b 18.47 ± 2.72 b 38.73 ± 8.22 Aa 12.41 ± 3.24 bc 6.31 ± 1.40 c <0.001*** 

Mixed 8.83 ± 2.67 b 15.24 ± 2.27 a 28.14 ± 8.94 Ba 9.42 ± 2.14 ab 7.40 ± 2.12 b 0.049* 

P-value 0.125 0.165 0.009** 0.686 0.814  

6 (May) Blank  0.84 ± 0.15 b 2.98 ± 0.64 a 1.63 ± 0.40 ab 2.19 ± 0.35 a 0.88 ± 0.17 Bb 0.008** 

TrAc 2.58 ± 0.66 2.94 ± 0.90 1.44 ± 0.24 2.47 ± 0.23 2.45 ± 0.45 A 0.490 

Mixed 3.01 ± 0.77 3.05 ± 0.56 2.16 ± 0.35 1.77 ± 0.31 1.36 ± 0.25 AB 0.158 

P-value 0.073 0.872 0.724 0.585 0.019*  

9 (Aug) Blank  0.88 ± 0.21 1.09 ± 0.29 0.93 ± 0.29 0.90 ± 0.29 1.36 ± 0.30 0.769 

TrAc 2.42 ± 0.70 1.79 ± 0.37 1.59 ± 0.46 0.99 ± 0.16 0.99 ± 0.29 0.167 

Mixed 1.62 ± 0.55 1.83 ± 0.52 0.77 ± 0.16 0.49 ± 0.16 1.01 ± 0.31 0.264 

P-value 0.238 0.435 0.539 0.203 0.584  

12 (Nov) Blank  1.03 ± 0.21 1.23 ± 0.41 0.93 ± 0.16 B 0.98 ± 0.23 0.72 ± 0.10 B 0.816 

TrAc 1.41 ± 0.40 1.60 ± 0.57 0.86 ± 0.37 B 1.45 ± 0.35 1.29 ± 0.29 AB 0.511 

Mixed 2.23 ± 0.46 2.81 ± 0.44 2.45 ± 0.65 A 1.74 ± 0.37 2.52 ± 0.60 A 0.649 

P-value 0.293 0.106 0.027* 0.266 0.020*  

15 (Feb) Blank  0.73 ± 0.28 B 1.44 ± 0.29 1.64 ± 0.56 0.83 ± 0.24 1.35 ± 0.39 0.343 

TrAc 1.29 ± 0.39 AB 1.94 ± 0.42 1.91 ± 0.51 1.74 ± 0.46 1.88 ± 0.55 0.930 

Mixed 2.84 ± 0.63 A 3.19 ± 0.78 3.30 ± 0.67 0.83 ± 0.13 2.21 ± 0.34 0.063 

P-value 0.031* 0.260 0.229 0.122 0.377  

18 (May) Blank  1.23 ± 0.33 B 0.54 ± 0.17  0.70 ± 0.08 AB 0.72 ± 0.28  0.79 ± 0.20  0.431 

TrAc 2.87 ± 0.62 Aa 0.95 ± 0.17 b 0.47 ± 0.11 Bc 0.76 ± 0.15 bc 1.27 ± 0.20 ab 0.004** 

Mixed 3.14 ± 0.37 Aa 1.27 ± 0.27 b 1.24 ± 0.27 Ab 0.51 ± 0.13 c 1.56 ± 0.26 b <0.001*** 

P-value 0.037* 0.086 0.022* 0.570 0.084  

21 (Aug) Blank  1.45 ± 0.30 1.45 ± 0.38 1.94 ± 0.48 1.98 ± 0.35 1.84 ± 0.39 0.730 

TrAc 1.29 ± 0.12 1.27 ± 0.44 0.76 ± 0.17 1.94 ± 0.44 1.34 ± 0.30 0.117 

Mixed 2.02 ± 0.5 1.79 ± 0.20 1.48 ± 0.33 1.06 ± 0.24 1.30 ± 0.27 0.216 

P-value 0.584 0.223 0.127 0.173 0.325  
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Table S3. Vegetation characteristics measured at completion of the experiment (after 21 months). 

Soil treatments: T = 100 % topsoil, TW = topsoil:waste blend (1:1), W = 100 % waste and a TW 

(TWA) or W (WA) amended soil treatments (Table 1). Plant community treatments: two A. 

inaequilatera and four T. wiseana (TrAc) and, one of each of the following species; A. 

inaequilatera, T. wiseana, I. monophylla, C. lasiocarpus and P. auriculifolius (Mixed) 

Superscript letters indicate significant differences across soil treatments within plant community 

treatments. Statistical significance levels: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

 

Table S4. Photosynthesis rate (μmol m−2 sec−1) after 20 months of plant growth in five soil 

treatments. Soil treatments: T = 100 % topsoil, TW = topsoil:waste blend (1:1), W = 100 % waste 

and a TW (TWA) or W (WA) amended soil treatments (Table 1). Plant community treatments: 

two A. inaequilatera and four T. wiseana (TrAc) and, one of each of the following species; A. 

inaequilatera, T. wiseana, I. monophylla, C. lasiocarpus and P. auriculifolius (Mixed) 

Superscript letters indicate significant differences across soil treatments within plant community 

treatments. Statistical significance levels: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

 

 

 

 

 

 

 

Vegetation 

Traits 

Plant 

Community 

Soil Treatment P - 

value 

  T TW TWA W WA 

Plot cover 

(%) 

TrAc 78.3 ± 7.3  73.3 ± 8.8  76.7 ± 14.5  61.7 ± 13.3  58.3 ± 16.7  0.704 

Mixed 83.3 ± 6.7  93.3 ± 4.4  80.0 ± 17.6  68.3 ± 10.1  75.0 ± 22.6  0.561 

Number of 

species 

TrAc 2.0  2.0  2.0  2.0  2.0  NA 

Mixed 4.0 ± 0.0  3.3 ± 0.3  4.0 ± 0.0  2.3 ± 0.3  2.7 ± 0.9  0.065 

Number of 

plants 

TrAc 5.3 ± 0.7 6.0 ± 0.0 5.7 ± 0.3 5.7 ± 0.3 4.3 ± 1.2 0.545 

Mixed 4.0 ± 0.0 3.3 ± 0.3 4.0 ± 0.0 2.7 ± 0.3 2.7 ± 0.9 0.076 

Species Plant 

Community 

Soil Treatment P-value 

T TW TWA W WA 

A. inaequilatera TrAc 12.2 ± 1.3  10.1 ± 3.4  7.4 ± 3.4  9.9 ± 2.2  7.6 ± 1.4  0.654 

Mixed  8.7 ± 2.3  11.8 ± 1.4  7.3 ± 0.6  9.2 ± 2.6  8.6 ± 3.3  0.547 

P-value 0.248 0.513 0.827 0.827 1  

T. wiseana TrAc 17.7 ± 1.8  10.9 ± 0.2  16.5 ± 5.4  27.8 ± 4.8  17.0 ± 3.4  0.191 

Mixed  11.4 ± 5.7  N/A 1.1  24.0 ± 4.3  N/A 0.165 

P-value 0.248 N/A 0.180 0.567 N/A  

C. lasiocarpus Mixed  3.8 ± 1.1  5.0 ± 1.7  4.9 ± 2.2  5.1 ± 1.2  2.7 ± 1.5  0.633 

I. monophylla Mixed  7.3 ± 1.4  4.0 ± 1.9  6.0 ± 2.6  N/A 6.9 ± 1.0  0.665 
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Chapter 5 

How organic and inorganic soil amendments can be used to improve soil quality in 

mining substrates used for post-mining rehabilitation 

Abstract  

Mining substrates used on rehabilitation sites in arid and semi-arid regions are often 

lacking the soil characteristics required to support the establishment of native plants. 

Exploration of different soil management strategies is required to develop methods for 

improving the physical, chemical, and biological quality of these mining substrates to 

levels comparable to natural and stockpiled topsoil growth media. In this study, various 

organic and inorganic soil amendments were incorporated into mining waste substrates 

and compared against re-spread topsoil on an active rehabilitation site in the semi-arid 

Pilbara region of Western Australia. These amendments included inorganic gypsum and 

urea (GU), organic Triodia mulch (i.e. native leaf material; Tr-mulch), a combination of 

Triodia mulch, gypsum and urea (GUTr), fibrous wood mulch and biochar (both organic). 

Physical, chemical and biological responses of the mining waste substrate to the soil 

amendments were monitored over 21 months. It was found that while the inorganic 

amendments rapidly altered substrate chemical properties, the organic amendments were 

slower to break down and influence the substrates characteristics. The inorganic GU and 

GUTr amendments immediately increased substrate electrical conductivity, total nitrogen 

and N-mineralisation to levels up to six times higher than the unamended waste substrate, 

and to levels similar to the topsoil treatment. Over time, the organic amendments, biochar 

and Tr-mulch, increased soil carbon (0.17 – 0.54%) and soil microbial activity (11.8 – 

61.4 ppm CO2) to levels similar to T, while the GU had limited impact on measured 

microbial parameters (microbial activity was less than half the rate observed in topsoil). 

Generally, the inorganic amendments provided immediate changes in soil chemical 

properties while the organic amendments took longer to breakdown and altered the soil 

chemical and biological properties over a longer period. The commercially sourced mulch 

and the GUTr amendment treatments had the most impact on the waste substrate with 

immediate changes in substrate chemical properties and longer-term changes in soil 

carbon and microbial activity. Although further research is required to assess how these 

amendments influence plant recruitment, this study contributes to current soil 

management planning by highlighting that some amendments are more suitable for use 
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in water limited environments than others and a combination of both organic and 

inorganic amendments is the most effective strategy for improving the quality of mining 

substrates in the short and longer term. 

Keywords 

Mulch, Biochar, Fertilisers, Soil Quality, Soil microbes, Native-plant amendments 

1. Introduction 

In arid and semi-arid regions, mine site rehabilitation is often constrained by the poor 

quality of overburden substrates used as a growth media for native plant recruitment 

(Merino-Martín et al., 2017). These overburden substrates are uneconomical byproducts 

of the mining process taken from within the mining pit, that are considered a stable 

substrate for use on rehabilitation slopes but also a competent (non-hazardous) growth 

material for plant growth (Craw et al., 2007; Machado et al., 2013; Merino-Martín et al., 

2017). However, these substrates, also known as mining waste substrates, have physical, 

chemical and biological properties that differ to natural and stockpiled topsoil and lack 

the soil quality characteristics necessary to support the establishment of native plant 

communities (Alday et al., 2014; Borůvka et al., 2012; Lamb et al., 2015). Most recent 

studies into mine site rehabilitation investigate soil quality of mining substrates in terms 

of the ability to support plant life, be that seed germination, seedling emergence or 

survival (Muñoz‐Rojas et al., 2016). There is limited consideration of the intrinsic value 

of soil quality as a function for sustaining ecosystem services that interact with plant 

species (Costantini, 2016; Doran and Zeiss, 2000; Lamb et al., 2015; Perring et al., 2015). 

Soils contribute to the filtering of water, sequestering carbon and hosting a large 

abundance of soil and plant diversity (Brevik et al., 2015; Lal, 2015; Robinson et al., 

2012). The soil quality of a landscape is a strong indicator for ecosystem function and 

sustainability, with approximately 80% of ecosystem services linked to soil health, and a 

focus on improving soil quality is crucial to ensure the effectiveness of mine site 

rehabilitation (Costantini, 2016; Muñoz‐Rojas et al., 2016). 

Low nutrient contents, water holding capacity and limited biological life are the 

trademark characteristics of post-mining waste substrates that prevent natural soil 

processes such as nutrient cycling and seedling recruitment, and stunt the growth of native 

plants (Bateman et al., 2016; Borůvka et al., 2012). As such, improving these substrates 

using organic or inorganic soil amendments is being evaluated more frequently in 
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landscape-scale rehabilitation programs. However, despite the benefits of inorganic 

fertilisers being widely demonstrated during the green revolution, and both amendments 

having played a significant role in the increase of agriculture production over the last half 

century, research surrounding the implications of using these substrate amendments as 

tools for rehabilitation in arid and semi-arid systems is still underdeveloped (Vanlauwe 

et al., 2010). 

Inorganic amendments and fertilisers are commonly used in the agricultural industry, but 

less so in ecological restoration and mine rehabilitation to improve soil chemical and 

physical properties (Basanta et al., 2017; Courtney and Kirwan, 2012). Specifically, 

inorganic amendments, such as gypsum and urea, when used in mining rehabilitation 

projects, have delivered mixed results for the quality of mining substrates and their effects 

on plant development at multiple life stages (Bateman et al., 2019a (Chapter 2); Courtney 

and Kirwan, 2012). Although these amendments seek to increase plant available soil 

nitrogen (urea) and improve soil structure and water retention (gypsum), further 

assessment of how these amendments affect substrate quality and long-term plant 

community development in arid systems is required. Furthermore, some studies suggest 

that this choice of amendment is not a sustainable solution to improve soil fertility as the 

addition of nitrogen fertilisers may cause further soil degradation problems through 

leaching of excess N not taken up by plants causing contamination of waterways, 

promotion of invasive species and potentially decreases in soil carbon stocks (Liu et al., 

2010). 

In contrast, the use of organic amendments may be a more environmentally responsible 

method to enhance the quality of mining waste substrates by reducing the need for 

chemical fertilisers (Bastida et al., 2017; Hueso-González et al., 2018; White Jr et al., 

2003). In addition, research has found that the use of organic amendments may also be an 

effective tool to mitigate the effects of drought on soil and plant health (Bastida et al., 

2017). Organic amendments are commonly used to improve soil organic matter and 

carbon, enhance soil structure, reduce erosion and improve soil water retention and 

hydrological dynamics (Diacono and Montemurro, 2011; Luna et al., 2018; Yanardağ et 

al., 2017; You et al., 2016). Organic amendments may include fresh or dried mulches, 

compost, manure, biochar or potash and organic waste. Only a limited number of field 

studies have been conducted to deduce how organic fertilisers interact with mine waste 

substrates in arid systems, with many studies using small amounts of organic fertilisers 
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on less impaired agricultural soils and under glasshouse conditions (Agegnehu et al., 

2017; Carabassa et al., 2018). An Australian study using native plant-based biochar found 

that although this amendment had limited effect on plant growth it did increase the soil 

chemical properties of degraded mine soils (Reverchon et al., 2015). Furthermore, in arid 

and semi-arid systems, photodegradation (the breakdown of organic matter by UV 

radiation) has been suggested as a potential driver for the decomposition of organic matter 

and increase soil carbon (Agegnehu et al., 2017; Austin et al., 2016; Bol et al., 2000; 

Muñoz-Rojas, 2017). 

This study seeks to explore a variety of organic and inorganic amendments as a strategy 

to improve the characteristics of mining waste substrates used as growth media in mine 

rehabilitation in semi-arid landscapes. Here, a case study is presented for the semi-arid 

Pilbara region of north-west Western Australia, an intensive mining hotspot experiencing 

significant land degradation. The main objectives of this study were to compare a range 

of organic and inorganic soil amendments as strategies to improve the long-term (i) 

physical, chemical and biological quality of mining substrates, and (ii) early-stage plant 

establishment. 

2. Methods 

2.1 Site description 

This study was conducted over a 21-month period from March 2018 to November 2019 

on a rehabilitation site located on an active iron-ore mine site in the south-east region of 

the Pilbara, Western Australia. Spanning 179,000 km², the Pilbara biogeographical region 

(22°03’S, 118°07’E to 23°19’S, 119°43’E) is a semi-arid landscape characterised by low 

and sporadic annual rainfall (250 – 400 mm/year) which predominantly occurs in the 

summer months (November - April) as cyclonic events and high temperatures that exceed 

40 °C in summer (Bureau of Meteorology, 2015; McKenzie et al., 2009). This region is 

host to high-intensity iron-ore mining operations that have an estimated footprint of 

approximately 2,300 km2 (Environmental Protection Authority, 2014). Common plant 

species from the Fabaceae, Amaranthaceae, and Poaceae family make up a diversity of 

hummock grasslands, tussock grasslands and sclerophyll shrublands (Erickson et al., 

2016). Soils in the Pilbara region are principally red shallow stony soils throughout the 

uplifted rocky ranges and sand on the lower lying plains and consist of Red Kandosol, 

Red Ferrosols, and Leptic Rudosols (Isbell, 2016). 
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2.2 Experimental design and methods 

Twenty-eight 3 x 4 m quadrats (no buffer) were set up along a 200 m transect at the 

bottom slope of a 40-ha rehabilitation site. The rehabilitation slope was constructed with 

an overburden mine waste substrate arranged in a two-tier profile facing a north-westerly 

direction. Seven treatments were  applied to test an array of different organic and 

inorganic amendments on soil quality and plant establishment (Table 1). These substrate 

treatments included stockpiled topsoil (T) which was originally recovered from the top 

20 cm of the soil profile (an industry-standard ‘control’), inorganic gypsum and urea 

(current field doses; GU), organic Triodia pungens leaf biomass (Tr-mulch) harvested 

from live plants and dried at ambient temperature for 24 h prior to use, a combination of 

gypsum, urea and Triodia mulch (GUTr), biochar made from Australian woody biomass 

(Biochar; sourced from Cyclic Carbon Pty Ltd), a commonly used hydro-mulch product 

applied dry (Mulch; a commercial fine wood mulch product known as ProGanicsTM Biotic 

Soil MediaTM) and a locally-sourced mine waste substrate (W; the overburden material 

forming the rehabilitation site) (Table 1) (Bateman et al., 2019a (Chapter 2)). The gypsum 

amendment was a fine white powder product containing 23% calcium and 19% sulphur 

(Sibelco Australia Ltd). The urea amendment was a dry bead material containing 46% 

nitrogen (Agrifil Pty Ltd). Each of the seven treatments were replicated four times. 

Table 1. Application rates for substrate amendments that were incorporated into the 400 mm of 

the waste substrate profile to create a total of seven soil treatments. Soil treatments: 20 cm of 

stockpiled topsoil, 100% waste (no amendment applied), gypsum and urea (GU), gypsum, urea 

and Triodia mulch (GUTr), Triodia mulch (Tr-mulch), mulch, and biochar. 

Soil Treatment  Application rate 

Topsoil (T) 0.2 m3/m2 

Waste (W) -  

Gypsum and Urea (GU) 0.08 kg/m2 gypsum, 0.16 kg/m2 urea 

Gypsum, urea and Triodia pungens mulch 

(GUTr) 

0.08 kg/m2 gypsum, 0.16 kg/m2 urea and 

0.225kg/m2 Triodia 

Triodia pungens mulch (Tr-mulch)  0.225kg/m2 Triodia 

Commercial mulch (Mulch) 0.39 kg/m2 

Biochar  1 kg/m2 

 

Each 3 x 4 m quadrat was allocated a treatment which was spread evenly into the top 20 

cm of the soil profile (n = 4) as far as practical. Earthwork machinery consisting of a 3-

tyne Caterpillar D10 bulldozer commonly used for mine site rehabilitation then passed 

over the transect of quadrats incorporating the amendments to a maximum depth of 400 
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mm into the soil profile. This procedure replicates the current Pilbara rehabilitation 

practice of landform reconstruction, ripping (i.e. seedbed preparation) and aerial seeding 

(Erickson et al., 2019). 

Soil respiration (CO2 efflux) was measured twice in the centre 2 x 1 m of each quadrat in 

the field every three months with a portable CO2 gas analyser (EGM-5, PP Systems, USA) 

with the standard soil respiration chamber (100 mm diameter, 1171 ml volume). Soil 

respiration is a measure of the total respiration coming from the soil which generally 

includes root respiration, residues, etc. Substrate samples were collected every three 

months from the top 5 cm of the centre 2 x 1 m of each quadrat to analyse in the laboratory. 

Soil microbial activity was determined every three months and substrate chemical 

properties at the start, middle (12 months) and end of the experiment (21 months). Soil 

microbial activity (CO2-C ppm) of substrate samples was measured using 1-day CO2-

burst Solvita test which determines the level of CO2 produced after moistening 40 g of 

dry soil with 20 ml of DI water and incubating the samples in a sealed jar at 25 °C for 24 

h (Haney et al., 2008). This microbial activity assessment is an in-lab test that identifies 

the potential activity of microbes when water is not a limiting factor. Substrate pH and 

electrical conductivity (EC) was derived using deionised water (1:5), with a pH meter 

(AD8000, Adwa, Hungary and pH Cube pH-ORP-Temp meter, TPS Pty Ltd, Aus). Total 

nitrogen and carbon were analysed using the DUMAS total combustion technique with 

the vario-MACRO CNS (Elementar, USA) (Buckee, 1994). Potential nitrogen 

mineralisation (mg kg-1 NH3-N) was measured using the 1-day Solvita-LAN test by 

moistening 4 g of dry soil with 10 ml of 2N NaOH and incubating at 25 °C for 24 h (Khan 

et al., 2001). This N-mineralisation assessment is an in-lab test that identifies the potential 

plant available organic N in the soil sample. At the end of the experiment, substrate 

compaction was tested using a penetrometer (ST 207 Penetrometro®, Prospectors 

Supplies) with a 4.5 mm cone top (Getzin et al., 2019). The probe was inserted three times 

into the centre 2 x 1 m of each quadrat to a depth of 2 cm. If the probe was obstructed by 

rock the measurement was retaken. 

To assess the impact of the different soil amendments on seedling recruitment, over 50 

native plant species typically used in mining rehabilitation in the Pilbara bioregion were 

seeded along the transect at the same time the amendments were incorporated (Erickson 

et al., 2016). After 21 months, plant recruitment of both native and invasive species was 
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counted in each quadrat with the entire 3 x 4 m quadrat included in the assessment due to 

low count numbers. 

2.3 Statistical analysis 

Due to the small number of replicates and unequal homogeneity of the data, all dependent 

variables were analysed using the non-parametric Kruskal-Wallis test to determine the 

chi-squared value and significant effects of substrate treatments on the dependent 

variables (soil physical, biological and chemical indicators). If there was a significant 

difference between soil treatments or time, a post-hoc Dunn test was employed to discern 

differences between treatments (Dinno, 2017). All analyses were performed with R 

statistical software version 3.1.4 (R Core Team, 2014). 

3. Results 

Over the 21-month experimental period the pH levels of the amended and unamended 

substrates did not differ significantly (P < 0.05; Table 2). However, assessment of pH 

levels within soil treatments over time showed that the mulch treatment declined 

significantly over time from 7.9 ± 0.2 to 6.7 ± 0.2 after 21 months (P = 0.023; Table 2). 

Soil electrical conductivity (EC) at the commencement of the experiment in the GU and 

GUTr treatments was high but variable (Table 2). However, after 12 months soil EC 

levels in these treatments declined but were significantly higher when compared to the 

W, mulch and biochar treatments (P < 0.01). The GU and GUTr treatment were still 

significantly higher than the T, W, mulch and biochar treatments after 21 months (P < 

0.01; Table 2). Significant changes in soil EC over time within soil treatments were 

observed in the T, W, mulch and biochar treatments, with all showing declines in soil EC 

over the 21 months (P < 0.05; Table 2). 

Soil total carbon differed across substrate treatments throughout the entire experiment (P 

< 0.01; Table 2). The T and mulch treatments had significantly higher total carbon levels 

(0.48 – 0.49%) compared to all other treatments (≤ 0.05%) at the start of the experiment. 

After 12 months, the T, mulch and biochar treatments had significantly higher levels of 

total carbon (P < 0.01, ≥ 0.46%; Table 2) compared to the W, GU and GUTr substrate 

treatments (< 0.20%). After 21 months, the T, GUTr, mulch and biochar treatments all 

had higher levels of total carbon compared to the W and GU treatments (P < 0.01; Table 

2). The T, W, GU and mulch treatments maintained constant levels of total carbon over 
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the 21-month period while the GUTr, Tr-mulch and biochar treatments gained significant 

amounts of total carbon over the length of the experiment (P < 0.05 Table 2). 

Soil total nitrogen differed at the start of the experiment with the T, GU, GUTr and mulch 

treatments having significantly higher total nitrogen compared to the waste, Tr-mulch and 

biochar substrate treatments (P < 0.01; Table 2). After 12 months, total nitrogen levels in 

the T and GU treatments declined slightly by 0.01 - 0.02% but, were still significantly 

higher than the Tr-mulch and biochar treatment. The T, GU, GUTr and mulch treatments 

were also significantly higher than the W substrate (P < 0.01; Table 2). After 21 months, 

total nitrogen was highest in the T and GU treatments compared to the waste, Tr-mulch 

and biochar treatments (P < 0.01; Table 2). Total nitrogen remained constant over time 

in all substrate treatments except the Tr-mulch where total nitrogen increased by 0.01% 

in the first year (P ≤ 0.05; Table 2). 

At the start of the experiment the C/N ratio of the substrates differed across treatments 

with significantly higher levels in the T, mulch and biochar treatments (ranging from 4.4 

± 0.8 in the biochar to 10.9 ± 1.5 in the mulch) compared to the W, GU, GUTr and Tr-

mulch treatments (ranging from 1.0 ± 0.2 in the GU treatment to 2.8 ± 0.3 in the W; P < 

0.001; Table 2). After 12 months, the biochar treatment had the highest C/N ratio at 35.1 

± 10.7 and was significantly higher than the W, GU, GUTr and Tr-mulch treatments (P < 

0.001; Table 2). This continued at the 21-month time point with the C/N ratio in the 

biochar treatment significantly higher than the W and GU substrate treatments (P < 0.01; 

Table 2). Over time, the C/N ratio of the GUTr, Tr-mulch, mulch and biochar treatments 

increased (P < 0.05) while the T, W and GU treatments remained constant (Table 2). 

N-mineralisation differed across substrate treatments at all time points (P < 0.05; Table 

2). At the start of the experiment, N-mineralisation was highest in the GU, GUTr and 

mulch treatments compared to the W, Tr-mulch and biochar treatments (P = 0.02; Table 

2). However, after 12 months, the GU treatment had the highest N-mineralisation at 191.8 

± 21.0 mg kg-1 which was significantly higher than the W, Tr-mulch, mulch and biochar 

treatments (P = 0.01; Table 2). After 21 months, the GU and GUTr treatments were 

significantly higher than the W, Tr-mulch, mulch and biochar treatments. When assessing 

changes in N-mineralisation over time, the T, W, Tr-mulch and biochar treatments all 

showed significant increases in the rate of N-mineralisation (P < 0.05; Table 2) while the 

GU and GUTr remained relatively constant throughout the experiment. Although not 
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significant, N-mineralisation in the mulch treatment declined over time from 103.1 ± 45.7 

mg kg-1 at the start of the experiment to 31.9 ± 10.8 mg kg-1 at the end (Table 2). 

Soil microbial activity significantly differed (P < 0.01) across soil treatments at all time 

points except at the 18-month time point (Figure 1a). At the start of the experiment, the 

mulch substrate treatments had the highest level of soil microbial activity at 51.7 ±18.8 

CO2-C ppm compared to all substrate treatments, except T, and remained constant 

throughout experiment (Figure 1 and Table 3). By the end of the experiment, soil 

microbial activity was significantly higher in the GUTr, mulch and Tr-mulch treatments 

compared to the W, GU and biochar treatments (P < 0.01; Figure 1a). Throughout the 

entire experiment the lowest microbial activity was consistently observed in the GU soil 

treatment. Differences in soil microbial activity over time show that the T and mulch 

treatment remained relatively constant over time while microbial activity increased in the 

other substrate treatments (P < 0.01; Figure 1a). 

In contrast to the general increase of microbial activity over time, the opposite trend was 

observed for soil respiration, which was constant in the W, GU and biochar treatments 

but significantly declined over time in the T, GUTr, Tr-mulch and mulch treatment (Table 

3). Four months after the start of the experiment, there was a large rainfall event (Figure 

1c) which stimulated a significant difference in soil respiration between the substrate 

treatments (P ≤ 0.05; Figure 1b). At this time point, soil respiration was highest in the T 

with 15.78 ± 2.68 µmol m-2 s-1 compared to all other substrate treatments. In addition, 

soil respiration in the mulch treatment was significantly higher than the W, biochar and 

GU substrate treatments (Figure 1b). 

Soil penetrometer readings showed that the GU and biochar treatments were harder 

setting soil profiles with pressure readings of 25.9 ± 2.7 and 24.7 ± 1.6 kPa respectively, 

which were significantly higher than topsoil (P ≤ 0.001; Figure 2). 

After 21 months, plant recruitment was observed in only the T treatment with one to six 

individuals growing in each quadrat (P ≤ 0.001; Table 4). The species that appeared 

include Ptilotus, Corchorus, two Acacia species and an invasive buffel grass (Cenchrus 

ciliaris). There were no plants observed in any of the remaining substrate treatments. 
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Table 2. Soil chemical properties (mean ± S.E.) of substrate treatments (< 5 cm depth) 0, 12 and 21 months after the commencement of the experiment. Soil 

treatments: 20 cm of stockpiled topsoil, 100% waste (no amendment applied), gypsum and urea (GU), gypsum, urea and Triodia mulch (GUTr), Triodia mulch 

(Tr-mulch), mulch, and biochar (rates described in Table 1). Superscript in capital letters indicate differences across time and lower case indicates significant 

differences between substrate treatments. Statistical significance levels (Kruskal-Wallis): * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

Soil Property Time (Month) Soil Treatment P - value 

Topsoil Waste GU GUTr Tr-mulch Mulch Biochar 

pH 0 7.9 ± 0.1  7.7 ± 0.5  8.3 ± 0.4  8.3 ± 0.5  8.0 ± 0.2  7.9 ± 0.2 A 7.7 ± 0.2  0.815 

12 7.8 ± 0.1  7.4 ± 0.3  7.8 ± 0.2  7.8 ± 0.2  7.3 ± 0.2  6.8 ± 0.2 B 7.6 ± 0.3  0.052 

21 7.6 ± 0.1  7.4 ± 0.1  7.5 ± 0.1 7.1 ± 0.1  7.3 ± 0.2  6.7 ± 0.2 B  7.1 ± 0.4 0.062 

P - value 0.191 0.745 0.174 0.056 0.058 0.023* 0.385  

Electrical Conductivity 
(µS/m) 

0 337 ± 52.4 A 150 ± 5.0 A 870 ± 503.1  539 ± 276  182 ± 37.3  158 ± 61.9 A 200 ± 47.9 A 0.255 

12 145 ± 8.8 ABa 71.3 ± 4.5 ABb 158 ± 20.9 a 181.7 ± 44.5 a 107± 19.5 ab 83.8 ± 10.0 ABb 70.3 ± 13.2 Bb < 0.01** 

21 69.0 ± 7.2 Bcd 45.8 ± 5.9 Bd 332 ± 123 a 273 ± 56.1 a 115 ± 25.7 abc 46.5 ± 6.5 Bd 63.9 ± 10.4 Bcd < 0.01** 

P - value 0.007** 0.007** 0.493 0.283 0.298 0.007** 0.046*  

Total Carbon (%) 0 0.49 ± 0.09 a 0.04 ± 0.01 b 0.05 ± 0.02 b 0.03 ± 0.01 Bb 0.03 ± 0.004 Bb 0.48 ± 0.20 a 0.05 ± 0.01 Bb < 0.01** 

12 0.46 ± 0.04 a 0.05 ± 0.01 b 0.06 ± 0.01 b 0.11 ± 0.01 ABb 0.18 ± 0.02 Aab 0.56 ± 0.12 a 0.63 ± 0.22 Aa < 0.01** 

21 0.47 ± 0.05 a  0.05 ± 0.01 b 0.05 ± 0.01 c 0.24 ± 0.09 Aa 0.17 ± 0.04 Aab 0.43 ± 0.12 a 0.54 ± 0.38 Aa < 0.01** 

P - value 0.551 0.294 0.942 0.017* 0.024* 0.779 0.040*  

Total Nitrogen (%) 0 0.05 ± 0.01 a 0.01 ± 0.001 b 0.06 ± 0.02 a 0.03 ± 0.01 a 0.01 ± 0.001 Bb 0.04 ± 0.02 a 0.01 ± 0.002 b < 0.01** 

12 0.04 ± 0.002 a 0.01 ± 0.001 d 0.04 ± 0.01 ab 0.03 ± 0.002 abc 0.02 ± 0.001 Acd 0.03 ± 0.01 abc 0.02 ± 0.001 cd < 0.01** 

21 0.04 ± 0.003 a 0.01 ± 0.001 d 0.05 ± 0.01 ab 0.03 ± 0.01 abc 0.02 ± 0.002 Acd 0.03 ± 0.01 bcd 0.01 ± 0.001 d < 0.01** 

P - value 0.551 0.679 0.717 0.786 0.038* 0.944 0.057  

C/N ratio 0 10.7 ± 0.9 a 2.8 ± 0.3 b 1.0 ± 0.2 b 1.3 ± 0.3 Bb 2.5 ± 0.4 Bb 10.9 ± 1.5 Ba 4.4 ± 0.8 Ba < 0.001*** 

12 10.6 ± 0.6 abc 4.1 ± 0.7 cd 1.5 ± 0.2 d 3.8 ± 0.2 ABcd 9.1 ± 1.0 Abc 17.6 ± 1.2 Aab 35.1 ± 10.7 Aa < 0.001*** 

21 10.6 ± 0.6 a 3.7 ± 0.7 bc 1.2 ± 0.2 c 7.0 ± 0.2 Aab 8.6 ± 2.3 Aab 14.5 ± 2.4 ABa 44.7 ± 33.9 Aa < 0.01** 

P - value 0.874 0.390 0.313 0.018* 0.039* 0.049* 0.041*  

N-mineralisation 
(mg kg-1) 

0 35.6 ± 14.8 Bab 0.00 ± 0.00 Bb 276.9 ± 102.4 a 157.5 ± 101.3 a 0.00 ± 0.00 Bb 103.1 ± 45.7 a 0.00 ± 0.00 Bb 0.022* 

12 58.8 ± 0.7 Bab 31.9 ± 3.4 ABbc 191.9 ± 21.0 a 179.4 ± 61.0 ab 25.0 ± 8.4 ABc 16.9 ± 9.8 c 16.3 ± 9.6 Bc 0.013* 

21 73.1 ± 2.1 Aab 47.5 ± 1.0 Abc 211.0 ± 9.0 a 202.0 ± 13.4 a 43.8 ± 4.8 Ac 31.9 ± 10.8 c 40.8 ± 2.2 Ac < 0.01** 

P - value 0.038* < 0.01** 0.379 0.283 0.016* 0.149 0.05*  
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Table 3. The effect of time on soil microbial activity and soil respiration within each substrate treatment. Soil treatments: 20 cm of stockpiled topsoil, 100% 

waste (no amendment applied), gypsum and urea (GU), gypsum, urea and Triodia mulch (GUTr), Triodia mulch (Tr-mulch), mulch, and biochar (rates described 

in Table 1). Superscript letters indicate significant differences between substrate treatments. Statistical significance levels (Kruskal-Wallis): * = P ≤ 0.05, ** = 

P ≤ 0.01, *** = P ≤ 0.001. 

 

Table 4. The mean number of plants and species in each 3 x 4 m quadrat (mean ± SE) in each substrate treatment after 21 months. Soil treatments: 20 cm of 

stockpiled topsoil, 100% waste (no amendment applied), gypsum and urea (GU), gypsum, urea and Triodia mulch (GUTr), Triodia mulch (Tr-mulch), mulch, 

and biochar (rates described in Table 1). Superscript letters indicate significant differences between substrate treatments. Statistical significance levels (Kruskal-

Wallis): *** = P ≤ 0.001. 

Plant indicator Soil Treatment P - value 

Topsoil Waste GU GUTr Tr-mulch Mulch Biochar 

Number of plants 3.00 ± 1.08 a 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b < 0.001*** 

Number of 

Species 

2.50 ± 0.87 a 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b < 0.001*** 

 

 

 

 

Soil Property Soil Treatment 

Topsoil Waste GU GUTr Tr-mulch Mulch Biochar 

Chi-

squared 

P - value Chi-

squared 

P - value Chi-

squared 

P - value Chi-

squared 

P - value Chi-

squared 

P - value Chi-

squared 

P - value Chi-

squared 

P - value 

Soil microbial 

activity 

7.73 N/S 18.32 ** 20.98 ** 19.52 ** 23.47 ** 7.71 N/S 15.76 * 

Soil respiration 30.14 *** 8.46 N/S 6.09 N/S 15.57 * 13.23 * 20.51 ** 7.27 N/S 
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Figure 1. Soil microbial activity (CO2-C ppm) (A), soil respiration (µmol m-2 s-1) (B) and Mean 

daily maximum temperature, total daily rainfall and average mean daily soil moisture (C) across 

all substrate treatments at the surface of the soil profile for the study period March 2018 to 

November 2019. Soil treatments: 20 cm of stockpiled topsoil, 100% waste (no amendment 

applied), gypsum and urea (GU), gypsum, urea and Triodia mulch (GUTr), Triodia mulch (Tr-

mulch), mulch, and biochar (rates described in Table 1). Asterisk indicates significant difference 

between substrate treatments. Statistical significance levels (Kruskal-Wallis): * = P ≤ 0.05, ** = 

P ≤ 0.01, *** = P ≤ 0.001. 
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Figure 2. The pressure required to penetrate the soil surface of each substrate treatment after 21 

months. Soil treatments: 20 cm of stockpiled topsoil, 100% waste (no amendment applied), 

gypsum and urea (GU), gypsum, urea and Triodia mulch (GUTr), Triodia mulch (Tr-mulch), 

mulch, and biochar (rates described in Table 1). Superscript letters indicate significant differences 

between substrate treatments. Statistical significance levels (Kruskal-Wallis): *** = P ≤ 0.001. 

 

4. Discussion  

4.1. Soil quality responses to organic and inorganic amendments 

This study used various physical, chemical and biological soil quality indicators to assess 

the effectiveness of a range of inorganic and organic soil amendments to improve the 

functionality of mine waste substrates used in semi-arid zone mining rehabilitation. 

Throughout the entire experiment the unamended mining waste substrate had lower levels 

of electrical conductivity (EC), total carbon , total nitrogen C/N ratio, N-mineralisation, 

and microbial activity, and was a more hard-setting soil profile compared to the stockpiled 

topsoil. Overall, the inorganic amendments had a more immediate impact on soil 

indicators compared to the organic amendments. The GU and GUTr amendments 

increased soil EC, total nitrogen and N-mineralisation to levels higher than the waste 

substrate and similar to the topsoil treatment. In contrast, some of the organic 

amendments, namely Tr-mulch and biochar, took up to 12 months to alter soil total carbon 

and soil microbial activity to levels similar to topsoil. This slow action of organic 

amendments is common, due to the requirement for these amendments to break down in 

the soil. (Diacono and Montemurro, 2011). Furthermore, climate, soil type and type of 

organic material are large determinants for how fast these amendments alter the soil and 
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how effective they are at improving soil quality (Diacono and Montemurro, 2011). With 

limited water availability being a dominant characteristic of arid systems, and microbial 

activity largely driven by soil moisture, these results suggest that the use of organic 

amendments for mining rehabilitation in arid environments will require longer periods of 

time to modify the soil profile but provide slow releasing nutrients that will sustain the 

microbial population for a longer period of time (Belnap et al., 2005; Diacono and 

Montemurro, 2011; Frossard et al., 2015). Therefore, consideration of when the 

amendment is applied is required to ensure the quality of the mine waste substrate is 

improved before the site is seeded. 

The use of soil biological indicators, such as microbial activity and soil respiration, are 

crucial for assessing the long-term effectiveness of these organic amendments in a short 

timeframe as they are highly responsive to small changes in the soil (Diacono and 

Montemurro, 2011; Liu et al., 2010; Muñoz‐Rojas et al., 2016). However, in this study, 

the soil biological indicators, microbial activity and soil respiration, yielded varying 

results regarding the effectiveness of these amendments to support functional soil 

microbes. While in-lab assessments of soil microbial activity using the 1-day CO2-burst 

Solvita test indicated that the mulch treatment was consistently the highest amendment, 

and that amendments containing Tr-mulch (GUTr and Tr-mulch) increased microbial 

activity over time, in-field assessments of soil respiration indicated that all of the 

amendments had little influence on below-ground activity. These results suggest that 

water is a large determinant of the effectiveness of these amendments to support soil 

biological life, with the in-lab microbial activity test highlighting the potential for 

amendments to promote microbes, while the in-field soil respiration assessment shows 

in-field reality. Future studies should consider the specific landscape in question when 

selecting a soil test with the in-lab 1-day CO2-burst Solvita test showing microbial activity 

in a scenario where water is not a limiting factor. However, the use of both tests in this 

experiment has highlighted that some amendment types are more appropriate to use in 

arid conditions than others (Diacono and Montemurro, 2011). For example, the mulch 

treatment had high levels of microbial activity in the in-lab test but performed poorly in 

the in-field soil respiration test. In contrast, the biochar treatment, which had a low level 

of microbial activity throughout the experiment had the highest soil respiration rate by 

the end of the experiment. 
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Inorganic amendments, such as gypsum and urea, are currently used in some mine 

rehabilitation operations to improve soil quality and due to their easy accessibility and 

feasibility in terms of application across large areas (Bennett et al., 2014). In this study, 

the application of the GU treatment to the waste substrate saw large and immediate 

changes in the soil chemical properties, with soil EC, total nitrogen and N-mineralisation 

increasing to levels similar or higher than the topsoil treatment. Like other studies, the 

soil C/N ratio was substantially lower than both the topsoil and waste treatments, 

suggesting that normal soil processes, such as carbon mineralisation, may not be 

occurring (Bateman et al., 2019b (Chapter 3)). This is supported by the low total carbon 

and soil microbial activity and respiration in the GU amendment substrate. These findings 

suggest that carbon should also be added to the profile to restore soil processes. 

Furthermore, these amendments increased the hardness of the soil profile after 21 months 

to levels higher than the unamended waste substrate. This is contrary to other studies that 

suggest gypsum softens the soil profile to increase water infiltration, reduce run-off and 

erosion (Courtney and Kirwan, 2012; Moret-Fernández and Herrero, 2015). Previous 

research by Fauci and Dick (1994) found similar results with inorganic nitrogen 

amendments inhibiting biological activity in the long-term. Overall, the results suggest 

that although the inorganic amendments may increase soil total nitrogen and associated 

chemical indicators, this may not be enough to significantly alter the mining substrates in 

the long-term and other amendments also need to be considered in addition to improve 

plant recruitment and soil ecosystem functions. 

When used as an organic amendment, the Tr-mulch amendment took longer than the 

inorganic amendments to have an impact on the soil quality of the mining waste substrate. 

Over time soil total carbon of the Tr-mulch treatment increased to levels three times the 

amount seen in the unamended waste. There was also an increase in soil microbial activity 

and C/N ratio to levels similar to and higher than the topsoil. However, this amendment 

had limited influence on soil nitrogen over the 21 months period, presumably due to the 

low nitrogen content of the mulch, with levels increasing slightly but remaining similar 

to the unamended waste throughout the entire experiment. 

When the gypsum and urea was applied in combination with the native Tr-mulch biomass 

there was an initial increase in total nitrogen, as shown in the GU treatment (although not 

to the same degree), but, similarly to the Tr-mulch applied on its own, over time there 

was also an increase in total carbon, C/N ratio and microbial activity to levels similar to 
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the topsoil treatment. However, with the Tr-mulch requiring a longer period of time to 

increase soil carbon and nitrogen, the application of this amendment should be conducted 

prior to seeding the rehabilitation site, while the urea amendment should be applied after 

seeding. These results suggest that both the GU and Tr-mulch amendments are more 

effective at increasing the overall soil quality of the mine waste substrate when applied 

in combination and may be a more cost-effective measure of introducing organic matter 

into the soil profile than other organic amendment options (Abbott et al., 2018). 

The mulch amendment which consisted of wood fibres, biopolymers, biochar, seaweed 

extract, humic acid, endomycorrhizae and soil bacteria performed differently to the other 

organic amendments. The mulch interacted with the soil profile similarly to the inorganic 

amendments with an immediate effect on soil total nitrogen, C/N ratio and N-

mineralisation. However, unlike the GU treatment, this amendment also instantly 

increased total carbon and microbial activity to levels higher than the waste and at times 

higher than the topsoil substrate. As this product’s intended use was as a hydro-mulch 

(applied with water as a sludge), it was expected that the mulch may not perform however, 

the results of this study show that this amendment is effective at improving the quality of 

mine waste substrates as a dry mulch and could be considered for use on large 

rehabilitation projects where application of a hydro-mulch aren’t feasible. But before 

application as a soil amelioration technique, an assessment of the soil bacteria present in 

this mulch is required to determine if they are suitable for introduction into the landscape 

with special consideration for their long-term viability, impact on native microbes and 

government regulation surrounding the introduction of potentially non-native microbes. 

Biochar is fast becoming a popular method for improving soil fertility, restoring degraded 

lands and sequestering carbon (Agegnehu et al., 2017; Schulz and Glaser, 2012; 

Zimmerman et al., 2011). Research suggests that biochar should persist longer in the soil 

and retain cations more effectively than other organic matter (Agegnehu et al., 2017; Sohi 

et al., 2010). While this organic amendment took longer to alter the soil indicators, by the 

end of the experiment the biochar increased soil EC, total carbon and N-mineralisation to 

levels comparable to topsoil. However, although soil microbial activity was at low levels 

similar to the unamended waste, the biochar treatment had the highest level of soil 

respiration in the field at the end of the experiment. These results suggest that water did 

not limit soil respiration in the field in the biochar treatment and suggests this treatment 

may be suitable for arid environments. The results of this study also indicated that the 



Chapter 5: Organic and inorganic amendments  

114 
 

biochar hardened the soil profile to levels higher than the unamended waste which may 

have implications for native plant establishment. Further investigation into how the use 

of biochar, by itself or in combination with other amendments, influences plant 

recruitment and benefits soil quality in reconstructed soil profiles (Larney and Angers, 

2012; Qayyum et al., 2012). 

Across all substrate treatments, plant recruitment was only recorded in the topsoil. There 

may be two main reasons for the lack of plant recruitment in the remaining amended and 

unamended soil treatments with the mining waste substrate. Firstly, as found in other 

studies, it is likely that topsoil has higher levels of soil quality (nutrients available) 

compared to the waste that can supporting plant recruitment (Golos et al., 2016; Merino-

Martín et al., 2017; Oliveira et al., 2014). The second reason may actually be an indication 

of the quality and biological readiness of seeds used for rehabilitation, and the manner in 

which seeds are sown, rather than a reflection of the substrates themselves (Erickson et 

al., 2019; Erickson et al., 2017). Although all the species found in the topsoil quadrats 

were also sown across all experimental plots, the fact that they only appeared in the 

topsoil treatment suggests that they may have come from a seedbank resident in the 

topsoil rather than sown seed (Golos et al., 2016). This is supported by the fact that 

invasive species such as buffel grass (Cenchrus ciliaris) that were not sown were also 

only observed in the topsoil quadrats and not the other substrate treatment. Furthermore, 

studies conducted in the same arid region have found that current seed sowing practices 

have limited precision with the majority of seeds placed on the soil surface rather than 

buried, a factor known to limit successful plant recruitment (DeFalco et al., 2012; Masarei 

et al., 2019; Masarei et al., 2020). Therefore, future studies need to consider the use of 

amendments in unison with improved seeding practices to ensure that the reasons for 

reduced plant performance can be clearly attributed to one or all factors. 

4.2. Implications for rehabilitation 

This field experiment set out to test the use of a variety of inorganic and organic 

amendments as a strategy to improve the soil physical, chemical and biological quality of 

waste substrates used for mining rehabilitation in arid regions. This study highlighted that 

no single amendment is perfect, with inorganic amendments providing immediate 

changes to soil nitrogen properties, and organic amendments increasing both soil carbon 

and microbial activity but over a longer timeframe. Consideration of soil type, climate, 
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amendment type and application schedule are crucial for rehabilitation managers, to 

ensure the most effective amendment is selected to support rehabilitation success. The 

mulch and the combination of organic and inorganic amendment treatments had the 

largest impact on soil quality by altering soil total nitrogen, total carbon and microbial 

activity over the 21-month period. Further assessment how these amendments influence 

plant recruitment and establishment is required to establish whether these improvements 

to substrate quality are enough to support the successful recruitment of native plant 

community in an arid landscape with water as the dominant limiting factor for plant 

survival. Irrespective, this study has demonstrated that the addition of soil amendments 

can be an effective strategy for altering mining waste substrates to improve soil quality 

with the combination of both organic and inorganic amendments providing the largest 

short- and longer-term improvements. Furthermore, this research sheds some light on 

how a range of organic and inorganic amendments perform in a water limited 

environment which may assist in selecting the appropriate amendments according to 

individual soil quality issues, climate and soil type of various substrates use for 

rehabilitation. It can be concluded that the integration of effective soil management into 

rehabilitation practice, supported by a suit of soil amendment strategies, can assist in 

delivering successful rehabilitation outcomes. 
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Chapter 6 

General Discussion 

The primary goal of ecological rehabilitation is to return sustainable native plant 

communities and ecosystem function and services to degraded or disturbed landscapes 

(Palmer et al., 2016). Although the process of rehabilitation covers a broad range of below 

and above ground factors and relationships, in the context of mine site rehabilitation these 

factors can be managed to ensure rehabilitation success (Figure 1). For example, to 

support successful plant establishment, management strategies surrounding seed 

collection, storage and enhancement can be utilised to mitigate detrimental environmental 

factors and maximise the recruitment potential of seeds that are sown. With substrate 

quality a major component of the rehabilitation management process, this thesis 

approached the issue of mine site rehabilitation from a soil perspective to enlighten and 

support the development of effective soil management strategies to enable successful 

rehabilitation. Approximately 80% of ecosystem services are linked to soil health with 

research, including that presented within this thesis, showing that soil quality can strongly 

influence the recruitment and growth of native plant species. As such, the integration of 

current rehabilitation practice and effective soil management and conservation strategies 

is crucial to deliver successful rehabilitation in an increasingly changing global climate. 

Thus, an understanding of the key drivers for change in soil quality and strategies to 

reconstruct and manipulate poor quality mining substrates is necessary to establish 

effective soil management practices. 

The research conducted in this thesis sought to answer some of these knowledge gaps to 

facilitate the appropriate and effective management of substrates used for rehabilitation. 

With the primary goal of mine site rehabilitation being to reintroduce native plant 

communities and a self-sustaining ecosystem on highly disturbed and altered sites (Miller 

et al., 2017), the key focus of the research in the thesis was the assessment of soil 

amendments through glasshouse and field experiments for their efficacy in increasing 

plant establishment and improving soil quality. While the primary focus of this thesis was 

to evaluate the effectiveness of the inorganic amendments, gypsum and urea, for use on 

rehabilitation sites in the Pilbara, this research also sought to explore alternative organic 

amendments and combinations of both amendment types to inform soil management 

practices not only in the Pilbara but in other arid regions around the globe. 
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Figure 1. The interrelated plant and soil factors that drive the level of plant establishment and 

rehabilitation success. Drivers of plant establishment success (green circle), soil biological health 

(blue circle) and, soil physicochemical health (yellow circle) are connected through soil and plant 

interactions (Arrows) and can be manipulated and maximised through management strategies 

(surrounding text). 

1. Soil quality management for mining rehabilitation  

Assessment of overburden mining substrates used for rehabilitation conducted in this 

thesis supports previous studies which show that although these substrates vary across 

mine sites and regions, they are generally poor in physical, chemical and biological 

quality compared to natural and stockpiled topsoil (Bateman et al., 2016; Benigno et al., 

2012; Borůvka et al., 2012; Merino-Martín et al., 2017; Muñoz‐Rojas et al., 2016). 

Furthermore, using these mining substrates will negatively impact rehabilitation success, 

regardless of climatic conditions and seed management techniques, with clear reductions 

in plant recruitment, growth and survival shown in a vast number of native arid zone plant 

species in the mining substrates compared to stockpiled topsoil (Bateman et al., 2016; 

Erickson et al., 2017). Thus, addressing the issue of poor substrate quality through 

appropriate soil management strategies is essential in securing native plant establishment 

and rehabilitation success. Moreover, with the limited supply of stockpiled topsoil, the 

use of soil amendments provides a potentially feasible and efficient alternative for 

improving soil quality.  

The use of soil amendments for landscape rehabilitation is a growing practice with many 

studies testing a range of products, from synthetic fertilisers to mulches to composts, in a 
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variety of regions to improve soil quality of degraded soils (Abbott et al., 2018; Agegnehu 

et al., 2017; Basanta et al., 2017). In the context of post-mining rehabilitation in arid 

regions such as the Pilbara, practitioners have at times used synthetic amendments in an 

attempt to boost soil quality and plant growth (Australian Federal Government, 2016). 

These amendments are chosen based on their effectiveness in the agricultural industry to 

ameliorate degraded and nutrient deficient soils but also due to their accessibility and 

feasibility for a single-entry application on large-scale rehabilitation operations 

(Australian Federal Government, 2016; Basanta et al., 2017; Lamb et al., 2015; Vanlauwe 

et al., 2010). Specifically, the use of inorganic amendments, such as calcium sulphate 

(gypsum) and nitrogen-based fertiliser (urea) have been used in the Pilbara region to 

improve the physical and chemical components of mining substrates used for 

rehabilitation to levels seen in local stockpiled topsoil. Although the establishment of soil 

management strategies in this context is important, prior to this thesis, limited scientific 

research had been conducted to assess the effectiveness of these amendments as one such 

management strategy. Knowledge gaps regarding the short- and longer-term effects these 

amendments have on soil quality, if they influence plant recruitment, growth and survival 

of native plants and how these amendments interact with unique arid environments where 

water is limited need addressing. Furthermore, consideration of alternative amendment 

strategies is non-existent, potentially due to costs and feasibility of application to large 

areas (Vanlauwe et al., 2010).  

2. Inorganic amendments for mine site rehabilitation  

Although mining waste substrates lack the soil quality characteristics of topsoil, the 

experiments conducted in this thesis have shown that the use of soil management 

strategies, such as adding soil amendments, can alter some soil quality properties of 

mining substrates to be similar to topsoil. The first three experimental Chapters (2-4) 

thoroughly assessed the use of inorganic amendments, gypsum and urea, to reconstruct 

mining waste substrates (a practice at times utilised by rehabilitation practitioners) to 

improve substrate quality and plant establishment at the germination, emergence, juvenile 

seedling and adult (20 month stage) under both glasshouse and field conditions (Figure 

2). Figure 2 provides a synthesis of the effects of adding inorganic amendments, gypsum 

and urea, to mining waste substrate on plant establishment and different plant life stages. 
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Figure 2. A synthesis of all experimental chapters summarising the key findings regarding the 

effectiveness of applying inorganic soil amendments, gypsum and urea, to mining waste 

substrates at improving plant recruitment and growth at different stages of plant development. 

Yellow boxes represent soil responses and green boxes represent plant responses to inorganic 

amendments. Although laboratory experiments indicated that gypsum increases soil water 

retention it is not clear that the influence of water on plant responses was derived from adding 

gypsum. 

 

Chapter 2 identified how current practices of soil reconstruction using inorganic soil 

amendments in arid mine site rehabilitation altered seed germination, seedling 

emergence, early-stage seedling growth, and soil chemical and biological characteristics. 

This Chapter found that: 

• Plant responses to the addition of inorganic soil amendments (gypsum and urea) 

to mining waste substrates differed across species and throughout the seedling life 

cycle. 

• Soil amendments had a limited influence on seed germination but were 

detrimental to seedling emergence with high rates seedling of mortality between 

the two phases. 

• The high doses of urea (1 g/kg; higher than current field dose) were detrimental 

to seed germination and emergence. 
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• Plant growth was similar or improved in the amended treatments compared to the 

mining waste substrate at both the three-week and six-month time points. 

• The amendments didn’t alter soil chemical or biological quality in the timeframe 

of the experiment. 

Chapter 3 unravelled how the use of inorganic soil amendments influenced plant and soil 

responses to limited available water in an arid climate in which global climate change is 

projected to alter rainfall patterns and increase temperatures. This research found that: 

• Water availability is a dominant driver for the effectiveness of the inorganic 

amendments to improve substrate quality and seedling growth in the early stages 

of plant development. 

• The addition of inorganic amendments to the mine waste substrate lowered pH by 

0.3 – 0.7 units, increased substrate total nitrogen and N-mineralisation, more than 

doubled substrate EC and increased soil water maximum retention capacity.  

• Increased water and subsequent increased plant root growth in the higher water 

treatment increased soil respiration and microbial activity.  

• Overall, the use of inorganic amendments for post-mining rehabilitation may not 

be suitable in arid regions where water is a limiting factor. 

Chapter 4 investigated how native plant community structure, soil recovery and plant-soil 

interactions were impacted by using inorganic amendments, gypsum and urea. This 

research found that: 

• Although the inorganic soil amendments had a strong initial effect on soil 

chemical quality, after 12 months total nitrogen and N-mineralisation in the 

amended substrates declined to levels similar to the unamended treatments 

suggesting that at least the nitrogen was lost to plant up-take or into deeper soil 

layers.  

• After 21 months, trends in the data showed that the inorganic amendments had 

increased plant growth of species in the two-species plant community compared 

to the unamended counterparts, but the results were varied in the mixed 

community suggesting increased plant – plant competition for resources. 

• Increased plant diversity was the key driver of improved soil quality rather than 

the amendments due to increase quality and quantity of leaf litter. However, the 

amendments may have increased plant recruitment of I. monophylla which 
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contributed to the amount of leaf litter created. As a result, microbial activity was 

high in the T, TW, TWA and WA substrates compared to the W substrate. 

2.1. Inorganic amendments and soil quality 

When first incorporated into the mining substrates, the inorganic amendments 

immediately altered soil chemical parameters by increasing soil nitrogen, soil EC and N-

mineralisation and, lowering the soil C/N ratio and at times soil pH (Chapter 4)(Figure 

2). However, levels of soil nitrogen in the amended waste substrates varied over time and 

across experiments with large initial increases in soil nitrogen once amendments were 

incorporated into the soil profile but, as expected, soil nitrogen declined over time, 

although the level of decline varied between the glasshouse and field experiments. 

Furthermore, initial increases in soil EC, thought to be derived from the calcium in the 

gypsum amendment, also decreased over time (Figure 2) (Valzano et al., 2001). This 

complements other studies that found that gypsum, when applied on its own, was an 

ineffective agent for improving soil aggregate stability and hydraulic conductivity 

(Bennett et al., 2014). Another study focusing on the agricultural use of gypsum to 

alleviate sodic soils concluded that the benefits of the gypsum are often short-lived 

(Valzano et al., 2001). 

Although laboratory assessments of the soil treatments suggested that the gypsum may 

have increased water holding capacity of the waste substrates (Chapter 3), an in-field 

assessment showed that substrates with the gypsum and urea amendment had an increased 

soil penetration resistance (Chapter 5). Similar results were found in Valzano et al 2001, 

where the application of gypsum increased penetrometer resistance when applied at 1 – 

2.5 t/ha. However, when applied in combination with lime there was an improvement in 

soil physical properties such as aggregate stability, penetrometer resistance and water 

availability. (Loveday, 1976; Valzano et al., 2001). These results suggest that either large 

amounts of gypsum are required to improve soil physical properties or gypsum should be 

applied in combination with lime. 

Results across all experiments in this thesis conclusively found that the use of inorganic 

amendments had little direct effect on the soil biological properties of the waste substrate 

with water remaining a dominant driver for microbial activity and soil respiration. 

Assessments on degraded sodic soils in a semi-arid environment by Bennett et al 2014 

found that the use of gypsum had little influence on soil respiration and instead lime more 
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than doubled the rate of soil respiration. Other studies examining how nitrogen fertilisers 

influence soil microbes found that in natural nitrogen limited ecosystems increases in soil 

nitrogen can deplete microbial health (Geisseler and Scow, 2014; Liu and Greaver, 2010; 

Treseder, 2008). A meta-analysis conducted by Liu and Greaver (2010) found that across 

111 publications, the addition of nitrogen into natural ecosystems reduced microbial 

respiration by approximately 8% but had limited influence on soil respiration (Liu and 

Greaver, 2010). Although the results of this thesis support the idea that the use of 

inorganic amendments has a limited or a detrimental effect on the soil biological health 

of mining waste substrates, they also showed that native vegetation can facilitate soil 

microbial recovery. Increases in plant establishment, growth and diversity, which (when 

water was available) were supported by using gypsum and urea, correlated with increased 

levels of soil carbon and microbial activity (Bennett et al., 2014; Mukhopadhyay et al., 

2016; Zhang et al., 2019). Results indicate that when N-fertilisers are used and water is 

not a limiting factor, plant aboveground biomass can show up to a 25-fold increase. 

Further, aboveground biomass correlated with increased soil carbon, presumably derived 

from an increase in plant litter production, and soil microbial activity. Although leaf litter 

production was not analysed in this thesis, previous studies have shown that the use 

nitrogen fertilisers can increase above ground litter production by an average of 20% 

across all ecosystem types (Liu and Greaver, 2010). In particular, an increase in leaf litter 

of up to 54% was observed in grasslands, which correlated with an increase of 17% in 

carbon content (Liu and Greaver, 2010). However, contrary to the results of this thesis, 

Liu and Greaver (2010) found that there was no correlation between increased leaf litter 

and microbial activity. Overall, these results show that there is a fine balance between the 

drivers of soil biological health which may depend on biotic and abiotic factors. In the 

context of arid zone rehabilitation, the addition of nitrogen will have limited or 

detrimental effects on soil biological quality in the short-term but if native plant 

recruitment is successful and climatic conditions are favourable, the soil microbial 

community may recover in the long-term. 

2.2. Inorganic amendments and plant recruitment 

Assessment of plant recruitment, growth and physiological responses to the addition of 

inorganic amendments to mining waste substrates indicated a high level of variability 

across dose, species and life stage (Figure 2). At the seed germination stage, the 

amendments had varied responses across the five plant species with most species, with 
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the exception of A. bivenosa, showing a similar or reduced rate of germination in the 

amended waste treatments. At the emergence phase, all species showed reduced rates of 

emergence. As such, seedling mortality in the waste ranged from 2 – 61% but increased 

to 7 – 92% in amended waste. Although water availability is a dominant factor that may 

limit seedling recruitment between the germination and emergence life stages, these 

results suggest that an oversupply of nitrogen-based fertiliser at the germination and 

emergence stage may also be detrimental for the recruitment of native plant species, 

especially those adapted to soils naturally depleted in soil nutrients (Michel and Mew, 

1998; Monem et al., 2010; Zhu et al., 2016). This is supported by the species-specific and 

life-stage variation observed in plant responses which may be a reflection of the different 

levels of dependency these species have on the soil for nutrients, such as nitrogen, at 

different developmental stages, with some species more self-sufficient than others 

(Jurado and Westoby, 1992; Lahoreau et al., 2006; Miller, 1995; Ribeiro et al., 2015; 

Vaughton and Ramsey, 2001). As stated in Chapter 2, larger seeded species, such as A. 

bivenosa, have sufficient reserves within the large cotyledons of the embryo in the early 

stages of plant development to reduce the dependency of these seedlings on soil nutrients 

and thus limit their responses to the addition of soil amendments (Lahoreau et al., 2006; 

Vaughton and Ramsey, 2001). In contrast, species with smaller seed mass such as E. 

gamophylla, G. robinsonii and T. wiseana rely on external sources of nutrients earlier, as 

evidenced by the increase in plant growth in the amended soil treatments compared to the 

unamended soil treatments after six months. This was also supported in Chapter 3 which 

assessed how water drove the effectiveness of the amendments where T. wiseana showed 

increased biomass (up to 25-fold increase) in the amended waste substrates compared to 

the unamended waste in all water treatments and to a larger extent than A. inaequilatera 

(3-fold increase). 

Plant growth responses to the addition of the inorganic amendments gypsum and urea 

varied across the different experiments and was driven predominantly by water 

availability and the amount of amendments applied to the soil. After three weeks of 

growth, seedlings had similar or slightly larger above-ground biomass in the amended 

treatments compared to the unamended mine waste. However, after six months, plant 

biomass was similar in both the amended and unamended mine waste treatments (Chapter 

2). Chapter 3 further explored this relationship between water availability and amendment 

effectiveness and found that water is a large driver for the effectiveness of these 
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amendments with increases in plant biomass observed when water was available but these 

improvements in plant growth declining as water became limited. These conflicting 

results across the different experiments may be due to the water treatments used in the 

second glasshouse experiment (Chapter 3) being considerably reduced compared to the 

water regime used for Chapter 2 (132 mL every second day in the highest water treatment 

compared to 200 mL daily). Furthermore, comparison of soil nitrogen results showed that 

in the glasshouse (Chapter 2), levels were the same in the amended and unamended waste 

substrates, but N levels were either similar or higher in the amended waste substrate in 

the mesocosms experiment (Chapter 4). These results suggest that amendments can 

influence plant growth but also support the idea that these amendments are highly mobile 

in the soil profile and that large amounts of water will remove them to deeper soil layers. 

In the agricultural industry, nitrogen fertilisers aimed at increasing plant growth are 

applied as either small doses (half the standard dose for the region and soil type) at the 

time of sowing and later during crop growth (split application) or as a controlled release 

urea to maximise effectiveness and reduce the loss of fertilisers through leaching (Grant 

et al., 2012; Ma and Herath, 2016). Although the effectiveness of split application is 

variable across soil types and environmental factors such as soil moisture, this method 

has been proven to yield the higher biomass accumulation and is also environmentally 

sustainable by reducing the leaching of nitrogen into waterways and the atmosphere as 

nitrate (NO3) (Grant et al., 2012; Malhi et al., 2001). Therefore, if rehabilitation 

management is to focus on the first year of rehabilitation and nurture the site to ensure 

successful establishment of native plants and the return of ecosystem processes through 

using inorganic amendments then consideration of a more intensive soil amendment 

management strategy involving multiple applications of amendments is required. 

However, the prospect of an intensive soil amendment strategies poses several challenges 

surrounding cost effectiveness and the availability of the appropriate equipment that 

would need further investigation. For example, the use of split amendment application 

requires double the field operation time with the re-entry of machinery which is an extra 

cost and also risks damaging newly established vegetation (Grant et al., 2012). Cost-

effective methods to conduct split application of amendments could involve conducting 

targeted fertiliser application as the second application through using unmanned aerial 

systems (Drones) and remote sensing technology to produce high resolution geospatial 

maps to characterise plant and soil conditions and identify areas for fertiliser application 

or other intervention strategies (Zhang and Kovacs, 2012). Furthermore, to avoid 
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damaging established seedlings, the use of drones for precision application of fertilisers 

will increase nitrogen use efficiency and reduce cost (Puri et al., 2017). Both of these 

solutions are already occurring in the agricultural industry to deliver precision farming 

techniques to improve farm productivity and reduce overuse of fertilisers (Puri et al., 

2017; Zhang and Kovacs, 2012). The use of drones is also gaining traction in the mining 

industry for planning, topographical surveys and monitoring purposes with discussion 

surrounding their application for mine site rehabilitation ongoing (Lee and Choi, 2016). 

As such, although there are challenges surrounding the intensive management of mine 

site rehabilitation and the application of soil reconstruction strategies it is not an 

unreasonable goal to facilitate rehabilitation success (Figure 2). 

2.3 The implications of using inorganic amendments for mining rehabilitation in arid 

regions 

The research conducted in this thesis contributes to the current knowledge surrounding 

the management of mining waste substrates by identifying both the short- and longer-

term implications of using these inorganic amendments for mine site rehabilitation. As 

these amendments are currently used, they are either ineffective and/or detrimental to the 

success of post-mining rehabilitation in arid landscapes. As expected, the use of gypsum 

and urea will provide immediate but short-lived improvements in some soil chemical 

properties such as nitrogen, EC and N-mineralisation. However, this once-off addition of 

nitrogen (urea) may be detrimental to the recruitment of some native plant species with 

suggestions that these amendments at the early stages of plant development is creating a 

toxic environment for seeds and seedlings at a life stage when plant demand for soil 

nitrogen is naturally low. Thus, it is unsuitable to apply these amendments at the current 

doses at the germination stage. Furthermore, this thesis has highlighted that water was the 

dominant driver for determining the effectiveness of the inorganic amendments to 

improve the quality of mine waste substrates and increase plant growth. The results 

showed that as water availability declined, the amendments were ineffective at improving 

plant growth. This is of major concern for rehabilitation practices in arid regions where 

the majority of rainfall events are insignificant events or are large erratic cyclonic events 

with extended lengths of time between events (Gwenzi et al., 2014). As such, these 

amendments will either be leached into deeper soil layers with large rainfall events or will 

be ineffective in times of limited rainfall. With seedling recruitment already hindered by 

limited rainfall, these results suggest that the use of inorganic amendments may not be a 
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cost-effective strategy for mine site rehabilitation in arid environments (Chesson et al., 

2004). 

Traditionally, any rehabilitation efforts that required broadcast seeding would at times 

include the use of inorganic amendments which would be carried out simultaneously as 

a single-entry application (Erickson et al., 2017). However, as previously discussed, if 

gypsum and urea are to be used, this method of single-entry rehabilitation needs to be 

reconsidered. Future rehabilitation projects that use these amendments need to re-evaluate 

what stage of the rehabilitation process they are applied, how much is applied and how 

regularly, so that the amendments are available when there is a demand for urea, and it 

can be used efficiently. The later application or a split application method of inorganic 

amendments would further support soil quality in the long-term with results from field 

studies suggesting that these amendments do not stay in the soil profile for long and any 

further change in soil quality is caused by changes in plant establishment and diversity 

(Guo et al., 2019). The role of invasive species in mine site rehabilitation and how they 

respond to application inorganic amendment is also required to determine if the addition 

of nitrogen-based amendments benefit invasive species over native plants. With further 

consideration of environmental factors, it would be logical to seed the rehabilitation site 

at the start of the wet season and then to apply inorganic amendments towards the end of 

the cyclone season to avoid loss of the amendments from large rainfall events. This would 

also minimise the negative effects of using urea on emerging seedlings by instead 

targeting larger seedlings through utilising precision farming techniques and stimulating 

growth to support plant survival through to the next rainfall season.  

3. Organic amendments for mine site rehabilitation  

Chapter 5 explored alternative soil organic and inorganic amendment strategies to 

identify future solutions to improve soil quality of alternative mining substrates. The 

amendments used included gypsum and urea, gypsum, urea and Triodia, Triodia, mulch 

and biochar. This research found that: 

• The inorganic amendments were faster at altering the soil quality than the organic 

amendments with instant changes in soil nitrogen levels.  

• Organic amendments improved soil carbon content and C/N ratio. This increase 

boosted soil microbial activity compared to inorganic amendments. 



  Chapter 6: General Discussion 

 

131 
 

• The mulch treatment was the superior amendment with instant changes in soil 

nitrogen, carbon and microbial activity which remained relatively constant 

throughout the entire experiment. 

• Plant recruitment was only achieved in the topsoil treatment suggesting that either 

the topsoil remained the only substrate capable of supporting plant growth or that 

poor seed quality management and sowing techniques used for the rehabilitation 

hindered recruitment and the plants that did emerge originated from the natural 

topsoil seedbank. 

This study showed that although the organic amendments did not immediately alter the 

soil profile like the inorganic amendments, soil carbon and nitrogen increased over time 

in the substrates treated with organic amendments while they declined in the inorganically 

amended treatments. These changes in the soil chemical properties of the organically 

amended mining waste substrates correlated with increases in soil microbial activity 

reaching levels equal to and higher than the stockpiled topsoil treatment. The inorganic 

amendments, urea and gypsum had the lowest level of microbial activity while the mulch 

and Triodia treatment had the highest levels at the end of the experiment. The mulch 

treatment was the superior amendment with immediate improvements in soil nitrogen 

contents, carbon and microbial activity which remained relatively constant throughout 

the 21-month long experiment. Applied as a dry mulch, instead of as a hydro-mulch, this 

amendment consisted of wood fibres, biopolymers, biochar, seaweed extract, humic acid, 

endomycorrhizae and soil bacteria. Although the mulch amendment did not alter the soil 

penetration resistance compared to the unamended waste, other research suggests that the 

use of mulch can be beneficial for soil hydrology by trapping runoff and sediments 

increasing soil water infiltration (Luna et al., 2018). A study conducted by Luna et al 

(2018) in the semi-arid region in the north of Almería, Spain, found that the use of 

woodchip mulch reduced surface runoff and erosion, captured fine soil sediments and 

increased water infiltration (Hueso‐González et al., 2014; Luna et al., 2018). However, 

despite the increased water infiltration, the woodchips did not increase soil water storage, 

presumably due to the woodchip taking up the excess moisture, potentially due to large 

pore sizes, rather than it soaking into deeper soil layers (Bainbridge et al., 2001; Luna et 

al., 2018). The use of wood based mulches in arid regions has posed itself as a risky 

strategy in other studies that show these organic amendments may be effective for 

improving soil physical and hydrological quality with significant rainfall events but 
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detrimental to soil and plant health under reduced rainfall scenarios (Bainbridge et al., 

2001; Jalota and Prihar, 1998). Therefore, although the use of this hydro-mulch has been 

beneficial to soil nutrient and microbial quality, further assessments of how it behaves in 

arid environments and influences plant establishment and survival are necessary.  

Although slow to alter the mining waste substrate, when applied as a soil amendment, the 

Triodia mulch improved soil carbon and microbial activity. These results align with a 

glasshouse study conducted by Kneller et al (2018) using the same soils, plant species 

and amendment type which also found that the use of Triodia as a mulch had a positive 

effect on soil nitrogen which was only slightly evident in the field experiment conducted 

in this thesis. Their study also found that the Triodia amendment had limited influence 

on plant recruitment, presumably because the amendment takes a while to breakdown in 

the soil profile and for nutrients to become available for plant up-take. However, a study 

conducted by Hueso-González et al (2016) found that in dry Mediterranean climates, the 

use of straw mulch did improve plant survival and growth. More local studies conducted 

at a sand quarry in Western Australia found that the use of mulch composed of cleared 

native bush had a positive effect on the survival of Banksia seedlings with a 24 – 42% 

increase compared to controlled treatments (Benigno et al., 2013). Again their study was 

conducted in a region that receives a considerably larger amount of annual rainfall (800 

mm compared to 250 – 400 mm/year) and variable soil types (94% sand and <1% clay) 

(Benigno et al., 2013; Bureau of Meteorology, 2015, 2020; Kneller et al., 2018). 

Assessment of wheat yield in dryland regions of China found that the use of straw mulch 

improved crop yield and suggested that the use of nitrogen with the mulch had a greater 

capacity to improve crop yield (Gao et al., 2009; Yang et al., 2020).  

The combination of the inorganic amendments, gypsum and urea, and the native Triodia 

mulch increased the effectiveness of the inorganic amendments as a strategy for soil 

management by immediately altering the nitrogen content of the soil but also increasing 

soil carbon and microbial activity over time. However, with plant recruitment only 

achieved in the topsoil treatment, it is unknown if the addition of the Triodia will mitigate 

the negative effects the inorganic amendments had on plant recruitment. Previous 

research by de Varennes et al (2010) found that the use of combination of inorganic 

(polyacrylate polymers) and organic amendments (compost – municipal wastes) mostly 

increased biomass accumulation of native annual grass and biannual dicot species grown 

in acidic mining soils in the semi-arid Iberian Pyrite Belt, SW Spain. However, success 
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varied across plant species (de Varennes et al., 2010; Larney and Angers, 2012). Due to 

these conflicting results, further assessment of how the use of native Triodia as a mulch 

will impact native plant establishment and growth is needed, with an emphasis on what 

role water availability plays in its effectiveness to support sustainable vegetation 

establishment. 

Overall, this chapter (Chapter 5) broadened the range of soil management strategies 

available to rehabilitation practitioners by demonstrating how different types of 

amendments can alter various properties of the mining waste substrate at different time 

scales. Like many studies using different organic and inorganic amendments, it appears 

that their effectiveness is highly variable according to soil type, environment, plant 

species, type of amendment, application amount and timing and, incorporation method.  

4. Recommendations and Future considerations  

The research conducted in this thesis highlights how substrate quality is a contributing 

driver for the success of seedling recruitment and the recovery of ecosystem function. 

More importantly, this research shows how the appropriate manipulation and 

management of soil quality can significantly alter rehabilitation outcomes. As such, it is 

paramount that a suitable soil management framework is established and integrated into 

current practice to assist in decision-making and help deliver favourable rehabilitation 

outcomes (Figure 3). Firstly, although this thesis has focused on outlining various 

strategies for improving soil quality and plant recruitment through soil amendment, these 

tools are ineffective without the characterisation of substrates used for rehabilitation. 

Rehabilitation practitioners need to characterise each mining substrate they intend to use 

as a growth media for rehabilitation to identify the shortfalls in soil quality so that the 

most appropriate substrate reconstruction techniques can be utilised (Larney and Angers, 

2012; Palumbo et al., 2004). In addition to soil type characteristics, consideration of the 

application timing and schedule is required to maximise the effectiveness of the chosen 

soil amendments. For example, if an organic amendment, such as Triodia or biochar, is 

the most appropriate option for improving soil quality then these amendments should be 

applied prior to seeding the rehabilitation site so that these amendments have time to 

break down in the profile and improve the substrate. However, if choosing to use the 

inorganic amendments, current practice of single-entry rehabilitation needs to be 

reconsidered in favour of a more hands-on facilitation of rehabilitation to minimise 
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detrimental impacts of amendments on seedling recruitment when environmental 

conditions are unfavourable. For example, methods for mitigating seedling mortality 

could include the use of irrigation or water trucks to maintain soil moisture through 

extended periods of drought or the use of small doses of inorganic amendments after the 

recruitment phase to boost plant development. With the large initial investment of time, 

resources and money into preparing the site and seeding for rehabilitation the monitoring 

and care of the site through the first year is a small extra investment that will support 

overall rehabilitation success. 

 

Figure 3. Decision-making tool for soil management strategies to improve mining waste 

substrates and support plant recruitment and successful rehabilitation, based upon the findings 

presented in this thesis. 

 

Practical research areas aimed at implementing the findings in this thesis should focus on 

up-scaling of technology for the effective application of the various amendment types on 

large rehabilitation sites. Currently, synthetic amendments, gypsum and urea, can be 

applied to large areas however, further investigation of the feasibility and potential 

modification of machinery to apply fibrous organic amendments, such as Triodia or 

mulch, is required. One method for effective application of organic amendments could be 

through the use of extruded pellets to deliver both amendments and seeds (Brown et al., 

2019; Erickson et al., 2019). However, assessment of what amendments are appropriate 
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for pellets in terms of application schedule and toxicity to seeds is required. Another 

challenge involves how rehabilitation sites may be re-entered to apply further 

amendments without disturbing the site; in this context the use of drones could be 

assessed. 

Future research required to expand upon this thesis to further inform rehabilitation 

management could involve an assessment of how the organic amendments used in this 

thesis impact plant recruitment. Although this thesis set out to study how organic 

amendment influence plant recruitment, due to either poor rainfall, soil quality or seed 

quality, plant recruitment was only observed in the topsoil treatment (Chapter 5). Previous 

studies show mixed results, and exploration of recruitment when amendments are added 

to the mining waste prior to seeding may allow for the amendments to improve the soil 

profile providing more favourable growing conditions for native seedlings (Kneller et al., 

2018; Larney and Angers, 2012). With the results of this thesis suggesting that a 

combination of organic and inorganic amendments may be beneficial to a larger range of 

soil properties and persist in the soil for longer, further investigation of different 

combinations and the use on native microbes may develop an amendment treatment that 

is suitable for arid environments. For example, research combining biochar with nutrient 

fertilisers improved the efficiency of the applied nutrients and also prevented the leaching 

of the fertilisers from the soil profile (Qayyum et al., 2012). 

5. Conclusion 

The research conducted in this thesis has shown that the substrates used for post-mining 

rehabilitation is a large determinant of the success of the rehabilitation. As such, 

understanding the characteristics of the substrates used and how to effectively manage 

them is crucial for rehabilitation practices worldwide. Likewise, how these soils can be 

reconstructed and manipulated to support favourable rehabilitation outcomes will inform 

soil management and conservation in other degraded landscapes used for not only mining 

but also agricultural production. The integration of current soil enhancement technologies 

and large-scale rehabilitation efforts with effective soil management strategies is essential 

in overcoming land and soil degradation in arid systems globally. 
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