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Summary 

 

 

Mining is a major activity in the Australian arid region, and mine-site rehabilitation is a 

fundamental part of the mining operation. Most substrates used in rehabilitation of mine 

sites are of low soil nutrient availability, but with elevated levels of metals that may be 

toxic to plants. Nutrients and potentially toxic elements can significantly affect 

rehabilitation success. Native legume species are always considered for mine-site 

rehabilitation, because they are often good colonising plants and possess the ability to 

improve soil nutrient availability through nitrogen fixation and litter cycling. Many 

Australian Acacia species occur on a range of soil types, and they are important 

components of rehabilitation ecosystems. This PhD project aimed to study the nutrient 

dynamics of dominant Acacia species of the Telfer region in the Great Sandy Desert and 

assess their potential in mine-site rehabilitation (Chapter 1).  

 

First, a field study was carried out to determine nitrogen (N) and phosphorus (P) status 

of four Acacia species, i.e. Acacia stipuligera, A. ancistrocarpa, A. stellaticeps, and A. 

robeorum, and quantify N- and P-resorption efficiencies and proficiencies of the four 

species in order to assess the role of resorption in maintaining plant nutrient balance and 

the contribution of N and P cycling through litterfall to soil nutrient patchiness. The 

results showed that all plants were more efficient at P resorption than at N resorption, 

and that nutrient cycling through litterfall resulted in soil nutrient patchiness and formed 

“islands of fertility” under the canopies of the shrubs (Chapter 2). 

 

In the second experiment, the ability of the four species to take up P from iron 

phosphate (FePO4), a poorly soluble source of P that is not readily available to plants, 

was investigated by growing the plants in steam-sterilised river sand with different 

levels of FePO4. In all species, P uptake was significantly higher at greater P supply; 

tissue P concentrations increased with increasing P supply in general, but did not reach 

toxic levels. These species all had inherently slow growth rates and exhibited low 

internal P requirements, and only A. stellaticeps and A. robeorum showed significant 

positive growth response to increased P supply. At higher P supply, plants allocated 

more P to stems and roots, presumably for storage rather than contributing to the ability 

to grow faster. Rhizosphere pH and the amount of carboxylates in the rhizosphere 

decreased with increasing P supply, and the higher amount of carboxylates might 

facilitate P uptake from FePO4 at lower P supply (Chapter 3).  
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Phyllodes of A. robeorum were found to have significantly higher calcium (Ca), 

magnesium (Mg) and sulfur (S) concentrations than those of other species, and 

microscopy studies showed that the plants formed abundant crystals containing these 

elements (Chapter 4). Strontium (Sr) and barium (Ba), which are chemically similar to 

calcium but not plant-essential and often toxic, were precipitated with calcium in plants 

of the four Acacia species, most likely in the forms of oxalate and sulfate. Possible 

causes and potential function of precipitation of these elements were discussed in 

Chapter 5. 

 

In order to assess the rehabilitation potential of A. stipuligera and A. robeorum, plants 

were grown in sandy topsoil or a mixture of sandy topsoil and siltstone (a proposed 

rehabilitation substrate). Plant growth and element concentrations of phyllodes were 

affected by adding siltstone to the topsoil. A series of elements, including Ca, Mg, Sr, 

Ba, sodium (Na), potassium (K), aluminium (Al), Fe, manganese (Mn), copper (Cu), 

titanium (Ti), vanadium (V), S, silicon (Si), carbon (C), and oxygen (O) were 

sequestered in plants of the two species, most likely in forms of oxalate, sulfate, silicate, 

silica, and metal oxides. Both species showed potential for metal accumulation and 

detoxification, and A. robeorum was identified as a thiophore with potential for 

phytoextraction of sulfur (Chapter 6). 

 

In conclusion, these Acacia species are promising candidates for mine-site rehabilitation 

in the Great Sandy Desert, due to their abilities to efficiently resorb N and P from 

senescing leaves (phyllodes), improve soil nutrient availability, take up P from poorly 

plant-available form (FePO4), accumulate and detoxify metals. Acacia robeorum, in 

particular, has great potential for phytoremediation on substrates with high level of S 

and low to medium levels of heavy metals such as Mn and Cu (Chapter 7). 
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Chapter 1 

 

General introduction 

 

Selection of suitable native plant species for mine-site rehabilitation  

in the Great Sandy Desert, north-western Australia 

 

1. Challenges of mine-site rehabilitation in the Australian arid zone 

 

Mining is a major economic activity in the Australian arid zone. It can severely disturb 

land surfaces and negatively impact on biodiversity within natural ecosystems through 

removal of natural soils and plants, and land degradation usually occurs where mining 

takes place (Akala & Lal 2000; Xia 2004; Lewis et al. 2010). Mining company 

Newcrest’s Telfer gold mine, which is operated in the Great Sandy Desert, north-

western Australia, will generate 1,100 Mt of waste material over the next 20 years, 25% 

of which is potentially acid-generating, and there is a potential risk of contamination of 

soils with toxic metals, which could have negative effects on the environment (Gore et 

al. 2007). Mine-site rehabilitation is a fundamental part of the mining operation in 

accordance with the principles of sustainable development. The rehabilitation objective 

of most Australian mine sites is to restore the pre-mining ecosystem and make it self-

sustaining in the long term (Tongway et al. 1997; Koch 2007). To achieve the goal of 

biodiversity conservation and sustainable development, it is necessary to develop an 

environment-friendly and cost-effective solution for ecological rehabilitation of mined 

land. However, due to low availability of water and nutrients (especially nitrogen and 

phosphorus) (Gilbert 2000; Schwenke et al. 2000), and high levels of heavy metals in 

the soil (Candeias et al. 2011), successful rehabilitation in arid areas is difficult, and 

selection of suitable plant species is necessary (Rao & Tarafdar 1998). 

 

2. Importance of selecting suitable native plant species for mine-site rehabilitation 

 

Establishment of native plant species is the focus of a number of rehabilitation programs 

in Australia (Lottermoser et al. 2009). The major advantage of using native species for 

mine-site rehabilitation is their inherent attributes of fitness conferred by natural 

selection (van Leeuwen 1994), which makes them adapted to the local conditions, 

including climate, soil and hydrology. The Telfer region in the Great Sandy Desert has 



2 

 

an arid climate with variable and unpredictable rainfall (Fig. 1), and this kind of climate 

indicates that using drought-tolerant native species should be the most advantageous for 

mine-site rehabilitation in this region. 

 

 

Fig. 1. Mean monthly rainfall (mm) of the Telfer region for years 1974 to 2012. Data were obtained from 

Australian Government, Bureau of Meteorology website http://www.bom.gov.au/climate/data/. 

 

In most cases, the mined environment is harsh and substantially different from nearby 

natural habitats, and may be hostile to some native species (Baig 1992; Rao & Tarafdar 

1998). Topsoil is currently viewed as a valuable natural resource for mine-site 

rehabilitation due to its physical and chemical properties and biological processes 

(Harris et al. 1996). However, at most mine sites in highly weathered areas in Australia, 

due to lack of sufficient topsoil, revegetation has to be carried out in topsoil diluted with 

subsoil or overburden, or even directly in mine spoils without capping with topsoil 

(Mercuri et al. 2006). These substrates are often physically, chemically and biologically 

poor in nature (Baig 1992; Dutta & Agrawal 2003; Singh et al. 2004), and their 

infertility, toxicity, salinity, acidity or sodicity severely challenge seedling 

establishment, plant growth and successful rehabilitation (Lubke & Avis 1998; Gilbert 

2000; Jochimsen 2001; Mercuri et al. 2006). Thus plant-substrate interactions should 

always be considered in rehabilitation planning, and the importance of careful selection 

of candidate native species that may be adapted to hostile substrates used for 

rehabilitation should be emphasised (Grant et al. 2002). In addition, selection of species 

http://www.bom.gov.au/climate/data/
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should be site-specific, considering environmental conditions of different sites vary 

greatly (Lubke & Avis 1998), so native species from nearby locations should be the first 

option. Native legume species should always be considered for mine-site rehabilitation, 

because they are often good colonising plants and possess the ability to improve soil 

fertility through symbiotic nitrogen (N2) fixation and cycling of N through litter 

(Coleman et al. 1983).  

 

Acacia is a member of the tribe Acacieae within the subfamily Mimosoideae of the 

family Leguminosae. It is the largest genus of vascular plants in Australia and a 

majority of the 975 described, accepted species in Australia are contained in the 

subgenus Phyllodineae (Maslin et al. 2003; World Wide Wattle 2012). Many Acacia 

species are grown in agroforestry systems worldwide (including Australia) for 

commercial development such as production of wood, tannin, human food, stock fodder 

and biomass; some species are used in land rehabilitation and soil stabilisation (Byrne & 

Broadhurst 2003). Acacia is dominant in the vegetation of arid Australia (Maslin & 

Hopper 1978; Maslin & Hopper 1982), including the Telfer region (Goble-Garrat 1987), 

and plays an important role in maintaining desert ecosystem stability (Kirschbaum et al. 

2008). Many Australian Acacia species occur on a range of soil types (Ladiges et al. 

2006), and they are important components of rehabilitation ecosystems (Bell et al. 

2003). It is essential to establish Acacia species successfully after mining in the Telfer 

region, given the structural dominance of these species there, especially if the aim is to 

restore the disturbed land to a natural ecosystem. 

 

3. Nutrient cycling 

 

In natural ecosystems, the availability of nutrients such as phosphorus (P) is sustained 

by nutrient cycling (Attiwill & Adams 1993). For successful rehabilitation of a self-

sustaining ecosystem, nutrient cycling processes, together with recovery of soil organic 

matter and organic matter turnover, should be re-established as early as possible (Todd 

et al. 2000; Banning et al. 2008), so that nutrients are not simply lost from the system, 

but continuously built up in the soil for the restored system (Lubke & Avis 1998).  

 

Phosphorus is a rock-derived nutrient, which is predominantly made plant-available 

through mineral weathering (Schlesinger 1997). However, total soil organic P fraction 

can represent a significant proportion of total P in soils, organic-P mineralisation plays 
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an important role in soil P cycling, and may be closely related to P availability to plants 

(Achat et al. 2010). Plants take up all of their immediate P requirements from the 

inorganic P (Pi) in the soil solution; however, Pi concentrations in the soil solution are 

rather low (ranging between <0.1 and 10 μM) when compared with the P concentration 

suggested for optimal plant growth (Hinsinger 2001). Perennials depend to a large 

extent on internal cycling of P (Aerts 1997), i.e. P resorption, which is an energy-

requiring physiological process in which plants conserve P by withdrawing it from 

senescing tissues and remobilising it for future use. Phosphorus that is resorbed during 

senescence is then available for future plant growth, thus reducing a plant’s dependence 

on current P uptake; P that is not resorbed ends up in litter, which must be decomposed 

to become available for plant uptake (Aerts 1995; Chapin et al. 2002). Litter 

decomposition rates are affected by many factors and are slow in desert ecosystems 

(Meentemeyer 1978; Kemp et al. 2003; Austin & Ballaré 2010). Plants with a capacity 

to retain large amounts of P via resorption from senescing tissues over relatively short 

time scales are less likely to be adversely affected by P limitations than plants with low 

resorption capacity (Ratnam et al. 2008). Thus P-resorption capacity is an important 

determinant of the fitness of plants in P-poor ecosystems (Aerts et al. 2007). Substrates 

used for rehabilitation after mining are often low in P (Baig 1992); selecting native 

species that dominate P-poor habitats and resorb P efficiently would provide a 

promising solution for revegetation of P-poor sites.  

 

The loss of N, together with organic carbon, is typical in ecosystems disturbed by 

mining (Schwenke et al. 2000; Banning et al. 2008; Shrestha & Lal 2011). Because 

vegetation at newly rehabilitated sites is absent or poorly established, there is no or 

limited N uptake by plants; mineralised N is very likely to be lost by leaching 

(Schwenke et al. 2000). Nitrogen is primarily supplied to the ecosystem through 

symbiotic N2 fixation (Chapin et al. 2002). Similar to P, N also cycles through litterfall 

and litter decomposition (Vitousek 1982; Aerts 1996), and establishing a functional N 

cycle is often regarded as one of the most important factors affecting sucessful 

rehabilitation (Luken 1990). Establishment of native N2-fixing legumes in N-poor soils 

of rehabilitation sites can significantly improve soil N availability through producing 

readily decomposable N-rich litter and turnover of fine roots and nodules (Coleman et 

al. 1983; Bernhard-Reversat 1988; Graham & Haynes 2004) without adding N fertiliser.  

 

Around the base of desert shrubs, litter accumulation may lead to “islands of fertility” 



5 

 

(Garciamo-Moya & McKell 1970), in which limited nutrients are conserved and soil 

nutrient availability is improved (Aerts 1996; Ludwig et al. 1999). In addition, 

accumulation of organic matter can improve soil structure and increase soil water-

holding capacity (Singh et al. 2002; Graham & Haynes 2004), thus facilitating 

establishment and growth of plants.  

 

4. Phosphorus uptake of plants and fertiliser application in mine-site rehabilitation 

 

Phosphorus is essential for plant metabolism and growth (Lambers et al. 2008), and its 

availability to plants is a critical factor in the ecology and biogeography of vegetations 

(Beadle 1966). Phosphorus is often in low supply in rehabilitation substrates at many 

mine sites in Australia (Gilbert 2000), and fertiliser application is a common practice to 

overcome P deficiency and facilitate rapid establishment of vegetation (Baig 1992). 

However, P is the least mobile macronutrient in soil; soluble P fertiliser will be 

adsorbed rapidly and tightly bound to soil particles such as aluminium and iron oxides, 

thus becoming unavailable to plants (Hinsinger 2001; Lambers et al. 2010). Many 

Australian native plant species have evolved under low P levels and developed special 

mechanisms for P acquisition from P-impoverished soils, including exudation of 

organic anions (carboxylates), mycorrhizal symbioses, cluster roots, high specific root 

length, and the expansion of root surface area by root-hair development (Lambers et al. 

2006; Lambers et al. 2010).  

 

Depending on site conditions and potential species for rehabilitation, fertiliser 

application rates may vary considerably. Legumes tend to have higher P requirements 

than non-legumes reliant on mineral N assimilation (Kouas et al. 2009), mainly because 

symbiotic N2-fixation is an ATP-demanding process, which can be impaired by P 

deficiency (Almeida et al. 2000; Tang et al. 2001). Although increased P supply can 

improve growth of legumes, P toxicity may occur at high P supply levels (Tang et al. 

2001). Many Australian native species are sensitive to increased soil P levels and may 

be adversely affected and develop toxicity symptoms (Lambers et al. 2002). Increasing 

P supply may also inhibit the establishment and the effectiveness of symbiotic 

mycorrhizal fungi, which may contribute significantly to the P supply to plants (Smith 

& Read 2008) and adaptation of plants to the harsh environments after mining (Collins 

et al. 2007). The short-term effects of P fertiliser application may be apparent, but the 

long-term influences are not so clear. Fertiliser application may change species 
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composition at sites undergoing rehabilitation, so it is not always recommended, 

especially for sites where topsoil is available (Holmes 2001). It is hard to propose an 

optimal fertiliser application regime, but applying slow-release fertilisers, which are not 

directly plant-available could be an option. 

 

5. Metal tolerance, accumulation, detoxification and phytoremediation 

 

At many mine sites, elevated levels of heavy metals in the soil represent one of the 

major problems affecting successful rehabilitation (Candeias et al. 2011), especially 

under highly acidic conditions, which are very likely to be encountered in tailing-

disposal areas (Wong et al. 1998). Potentially phytotoxic heavy metals include iron (Fe), 

manganese (Mn), copper (Cu), zinc (Zn) (Candeias et al. 2011). Aluminium (Al), 

although not a heavy metal, is more soluble in acid soils, and high Al levels are toxic to 

plants (Panda & Matsumoto 2007).  

 

Phytoremediation is a technology using plants to remove toxic metals from 

contaminated environments. For metal-contaminated soils, phytoremediation basically 

involves phytoextraction and phytostabilisation (Raskin et al. 1997; Salt et al. 1998; 

Barceló & Poschenrieder 2003). Phytoextraction, also called phytomining or 

phytoaccumulation, refers to the uptake and translocation of heavy metals by 

(hyper)accumulating plants (plants accumulating metals primarily in the shoots and 

maintaining low metal concentrations in the roots), while phytostabilisation is the use of 

plants (with metal-resistance mechanisms) to immobilise metals in the soil through 

accumulation by roots, adsorption onto roots, or precipitation within the rhizosphere 

(Lasat 2002; Bondada & Ma 2003). 

 

For plants that (hyper)accumulate heavy metals, a range of tolerance mechanisms have 

been proposed, including cell wall immobilisation, complexation of metals with 

phytochelatins or organic anions (Mejare & Bulow 2001; Hall 2002). Toxic heavy 

metals that enter a plant cell are most likely compartmentalised and stored in the 

vacuole ultimately, and metal transporters should play important roles in these 

processes (Milner & Kochian 2008; Verbruggen et al. 2009; Krämer 2010). By these 

mechanisms, metals taken up in excess of plant requirements are inactivated and 

prevented from disturbing essential cell metabolism (Zenk 1996; Barceló & 

Poschenrieder 2003).  
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For sucessful rehabilitation of metal-contaminated sites, using suitable plant species that 

have effective metal tolerance, accumulation and detoxification mechanisms would be 

an economical and environment-friendly solution (Pratas et al. 2005). For a particular 

species, the ability to tolerate or accumulate metals is either constitutive or inducible 

(Meharg 1994; Tordoff et al. 2000; Whiting et al. 2004). Understanding the underlying 

mechanisms for plant metal tolerance, accumulation, and detoxification is a prerequisite 

for phytoremediation of metal-contaminated sites (Clemens et al. 2002; Whiting et al. 

2004; Pratas et al. 2005; Escarre et al. 2011). 

 

6. Outline of this thesis 

 

Mine-site rehabilitation is an integral part of the mining operation at the Telfer gold 

mine in the Great Sandy Desert. Rehabilitation in the arid area is difficult, mainly 

because water is the principal limiting factor for survival and growth of plants. However, 

low nutrient availability and elevated levels of potentially toxic elements can also affect 

rehabilitation success. Given the structural dominance of Acacia species in the Telfer 

region and their adaptation to the local environment, they should be considered as the 

first choice when selecting plant species for rehabilitation. The soil in the Great Sandy 

Desert is P-impoverished (Grigg et al. 2008), so Acacia species dominating the Telfer 

region must have effective P-conservation strategies to survive there. In addition, they 

should be efficient in P acquisition from the P-poor soil in which most P is tightly 

bound to soil particles and not directly available to plants (Hinsinger 2001; Lambers et 

al. 2010). Being legumes with N2-fixation potential, contribution of acacias to 

improvement of soil nutrient availability through N cycling could be significant 

(Coleman et al. 1983). Studying nutrient dynamics of these Acacia species, including 

their nutrient cycling, uptake and distribution within plants, will shed light on how these 

species are adapted to the nutrient-poor soil and provide information on whether they 

are suitable for rehabilitation on P-poor substrates. Furthermore, studies should also 

focus on metal (either essential or non-essential for plant growth) tolerance mechanisms 

of the plants, in order to explore the use of these species for phytoremediation of mine 

soils with potentially high metal levels. 

 

This PhD project aimed to study the nutrient dynamics and metal tolerance of four 

dominant Acacia species of the Telfer region in the Great Sandy Desert. The four 
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species were Acacia stipuligera F. Muell. (subgenus Phyllodineae, section Juliflorae; 

evergreen, bushy shrub), Acacia ancistrocarpa Maiden & Blakely (subgenus 

Phyllodineae, section Juliflorae; evergreen, multi-stemmed shrub), Acacia stellaticeps 

Kodela, Tindale & D. Keith (subgenus Phyllodineae, section Plurinerves; evergreen, 

flat-topped shrub) and Acacia robeorum Maslin  (subgenus Phyllodineae, section 

Phyllodineae; evergreen, diffuse shrub). The distribution maps of the four species are 

shown in Fig. 2. The key objectives were to: 

 study N- and P-resorption of four Acacia species and assess the contribution of 

N and P cycling through litterfall to soil nutrient patchiness (Chapter 2). 

 investigate whether there is any variation among four Acacia species in their 

ability to access P from iron phosphate (FePO4), a sparingly soluble P form, and 

reveal possible mechanisms that could contribute to this variation, and assess 

plant growth responses to increased P supply (Chapter 3). 

 investigate precipitation of metals in plants of four Acacia species to understand 

the potential role of biomineralistion in metal tolerance of these species 

(Chapters 4 and 5). 

 compare plant growth and element concentrations of two Acacia species grown 

in different substrates to assess their ability to grow in potentially hostile 

rehabilitation substrates, and investigate whether and where any heavy metals 

are sequestered in the plants (Chapter 6). 
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Fig. 2. Distribution maps of four Acacia species in Western Australia. Maps were sourced from 

http://florabase.dec.wa.gov.au/. The location of the Telfer study site is indicated. 

http://florabase.dec.wa.gov.au/
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Supplementary material 

 

 
Table 1.  Morphological characteristics of four Acacia species grown in washed river sand supplied with 

6 levels of P in the form of FePO4, ranging from 0 to 16 µg P g
-1 

dry soil. Data are presented as means (n 

= 6). SRL is specific root length, and LMA is leaf mass per unit leaf area of mature leaves 

Species P supply 

(µg g-1) 

Root 

mass 

ratio   

SRL 

(m g-1) 

Leaf 

area 

(cm2) 

Leaf 

mass 

ratio  

LMA 

(g m-2) 

Senesced leaf 

percentage  

(%) 

Number of 

first-order 

branches 

Acacia 

stipuligera 

0 0.17 42.6 197 0.62 147 15 3 

1 0.14 55.6 263 0.79 172 16 4 

2 0.15 45.6 268 0.71 158 7 5 

4 0.16 39.6 196 0.73 152 9 5 

8 0.14 42.4 288 0.69 172 4 6 

16 0.17 48.3 237 0.69 143 4 6 

Acacia 

ancistrocarpa 

0 0.26 38.3 155 0.61 173 12 3 

1 0.26 49.1 178 0.63 169 14 4 

2 0.23 43.4 194 0.67 158 11 5 

4 0.22 39.5 177 0.62 156 7 3 

8 0.22 70.7 168 0.62 147 7 4 

16 0.28 39.8 205 0.64 175 9 4 

Acacia 

stellaticeps 

0 0.26 49.4 66 0.54 139 11 7 

1 0.25 56.4 118 0.51 160 13 9 

2 0.31 53.4 55 0.53 141 13 4 

4 0.21 45.6 128 0.55 183 6 10 

8 0.25 32.1 208 0.50 161 3 11 

16 0.23 39.6 133 0.57 158 6 11 

Acacia 

robeorum 

0 0.34 67.9 91 0.59 141 15 7 

1 0.30 68.5 90 0.60 136 21 9 

2 0.36 75.8 95 0.53 116 7 10 

4 0.28 44.7 116 0.59 157 9 15 

8 0.30 43.6 175 0.56 188 9 16 

16 0.32 47.0 171 0.55 171 20 24 
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Table 2. Significance of different sources of variation according to two-way ANOVA, LSD test. SRL is 

specific root length, and LMA is leaf mass per unit leaf area of mature leaves. S-species, P-P treatment, S 

× P-interaction between species and P treatment 

Parameter P value of source of variation Parameter P value of source of variation 

S P S × P S P S × P 

Shoot dry mass <0.001 <0.001 <0.001 Mature leaf [P] 0.019 <0.001 0.663 

Root dry mass <0.001 <0.001 <0.001 Young leaf [P] 0.917 <0.001 0.417 

Root mass ratio <0.001 0.051 0.555 Senesced leaf [P] 0.156 <0.001 0.217 

SRL <0.001 <0.001 <0.001 Stem [P] 0.121 <0.001 0.074 

Leaf area <0.001 <0.001 <0.001 Root [P] 0.115 <0.001 0.563 

Lea mass ratio <0.001 0.049 0.004 P uptake 0.085 <0.001 0.393 

LMA 0.172 0.002 <0.001 P-uptake rate 0.003 <0.001 0.169 

Senesced leaf 

percentage 

0.015 <0.001 0.125 Rhizosphere pH 0.667 <0.001 0.251 

Number of first-

order branches 

<0.001 <0.001 <0.001 Carboxylates in the 

rhizosphere 

0.044 <0.001 0.140 
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Chapter 6 

 

Sequestration of metals and sulfur in two north-western  

Australian desert Acacia species  

 

 

Abstract 

 

Australian Acacia species occur on different soil types, and are important components 

of rehabilitated ecosystems. Acacia stipuligera F. Muell. and Acacia robeorum Maslin 

are native to the Great Sandy Desert in north-western Australia. Our previous studies 

revealed that calcium, magnesium, potassium and barium were sequestered in phyllodes 

(i.e. petioles functioning as leaves) and branchlets of the two Acacia species when 

growing in their natural habitat, most likely in the forms of oxalate and sulfate crystals. 

To assess the ability of these species to grow in potentially hostile rehabilitation 

substrates, and investigate whether they can accumulate and sequester heavy metals, 

plants were grown in sandy topsoil or in a topsoil-siltstone (a proposed rehabilitation 

substrate) mixture. Adding siltstone to the topsoil did not reduce plant growth of either 

A. stipuligera or A. robeorum, but significantly affected concentrations of certain 

elements in mature phyllodes of the two species. A series of elements, including 

calcium, magnesium, strontium, barium, sodium, potassium, aluminium, iron, 

manganese, copper, titanium, vanadium, sulfur, silicon, carbon and oxygen were 

sequestered in phyllodes and branchlets of the two species, presumably in forms of 

oxalate, sulfate, silicate, silica, and metal oxides. Acacia robeorum had a high sulfur 

concentration (up to 42 mg g
-1

 dry mass) in its phyllodes, and was consequently 

identified as a thiophore (i.e. a plant with a sulfur concentration in its leaves ranging 

from 25 to 82 mg g
-1

 dry mass), showing promising potential for phytoextraction of 

sulfur. Possible roles of biomineralisation in metal accumulation and detoxification 

warrant further study.  
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Introduction 

 

Mining is a major activity in the Australian arid region, and it can severely disturb land 

surface and destroy biodiversity within natural ecosystems. The Telfer gold mine, which 

is operated in the Great Sandy Desert, will generate 1,100 Mt of waste material over the 

next 20 years, 25% of which is potentially acid-generating, and there is a potential risk 

of contamination of soils with toxic metals, which could have negative effects on the 

environment (Wong et al. 1998). Mine-site rehabilitation is a fundamental part of the 

mining operation. The rehabilitation objective of most Australian mine sites is to restore 

the pre-mining ecosystem and make it self-sustaining in the long term (Tongway et al. 

1997). Therefore, native plant species, which are adapted to the local conditions, 

including climate, soil and hydrology, are the first choice (Grant et al. 2002). However, 

the mined environments are often substantially different from the species’ natural 

habitats, and may be hostile to some native species (Baig 1992, Rao and Tarafdar 1998). 

At most mine sites in highly weathered areas in Australia, due to lack of sufficient 

topsoil, revegetation has to be carried out in topsoil diluted with subsoil or overburden, 

or even directly in mine spoils without capping with topsoil (Mercuri et al. 2006). 

Elevated concentrations of heavy metals in the soil may represent one of the major 

problems affecting successful rehabilitation (Gilbert 2000), especially under highly 

acidic conditions, which are very likely to be encountered in tailing-disposal areas 

(Wong et al. 1998). In addition, sulfate concentrations are generally high where acid 

mine drainage occurs (Robb and Robinson 1995).  

 

Phytoremediation, a rapidly developing technology that uses plants to remove toxic 

metals from contaminated environments (Salt et al. 1998), is promising in dealing with 

large-scale low-level contamination (AbdEl-Sabour 2007). For metal-contaminated 

soils, phytoremediation basically involves phytoextraction and phytostabilisation. 

Phytoextraction, also called phytomining or phytoaccumulation, refers to the technology 

using plants to remove contaminants from soils, and accumulate these in aboveground 

plant parts  so they can be removed from the system when plants are harvested (Chaney 

et al. 2007). Phytostabilisation is the use of plants to reduce the mobility and 

bioavailability of toxic contaminants in soils (Salt et al. 1995, Pulford and Watson 

2003). In many plants growing in soils with high metal concentrations, metals (both 

plant-essential and non-essential) can be sequestered, stored and detoxified (Cutright et 

al. 2010, Hanikenne and Nouet 2011), and understanding the underlying mechanisms 
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may allow optimisation of phytoremediation (Krämer 2005). 

 

Acacia is a large and diverse genus which is dominant in the vegetation of arid Australia 

(Maslin and Hopper 1982), including the Telfer region (He et al. 2011), and plays an 

important role in maintaining desert ecosystem stability (Kirschbaum et al. 2008). Many 

Australian Acacia species occur on a range of soil types (Ladiges et al. 2006), and they 

are important components of rehabilitated ecosystems (Bell et al. 2003). In our previous 

studies, four Acacia species native to the Telfer region in the Great Sandy Desert were 

found to form crystals containing calcium, magnesium, strontium, barium, sodium and 

potassium, and those crystals were most likely present in the forms of oxalate and 

sulfate in the studied plants (He et al. 2012a, He et al. 2012b). Calcium oxalate crystals 

have potential roles in detoxification of aluminium and/or heavy metals (Mazen 2004, 

Franceschi and Nakata 2005), and it is hypothesised that heavy metals such as 

manganese and copper can be incorporated into the crystals formed in these Acacia 

species and thus inactivated and detoxified when the plants are grown in rehabilitation 

substrates, which may have high concentrations of heavy metals.  

 

In the present study, plants of two Acacia species, i.e. Acacia stipuligera F. Muell. and 

Acacia robeorum Maslin, were grown in sandy topsoil or in a mixture of sandy topsoil 

and siltstone (a proposed rehabilitation substrate). The objective was to compare plant 

growth and element concentrations of the two species grown in different substrates, to 1) 

assess their ability to grow in potentially hostile rehabilitation substrates; 2) investigate 

whether any heavy metals are accumulated and sequestered in the plants. 

 

Materials and methods 

 

Preparation and characterisation of substrates  

 

Substrate material for glasshouse experiments was collected from the Telfer gold mine 

(Newcrest Mining Limited) in the Great Sandy Desert in the Pilbara region, north-

western Australia (21°45 Ś, 122°14 É). Topsoil was collected from areas cleared for 

mine expansion and stored on-site in stockpiles for less than one year. Siltstone was 

freshly dug up from a 600 m deep mine pit, and it was soft and poorly cemented. Both 

the topsoil and siltstone were put into drums and transported to The University of 

Western Australia in Perth, and kept in the drums until required for the experiment. To 
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ensure homogeneity of the substrates, both the topsoil and siltstone were sieved through 

a 2-mm mesh, and air dried. 

 

Samples of air-dried topsoil and siltstone were sent to a commercial laboratory for 

chemical and physical characterisation (ChemCentre, Bentley, Western Australia). The 

chemical parameters included electrical conductivity (EC, 1:5), pH (CaCl2), organic 

carbon, total nitrogen, ammonium-nitrogen, nitrate-nitrogen, and total phosphorus. 

Plant-available element concentrations were obtained using a Mehlich No. 3 extraction, 

and the elements analysed were aluminium, boron, calcium, cadmium, cobalt, copper, 

iron, potassium, magnesium, manganese, molybdenum, sodium, nickel, phosphorus, 

sulfur, zinc, arsenic, lead and selenium. Particle size distribution (sand, 0.02-2.0 mm; 

silt, 0.002-0.02 mm; clay, < 0.002 mm) was also determined (Table 1).    

 

Growth of plants 

 

Portions of air-dried topsoil and siltstone were transferred into 9-cm diameter, 40-cm 

high, free-draining PVC tubes to establish two treatments: 1) topsoil only (3.5 kg per 

pot); and 2) a topsoil-siltstone mixture (1.75 kg topsoil, 1.25 kg siltstone). The topsoil-

siltstone treatment was thoroughly mixed and then covered with 0.5 kg topsoil to ensure 

good germination and establishment. The pots were watered to 90% water-holding 

capacity and incubated for one week before the sowing of seeds. 

 

Seeds of A. stipuligera and A. robeorum were treated with boiling water for 1 to 2 min 

and left in cold tap water overnight. Two seeds were sown at 0.5 cm depth in the topsoil 

in the centre of each pot; four weeks after sowing, seedlings were thinned to only one 

plant per pot. There were four replicates of each treatment in a randomised block design. 

Plants were grown from July 2010 to January 2011 in a glasshouse at The University of 

Western Australia (31°59 Ś, 115°49 É), where the mean day time temperature was 

32°C during the experiment. The pots were watered to 90% water-holding capacity 

every other day, and the plants were harvested 25 weeks after sowing.  

 

Plant measurements and analyses of phyllode element concentrations 

 

When plants were harvested, shoots were severed at the base. Roots and nodules were 

washed thoroughly to remove as much soil as possible. Shoots containing phyllodes 

http://www.google.com.au/url?sa=t&rct=j&q=West+Australian+Chemistry+Centre&source=web&cd=6&ved=0CEUQFjAF&url=http%3A%2F%2Fwww.seafoodcrc.com%2Fcore-participants%2Fwestern-australian-chemistry-centre.html&ei=sJIjT8KnLcbPrQe6sMicCA&usg=AFQjCNFk42-pQGaHkCOKfHW-lA3xrJNEQg
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(modified petioles functioning as leaves), roots and nodules were dried in an oven at 

70°C for 72 h and weighed separately. Oven-dried mature phyllodes (the youngest fully 

expanded) were ground with a stainless steel coffee grinder (Breville, Sydney, Australia) 

for 30 s, about 0.2 g of the ground sample was weighed, digested in hot concentrated 

HNO3:HClO4 (3:1) (Zarcinas et al. 1987), and then analysed by a Varian Vista-PRO 

axial ICP-OES (Varian, Inc., Palo Alto, CA, USA) at a commercial laboratory 

(ChemCentre, Bentley, Western Australia) to determine concentrations of phosphorus, 

sulfur, potassium, calcium, magnesium, iron, manganese, copper, zinc, sodium, 

aluminium, strontium and barium. Phyllode element concentrations of the glasshouse-

grown plants were compared with those of field-grown plants; see He et al. (2012a) for 

the methods used for analyses of phyllode element concentrations of the field-grown 

plants. The same standard (wheat straw) was used in analysing phyllode element 

concentrations of both glasshouse- and field-grown plants; although ICP-OES from 

different manufacturers were used, similar results for the standard were obtained, so the 

results for the glasshouse- and field-grown plants are comparable. 

 

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

 

To prepare and analyse samples, the methods described by Lersten and Horner (2011) 

were followed and modified. One fresh mature (the youngest fully expanded) and one 

young (still expanding) phyllode from each plant were either cut with a double-edged 

razor blade or fractured by hand, while small sections of fresh branchlets, primary roots 

and nodules were cut with a double-edged razor blade. All were fixed in formalin-acetic 

acid-alcohol (5% [v/v] formalin, 5% [v/v] acetic acid, and 70% [v/v] ethanol) (FAA), 

dehydrated in an ethanol series (70%-95%-100%-dry ethanol), critical point-dried, and 

then mounted on SEM aluminium stubs with double-stick carbon tape. The samples 

were divided into two groups of subsamples. One group was coated with gold for both 

SEM imaging and X-ray microanalyses, and the other group was coated with carbon for 

X-ray microanalyses only. SEM micrographs were captured with a Zeiss 1555 VP-

FESEM (Carl Zeiss, Oberkochen, Germany) at 5-10 kV. Qualitative X-ray 

microanalyses were performed at a 16 mm working distance using a Si (LI) EDS 

(Oxford Instruments, Oxford, England) on the same SEM at 20 kV (He et al. 2012a). A 

limitation of the EDS technique is that the peaks of some elements (e.g. sulfur, 

strontium, and silicon) may overlap with gold peaks (from gold-coated samples) to 

some degree, such that they may not be clearly displayed in the resulting spectra. 

http://www.google.com.au/url?sa=t&rct=j&q=West+Australian+Chemistry+Centre&source=web&cd=6&ved=0CEUQFjAF&url=http%3A%2F%2Fwww.seafoodcrc.com%2Fcore-participants%2Fwestern-australian-chemistry-centre.html&ei=sJIjT8KnLcbPrQe6sMicCA&usg=AFQjCNFk42-pQGaHkCOKfHW-lA3xrJNEQg
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Carbon-coated samples do not suffer this limitation, however they do produce a strong 

carbon peak in the spectra that makes it impossible to distinguish coated carbon from 

carbon that exists in the sample itself. Here, X-ray microanalyses were performed on 

both gold- and carbon-coated samples to resolve these limitations and provide 

supplementary information to obtain accurate results.  

 

Data analysis 

 

Data of plant growth and phyllode element concentrations were compared between 

treatments (different substrates) by performing one-way analysis of variance (ANOVA), 

using the SPSS 19 software package (SPSS Inc., Chicago IL, USA), and significance 

was determined at P < 0.05 according to least significant difference (LSD) test. Means 

are presented with standard error means (SE). Micrographs were processed using Adobe 

Photoshop CS5 software (San Jose, CA, USA). 

 

Results 

 

Substrate chemical and physical properties 

 

The chemical and physical properties of the topsoil and siltstone are summarised in 

Table 1. Neither the topsoil nor the siltstone was severely saline, acidic or alkaline. 

Plant-available calcium concentrations of the topsoil and siltstone were similar. The 

siltstone had lower concentrations of organic carbon, ammonium-nitrogen, plant-

available aluminium, cobalt, iron and manganese than the topsoil, but higher 

concentrations of total and nitrate-nitrogen, total phosphorus, plant available copper, 

potassium, magnesium, sodium, phosphorus, sulfur, zinc and arsenic. The texture of the 

siltstone was finer than that of the topsoil.  
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Table 1. Chemical and physical properties of the topsoil and siltstone.  EC – electrical conductivity. 

Element concentrations, except those of organic C, total N, NH4-N, NO3-N, and total P, are plant-

available element concentrations obtained using a Mehlich No. 3 extraction. All results presented are 

from measurements of single samples; no replicates were analysed as the substrates had been thoroughly 

homogenised.  

 Topsoil Siltstone  Topsoil Siltstone 

EC (mS m-1) 14 9 Mg (µg g-1) 39 120 

pH 6.7 7.7 Mn (µg g-1) 9.0 0.5 

Organic C (mg g-1) 1.2 < 0.5 Mo (µg g-1) < 0.01 < 0.01 

Total N (mg g-1) 0.11 0.18 Na (µg g-1) 76 370 

NH4-N (µg g-1) 1 < 1 Ni (µg g-1) < 0.1 < 0.1 

NO3-N (µg g-1) 6 18 P (µg g-1) 1 2 

Total P (µg g-1) 51 89 S (µg g-1) 4 110 

Al (µg g-1) 188 75 Zn (µg g-1) 0.2 0.4 

B (µg g-1) < 0.1 < 0.1 As (µg g-1) < 0.1 0.7 

Ca (µg g-1) 170 150 Pb (µg g-1) 0.4 0.5 

Cd (µg g-1) < 0.01 < 0.01 Se (µg g-1) < 0.1 < 0.1 

Co (µg g-1) 0.27 0.06 Sand (%) 94.0 46.0 

Cu (µg g-1) 0.6 2.7 Silt (%) 0.5 48.0 

Fe (µg g-1) 18 9 Clay (%) 5.5 6.0 

K (µg g-1) 28 64    

 

Plant growth and phyllode element concentrations 

 

Plants of A. stipuligera grown in the topsoil and those grown in the topsoil-siltstone 

mixture produced similar biomass (including shoot, root and nodule dry mass). Plants of 

A. robeorum grown in the topsoil-siltstone mixture had significantly higher shoot dry 

mass than those grown in the topsoil, but neither root nor nodule dry mass was 

markedly different between treatments (Table 2).  

 

Table 2. Biomass accumulation of 25-week-old plants of Acacia stipuligera and A. robeorum in a 

glasshouse experiment with two different substrates. Data are presented as means ± SE (n = 4), different 

letters in the same column indicate significant difference between treatments according to one-way 

ANOVA, LSD test (P < 0.05).  

Species  Substrate Shoot dry mass  

(g plant-1) 

Root dry mass 

 (g plant-1) 

Nodule dry mass  

(g plant-1) 

A. A. stipuligera Topsoil 3.09 ± 0.61a  0.54 ± 0.13a  0.03 ± 0.01a  

 

 

Topsoil-siltstone mixture  3.42 ± 0.42a  0.39 ± 0.06a  0.06 ± 0.02a  

A. robeorum Topsoil 1.31 ± 0.14b  0.51 ± 0.09a  0.02 ± 0.01a  

Topsoil-siltstone mixture 2.25 ± 0.21a  0.50 ± 0.25a  0.06 ± 0.02a 
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For A. stipuligera, compared with the topsoil treatment, the presence of siltstone 

significantly increased phosphorus, manganese and zinc concentrations in mature 

phyllodes, but markedly decreased sodium concentration. Mature phyllodes of the 

glasshouse-grown plants (in both treatments) had significantly lower phosphorus and 

aluminium concentrations, but considerably higher calcium, copper, zinc and sodium 

concentrations than those of the field-grown plants. Sulfur concentration in mature 

phyllodes of plants grown in the topsoil-siltstone mixture was significantly higher than 

that of field-grown plants; magnesium concentration in mature phyllodes of plants 

grown in the topsoil was markedly lower than that of field-grown plants (Table 3).  

 

Table 3. Element concentrations in mature phyllodes of Acacia stipuligera and A. robeorum in a 

glasshouse experiment with two different substrates, and in the field. Data are presented as means ± SE (n 

= 4 for the glasshouse-grown plants, and n = 6 for the field-grown plants), different letters in the same 

row indicate significant difference between treatments according to one-way ANOVA, LSD test (P < 

0.05). Phyllode concentrations of field-grown A. robeorum plants are reproduced from He et al. (2012a).  

Element A. stipuligera   A. robeorum   

Topsoil  Topsoil-

siltstone 

mixture   

Field Topsoil  Topsoil-

siltstone 

mixture  

Field 

P (mg g
-1

) 0.23 ± 0.01c  0.28 ± 0.02b  0.36 ± 0.01a  0.53 ± 0.09a  0.43 ± 0.03a  0.44 ± 0.02a 

S (mg g
-1

) 2.2 ± 0.6ab  4.0 ± 1.0a  1.3 ± 0.05b 7.6 ± 0.5b  6.0 ± 0.4c  42.2 ± 1.2a  

K (mg g
-1

) 3.9 ± 0.6a  5.4 ± 0.8a  4.4 ± 0.5a 6.5 ± 0.6a  5.4 ± 0.4ab  4.3 ± 0.3b  

Ca (mg g
-1

) 15.5 ± 1.6a  15.5 ± 1.2a  9.4 ± 1.1b 22.3 ± 1.7b  15.3 ± 1.2c  72.0 ± 3.3a  

Mg (mg g
-1

) 2.3 ± 0.2b  2.4 ± 0.2ab  3.4 ± 0.4a 4.8 ± 0.4b  3.4 ± 0.3c  10.3 ± 0.4a  

Fe (µg g
-1

) 110.8 ± 32.1a  84.1 ± 6.7a 135.2 ± 9.9a 50.8 ± 4.8b  53.3 ± 13.8b  178.2 ± 21.5a  

Mn (µg g
-1

) 31.7 ± 3.7b  52.7 ± 2.2a 56.3 ± 6.2a 55.1 ± 3.6b  51.1 ± 11.7b  159.6 ± 18.7a  

Cu (µg g
-1

) 48.5 ± 21.2a  26.9 ± 6.6a  5.6 ± 0.4b  103.0 ± 41.9a  82.6 ± 18.5a  3.7 ± 1.0b  

Zn (µg g
-1

) 48.6 ± 1.1b  108.7 ± 14.1a  18.2 ± 2.2c 34.3 ± 1.5a  38.5 ± 4.0a  63.0 ± 14.4a  

Na (mg g
-1

) 6.7 ± 1.0a  3.1 ± 0.5b  0.04 ± 0.01c 3.3 ± 0.2a  3.1 ± 0.6a  0.39 ± 0.08b  

Al (µg g
-1

) 49.9 ± 7.8b  61.9 ± 3.2b  156.6 ± 21.0a 35.5 ± 6.9a  26.9 ± 2.2a  67.1 ± 16.3a  

Sr (µg g
-1

) 130.0 ± 14.3a  130.6 ± 8.3a  Not analysed 190.1± 18.2a  130.0 ±12.9b  Not analysed 

Ba (µg g
-1

) 95.9 ± 6.7a  74.6 ± 5.8a  Not analysed 88.0 ± 8.5a  57.4 ± 8.8b  Not analysed 

 

For A. robeorum, adding siltstone to the topsoil decreased concentrations of sulfur, 

calcium, magnesium, strontium and barium in mature phyllodes of plants grown in the 

glasshouse significantly, but did not result in marked changes in concentrations of other 

elements measured. Concentrations of sulfur, calcium, magnesium, iron and manganese 

in mature phyllodes of the glasshouse-grown plants (in both treatments) were 

considerably lower than those of the field-grown plants; copper and sodium 

concentrations of the glasshouse-grown plants (in both treatments) were significantly 

higher than those of field-grown plants. Plants grown in the topsoil had a markedly 
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higher potassium concentration in mature phyllodes than the field-grown plants did 

(Table 3). 

 

Sequestration of elements in plants  

 

By means of SEM, crystals of various morphologies were observed in phyllodes and 

branchlets of the two Acacia species (Figs 1, 2, 3), and EDS revealed that a series of 

elements were sequestered in these crystals (Table 4, Figs S1, S2). For cells without 

crystals, the typical spectrum showed only carbon and oxygen peaks (Figs S1A, S2A).  

 

 

Fig. 1. Scanning electron microscopy images of various crystals in phyllodes of Acacia stipuligera. Ep – 

epidermis; Me – mesophyll; Pa – parenchyma; arrow – crystal; arrow head – fibre cell; asterisk – tannin 

deposit. (A-B) Cross-sectional views at different magnifications showing the general structure of the 

phyllode; (C) Prismatic crystals in cells associated with fibre cells; (D) Multiple crystals in a parenchyma 

cell; (E) A single crystal in a parenchyma cell; (F) Multiple crystals in a mesophyll cell; (G) Crystals 

associated with tannin deposit in a parenchyma cell; (H) A single crystal in the mesophyll. Scale bars: (A) 

– 200 µm; (B) – 50 µm; (C) – 20 µm; (D, G, H) – 2.5 µm; (E) – 2 µm; (F) – 5 µm.  



73 

 

 

Fig. 2. Scanning electron microscopy images of various crystals in phyllodes of Acacia robeorum. Ep – 

epidermis; Me – mesophyll; Pa – parenchyma; arrow – crystal; arrow head – fibre cell; asterisk – tannin 

deposit. (A-B) Cross-sectional views at different magnifications showing the general structure of the 

phyllode; (C) A prismatic crystal in a cell associated with fibre cells; (D) Spherical crystals in a 

parenchyma cell; (E-L) Crystals of varying structure in mesophyll cells; (M) A crystal associated with 

tannin deposit in a parenchyma cell; (N) A crystal in a parenchyma cell. Scale bars: (A) – 100 µm; (B) – 

25 µm; (C, D, N) – 5 µm; (E-K) – 2.5 µm; (L) – 1 µm; (M) – 2 µm.  

 

The elemental compositions of some crystals were simple. For example, prismatic 

crystals (Figs 1C, 2C, 3B, C, I, J) often comprised calcium, carbon and oxygen (Figs 

S1B, S2B), and sometimes strontium (Fig. S2C); these crystals were very likely calcium 
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oxalate or mixtures of calcium oxalate and strontium oxalate. Many crystals that 

showed large calcium and sulfur peaks but only small carbon peaks were observed in 

phyllodes of A. robeorum, and these crystals were presumably mainly composed of 

calcium sulfate, while a small proportion of calcium oxalate was also present (Figs 2G, 

H, I, J, S1M, S2J); in some cases, small amounts of magnesium, potassium and silicon 

were detected in these crystals (Fig. S2K). In phyllodes of A. robeorum, there were 

numerous spherical crystals (Fig 2D, E) and other types of crystals (Fig. 2F), in which 

magnesium was sequestered together with calcium, sulfur, carbon, oxygen, and 

sometimes, potassium as well (Figs S1C, D, S2D, E). In branchlets of both species, 

crystals with large calcium, potassium and sulfur peaks and small carbon peaks, 

presumably mainly made up of calcium sulfate and potassium sulfate, were present [Fig. 

3C (unfilled arrow), E, F, K, S1P]. 

 

 

Fig. 3. Scanning electron microscopy images of various crystals in branchlets of Acacia stipuligera and A. 

robeorum. Ep – epidermis; Xy – xylem; arrow – crystal; filled arrow head – fibre cell; unfilled arrow 

head – cortical parenchyma cell. (A-G) A. stipuligera; (H-K) A. robeorum. (A) A whole cross section of a 

branchlet of A. stipuligera; (B) Prismatic crystals (filled arrow) in cortical parenchyma cells associated 
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with fibre cells and crystals (unfilled arrow) in cortical parenchyma cells; (C-F) Crystals in pith or pith 

ray cells; (G) A crystal in a cortical parenchyma cell; (H) A whole cross section of a branchlet of A. 

robeorum; (I) A cross-sectional segment of a branchlet; (J) Prismatic crystals in cortical parenchyma cells 

associated with fibre cells; (K) Crystals in a cortical parenchyma cell. Scale bars: (A, H) – 200 µm; (B, J, 

K) – 10 µm; (C) – 5 µm; (D-G) – 2 µm; (I) – 50 µm.  

 

The elemental compositions of other crystals were more complex than those described 

above. Crystals with similar morphologies to those in Fig. 1D [Fig. 1E, F, 3B (unfilled 

arrow), D (unfilled arrow), G], sequestered several alkaline-earth and alkaline metals, 

including calcium, magnesium, strontium, barium, sodium and potassium; the elemental 

composition of individual crystals differed from each other to some degree (Figs S1C, 

D, E, F, G, H, S2D, E, F, G), and these crystals were presumably complex mixtures of 

oxalate and sulfate salts of these metals. It was noted that, according to EDS, not all the 

crystal-like objects were crystals in Fig. 1F, some of them were starch granules which 

had only carbon and oxygen peaks. 

 

Table 4. A summary of elements sequestered in various crystals in phyllodes and branchlets of Acacia 

stipuligera and A. robeorum 

Crystal type Spectrum Elements sequestered  Crystal location 

Prismatic crystals in 

Fig. 1C, 2C, 3B, C, 

I, J  

Fig. S1B, S2B, 
C 

Ca, Sr, C, O In cells associated with fibre cells in 

phyllodes of both species; in pith, pith ray 

cells, xylem fibre cells and cortical 

parenchyma cells associated with fibre cells 
in branchlets of both species 

Crystals in Fig. 1D, 

E, F, 3B (unfilled 

arrow), D (unfilled 
arrow), G  

Fig. S1C, D, 

E, F, G, H, 

S2D, E, F, G 

Ca, Mg, Sr, Ba, Na, K, 
S, C, O 

 

 

In parenchyma and mesophyll cells in 

phyllodes of A. stipuligera, and parenchyma 

cells in phyllodes of A. robeorum (images 

not shown); in pith, pith ray, cortical and 

phloem parenchyma cells in branchlets of A. 
stipuligera 

Crystals in Fig. 2D, 
E, F 

Fig. S1C, D, 
L, S2D, E 

Ca, Mg, K, Fe, S, C, O In parenchyma and mesophyll cells in 
phyllodes of A. robeorum 

Crystals in Fig. 1G, 

2L, M 

Fig. S1I, J, 

S2H, I 

Ca, Na, K, Mn, Cu, S, 

Si, C, O 

In parenchyma cells in phyllodes of A. 

stipuligera, and parenchyma and mesophyll 
cells in phyllodes of A. robeorum 

Crystals in Fig. 1H Fig. S1K Ca, K, Fe, Al, Si, C, O In mesophyll of A. stipuligera 

Crystals in Fig. 2G, 

H, I, J, 3D (filled 
arrow) 

Fig. S1M, S2J, 
K 

Ca, Mg, K, S, Si, C, O In parenchyma and mesophyll cells in 

phyllodes of A. robeorum; in pith and pith 
ray cells in branchlets of A. robeorum 

Crystals in Fig. 2K Fig. S1N Ca, Fe, Al, S, Si, C, O In mesophyll cells in phyllodes of A. 
robeorum 

Crystals in Fig. 2N Fig. S1O Ca, K, Fe, Al, Cu, V, Ti, 
Si, C, O 

In parenchyma cells in phyllodes of A. 
robeorum 

Crystals in Fig. 3C 

(unfilled arrow), E, 
F, K 

Fig. S1P Ca, K, S, C, O In pith and pith ray cells in branchlets of A. 

stipuligera; in cortical parenchyma cells of 
A. robeorum 
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In many cases, aluminium and transition metals such as iron, manganese, copper, 

titanium and vanadium were also sequestered in crystals in addition to alkaline-earth 

and alkaline metals (Figs 1G, H, 2K-N, S1I-L, N, O, S2H, I, Table 4). Zinc may or may 

not have been sequestered in some crystals, but this was not able to be confirmed 

because zinc peaks overlapped with copper peaks (data not shown). As sulfur, carbon, 

silicon and carbon were detected together with these metals (Table 4, Figs S1, S2), these 

elements were presumably present in the form of oxalate, sulfate, silicate salts or oxides, 

for example, silica, oxides of iron, titanium and vanadium; there is also a possibility that 

some metals were present in the form of sulfide. 

 

For both species, the sequestered elements included calcium, magnesium, strontium, 

barium, sodium, potassium, sulfur, carbon, and oxygen in both phyllodes and branchlets 

(Table 4). However, iron, manganese, copper, aluminium and silicon were only 

sequestered in phyllodes of the two species; in addition, titanium and vanadium were 

only detected in some crystals in phyllodes of A. robeorum (Table 4). In plants of both 

species, crystals containing these elements were formed in parenchyma and mesophyll 

cells, and cells associated with fibre cells in phyllodes; in branchlets, these elements 

were sequestered in pith, pith ray cells, xylem fibre cells, cortical and phloem 

parenchyma cells, and cortical parenchyma cells associated with fibre cells (Figs 1, 2, 3, 

and images not shown). 

 

Although SEM and EDS were performed on both mature and young phyllodes, similar 

locations and elemental compositions were observed for crystals formed in phyllodes of 

different ages. Locations and elemental compositions of crystals were similar in plants 

of the same species grown in the topsoil and in the topsoil-siltstone mixture. By 

estimating the number of crystals containing certain elements per cross section of a 

phyllode, it was noted that more crystals containing strontium and barium were formed 

in phyllodes of A. stipuligera than in phyllodes of A. robeorum, while A. robeorum had 

many more crystals containing large amounts of calcium, magnesium and sulfur in its 

phyllodes than A. stipuligera did; in addition, it appeared that phyllodes of A. robeorum, 

compared with those of A. stipuligera, also had more crystals in which manganese and 

copper were sequestered.  

 

Due to the fine textures of the topsoil and siltstone, root and nodule samples prepared 

for SEM and EDS were contaminated, even though they were thoroughly washed; thus 
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accurate EDS was impossible, and no results are presented for crystal formation and 

elemental compositions in roots and nodules.  

 

Discussion 

 

The results of this study clearly show that both Acacia species formed numerous 

crystals, in which a series of elements, both plant-essential and non-essential, were 

sequestered. Similar results were found for native topsoil and an artificial topsoil-

siltstone mixture that might be applied for mine restoration, suggesting that soil type 

posed no barrier to crystal formation and element sequestration for these species. 

Possible causes and functions of sequestration of these elements are discussed below. 

 

Plant growth and phyllode element concentrations  

 

For the present two Acacia species, plant growth was significantly increased or not 

markedly affected, rather than reduced. Although mine spoils or overburdens are 

considered chemically and physically inferior to topsoil, and often hostile to plant 

growth, there are reports that some plants grown in mine spoil produce equal or more 

biomass than those grown in topsoil, with similar micronutrient concentrations (Rao and 

Tarafdar 1998).  

 

Chemical properties of the topsoil and siltstone used in the current study were different 

from those of the topsoil from the plants’ natural habitat (Table 1, Table S1), and the 

differences may partly account for the differences in phyllode element concentrations 

between the plants grown in the glasshouse in the current study and those in their 

natural habitat. However, uptake of elements, both plant-essential and non-essential, is a 

complicated process, which may be affected by many abiotic factors, such as 

temperature (Calatayud et al. 2008, Pasian 2010), soil water content (AlKaraki and 

AlRaddad 1997, Zubaidi et al. 1999), and biotic factors, for example, inoculation with 

mycorrhizal fungi (Wang et al. 2005).   

 

Possible causes and functions of sequestration of elements in the plants 

 

Although there are numerous studies on uptake and distribution of various elements 

(Smith 1971, Broadley et al. 2008, Yruela 2009), metal tolerance/accumulation 
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(Cutright et al. 2010, Hanikenne and Nouet 2011), and biomineralisation in plants 

(Franceschi and Nakata 2005), studies that link these areas are rare, except that there are 

a few studies reporting that heavy metals are sequestered in calcium oxalate crystals 

(Mazen 2004). As mentioned in the results section, a series of elements, both plant-

essential and non-essential, were sequestered in phyllodes and branchlets of the two 

Acacia species in the present study. According to the elemental compositions, these 

crystals were most likely 1) oxalate salts; 2) mixtures of oxalate and sulfate salts; 

sometimes, they could also contain silicate salts, or silica and metal oxides.  

 

In plants of A. stipuligera grown in the field, calcium and barium were sequestered with 

carbon, sulfur and oxygen; however, unlike the plants grown in the glasshouse in the 

present study, magnesium, strontium, aluminium, transition metals such as iron, 

manganese and copper were not sequestered in crystals in the field-grown plants (He et 

al. 2012b). For A. robeorum, there were hardly any crystals containing strontium or 

barium in plants grown in their natural habitat; however, in plants grown in the 

glasshouse, strontium was often precipitated with calcium, and crystals containing both 

strontium and barium were present; similar to A. stipuligera, aluminium, iron, 

manganese and copper (and titanium and vanadium) were not sequestered in crystals 

formed in phyllodes of A. robeorum plants grown in the field (He et al. 2012a). The 

differences in the pattern of metal sequestration warrant further investigation, and 

accurate substrate chemical characterisation, determination of root cation-exchange 

capacity (Broadley et al. 2003), and study of various ion or solute transporters (Conn 

and Gilliham 2010) would provide useful information. Sequestration of some elements 

might be related to plant/tissue age (He et al. 2012b), but the current results fail to 

display differences in patterns of element sequestration between phyllodes of different 

ages, possibly because the duration of the experiment was not long enough. Phyllodes 

of the study species have long life spans: ten months for A. stipuligera and 23 months 

for A. robeorum (E. Hoy, unpublished). 

 

Concentrations of all plant-essential elements, except phosphorus and potassium, were 

higher than the average concentrations sufficient for adequate growth (Kirkby 2011). 

No visible deficiency or toxicity symptoms were observed on plants grown in the 

topsoil or in the topsoil-siltstone mixture. For plant-essential macronutrients such as 

calcium, magnesium, potassium and sulfur, it is very likely that their uptake was in 

excess of requirements of the plants, and precipitation of these elements could be an 
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effective bulk-regulation mechanism (Franceschi and Nakata 2005). However, for plant-

essential micronutrients such as iron, manganese and copper, which may be toxic to 

plants at high levels (Yang et al. 2005), sequestration would play an important role in 

detoxification and maintaining homeostasis of these elements in plants (Barceló and 

Poschenrieder 2003). Sequestration of sodium, strontium and barium, which are not 

plant-essential but often toxic (Pardo and Quintero 2002, Seregin and Kozhevnikova 

2004, Monteiro et al. 2011), may detoxify these elements when plants cannot exclude 

them selectively because these elements follow potassium or calcium closely during 

soil-to-plant transfer (Bowen and Dymond 1955, Pardo and Quintero 2002). 

 

The role of sulfur in metal sequestration and phytoremediation potential of the two 

Acacia species 

 

For the two Acacia species studied, metals were sequestered with sulfur in most cases, 

indicating sulfur played an important role in maintaining metal homeostasis in these 

plants (Na and Salt 2011). The sequestered metals and sulfur were presumably present 

in the forms of sulfate salts, together with oxalate salts or other salts or oxides. However, 

these metals may also be associated with sulfur ligands such as those in cysteine, 

glutathione or phytochelatins (Milner and Kochian 2008). Suitable techniques should be 

sought to isolate these crystals and confirm their chemical compositions or determine 

the chemical structures of the crystals in vivo.  

 

Phyllode sulfur concentrations of A. robeorum were always higher than those of A. 

stipuligera, for both glasshouse- and field-grown plants. Although sulfur concentrations 

of A. robeorum grown in the glasshouse were less than 10 mg g
-1 

dry mass (DM), they 

were as high as 42 mg g
-1

 DM in the plants grown in the field (He et al. 2012a). These 

plants can be classified as thiophores (plants with a sulfur concentration in their leaves 

ranging from 25 to 82 mg g
-1

 DM), and they may have potential for phytoextraction of 

sulfur (Ernst 1998).   

 

There is no detailed study on sulfur metabolism of the current Acacia species, and it is 

not clear whether sulfur accumulation is constitutive in these species. It is likely that 

increased sulfur uptake and accumulation of the Acacia plants were induced by high 

levels of metals such as calcium, magnesium, strontium, barium, manganese and copper, 
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and increased expression of sulfate transporters was presumably involved in enhanced 

sulfur uptake (Nocito et al. 2002, Nocito et al. 2006).  

 

Acacia stipuligera and A. robeorum sequester a range of metals and have the capacity to 

phytoextract sulfur. Hence, they offer promise for phytoremediation on metal-

contaminated and sulfur-rich substrates, or on tailing-disposal areas with elevated metal 

and sulfate concentration due to acid mine drainage (Robb and Robinson 1995). 

However, these species are not hyperaccumulators of heavy metals, as indicated by their 

only moderately high metal concentrations (Fernando et al. 2007, Küpper et al. 2009). 

To evaluate the phytoextraction potential of S (and metals) of the plants, plant densities 

and growth rates in the field should be taken into account. It is necessary to quantify 

turnover of S (and metals) via litter before designing an appropriate protocol for plant 

harvest and removal to maximise the phytoextraction potential of the plants, and avoid 

re-contamination of the soil with S (and metals) in a cost-effective way. 

 

Conclusions 

 

Adding siltstone to the topsoil markedly increased shoot dry mass of A. robeorum, but 

did not significantly affect plant growth of A. stipuligera; concentrations of certain 

elements in mature phyllodes were significantly different between plants grown in 

different substrates. Several metals, including calcium, magnesium, strontium, barium, 

sodium, potassium, aluminium, iron, manganese, copper, titanium and vanadium were 

sequestered, mainly in phyllodes of the two species, presumably as precipitates of 

oxalate, sulfate, silicate, silica and metal oxides. Acacia robeorum shows promise for 

phytoextraction of sulfur; possible roles of biomineralisation in metal accumulation and 

detoxification in the two species warrant further study. Well designed field trials are 

required to evaluate the phytoremediation potential of these species on metal-

contaminated and sulfur-rich substrates.  
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Supplementary material 

 

Table S1. Chemical properties of the first 10 cm topsoil from the natural habitat of Acacia stipuligera and 

A. robeorum. All values are presented as means (n = 2, and each sample was a bulk sample of soil 

collected under the crowns of three shrubs). Data for A. robeorum are reproduced from He et al. (2012a). 

 A. stipuligera A. robeorum  A. stipuligera A. robeorum 

EC (mS m-1) 1 3.5 Mg (µg g-1) 22 80 

pH 5.7 6.7 Mn (µg g-1) 14 170 

Organic C (mg g-1) 1.2 2.3 Mo (µg g-1) <0.01 0.02 

Al (µg g-1) 110 280 Na (µg g-1) <1 1 

B (µg g-1) < 0.1 0.5 Ni (µg g-1) <0.1 0.3 

Ca (µg g-1) 82 385 P (µg g-1) 2 5 

Cd (µg g-1) <0.01 <0.01 S (µg g-1) 1 14 

Co (µg g-1) 0.12 1.85 Zn (µg g-1) 0.2 0.2 

Cu (µg g-1) 0.1 2.9 As (µg g-1) <0.1 1.8 

Fe (µg g-1) 9 23 Pb (µg g-1) 0.2 0.6 

K (µg g-1) 18 71    
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Chapter 7 

 

General discussion  

 

1. Introduction 

 

Acacia species are dominant components of the vegetation of arid Australia (Maslin & 

Hopper 1978). Many species occur on a range of soil types (Ladiges et al. 2006), and 

they are important components of rehabilitation ecosystems (Bell et al. 2003). Although 

many Acacia species native to the Great Sandy Desert, north-western Australia, are 

adapted to the dry climate and low soil nutrient availability, especially low soil P (Grigg 

et al. 2008), their establishment and growth on mine sites undergoing rehabilitation may 

still be severely challenged by hostile substrates; the availability of essential nutrients 

for plant growth such as N and P are low, but levels of heavy metals are high (Gilbert 

2000; Gore et al. 2007). Selection of suitable native Acacia species is important for 

successful land rehabilitation after mining in the Great Sandy Desert, especially for 

mine sites where the rehabilitation objective is to restore the disturbed land to a natural 

ecosystem (Koch 2007; Lottermoser et al. 2009). The primary objective of this project 

was to study the nutrient dynamics and metal tolerance of four dominant Acacia species 

of the Telfer region in the Great Sandy Desert. 

 

2. Nutrient cycling 

 

Essential plant nutrients such as N and P are commonly limiting in natural environments 

(Chapin 1980), in particular in highly weathered soils in arid and semi-arid 

environments (Bennett & Adams 2001). Efficient nutrient resorption can reduce a 

plant’s dependence on current nutrient uptake, and nutrient-resorption capacity is an 

important determinant of the fitness of plants in nutrient-poor ecosystems (Aerts et al. 

2007). Soil from all the studied sites in the Telfer region in north-western Australia was 

P-poor, similar to many Australian soils in highly weathered areas (Lambers et al. 2010). 

Three out of four Acacia species native to this region studied derived a considerable 

proportion of their N from N2 fixation; phyllode P concentrations of all four species 

were considerably lower than global average values (Lambers et al. 2011), and all four 

species had high N:P ratios in mature phyllodes and were more efficient at P resorption 

than at N resorption. For many evergreen legume shrubs in the desert, P resorption is 
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more important than N resorption (Killingbeck 1993). Controlled field experiments with 

different levels of N and P supply would likely elucidate whether N and/or P is limiting 

for these Acacia species, and whether N and/or P resorption is important for survival 

and function of these plants in the desert ecosystem. 

 

Nutrient cycling through litterfall results in soil nutrient patchiness and forms “islands 

of fertility” under the canopies of the shrubs. In general, N:P ratios were higher in soil 

under the canopy, possibly because of more efficient resorption of P than of N. 

However, turnover of fine roots and nodules could also contribute significantly to 

accumulation of N in the soil under plant canopies (Bernhard-Reversat 1988), and 

future research should include this aspect.  

 

This study demonstrated that N2-fixing Acacia species can significantly improve soil N 

availability; it also showed that these Acacia plants can conserve P by resorbing P 

efficiently from senescing leaves in severely P-impoverished ecosystems in the Great 

Sandy Desert. By establishing these Acacia species in mine sites undergoing 

rehabilitation, limited nutrients such as N and P can be conserved in the “islands of 

fertility” resulting from litter accumulation under the shrubs (Ludwig et al. 1999). It is 

expected that increased nutrient availability and microbial activities, together with 

improved soil structure and water-holding capacity as a result of organic matter 

accumulation (Graham & Haynes 2004; Schaeffer & Evans 2005), may facilitate 

establishment and growth of other plants, thus influencing species composition at the 

community level and contributing to the stability of rehabilitation ecosystems. 

 

3. Phosphorus uptake from iron phosphate 

 

Application of P fertiliser is common in rehabilitation on P-poor post-mining substrates 

to facilitate plant establishment and growth (Baig 1992; Gilbert 2000). However, due to 

strong sorption of P ions onto Fe and Al oxides , concentrations of P ions in the soil 

solution are low in highly weathered, acidic soils; due to formation of Ca phosphates at 

high pH, soil solution P concentrations are also low in calcareous and alkaline soils, 

even after application of soluble P fertiliser (Hinsinger 2001). Many Australian native 

plant species have evolved under low P levels and may be adversely affected by 

applying P fertiliser (Lambers et al. 2002). To overcome P deficiency and avoid 

potential P toxicity, applying slow-release P fertilisers, which are not directly plant-
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available could be a promising solution.  

 

In this project, P uptake from FePO4, a poorly soluble source of P, was significantly 

higher at greater P supply, and tissue P concentrations increased with increasing P 

supply in general, indicating all species could take up P from FePO4. However, only 

two species showed significant positive growth response to increased P supply. The lack 

of a positive growth response of the other two species might be due to their inherently 

slow growth rates (Lambers & Poorter 1992). In this experiment, mature phyllode P 

concentrations of all species were always considerably lower than global average values 

(leaf P concentrations), indicating all species had low internal P requirements, similar to 

many plant species native to severely P-impoverished soils (Lambers et al. 2010). At 

higher P supply, no toxicity symptoms developed on phyllodes, and plants allocated 

more P to stems and roots, rather than enhancing plant growth. Storage of P in stems 

and roots might help these Acacia plants to regulate the P concentration of phyllodes 

and prevent leaf P toxicity (Shane et al. 2004). The threshold P concentrations that will 

cause toxicity in phyllodes of these Acacia species are not known, but it is worthwhile 

to determine these as part of further studies into the possible mechanisms for plant 

growth response and the distribution of P in tissues. 

 

As a reaction to P deficiency, many plants release carboxylates, which can increase soil 

P availability by decreasing P sorption and increasing P solubilisation (Lambers et al. 

2006); exudation of carboxylates is often associated with rhizosphere acidification 

(Hinsinger et al. 2003). However, in this project, both rhizosphere pH and the amount 

of carboxylates recovered in the rhizosphere increased with decreasing FePO4 supply. 

The lower pH at higher P supply was most likely related with increased uptake of 

cations relative to anions; that is, the release of protons was induced to maintain charge 

balance rather than linked with carboxylate release (Braschkat & Randall 2004). The 

effects of carboxylates and pH and their co-effects on P solubilisation from FePO4 

should be studied in detail to explain the results obtained from this experiment. 

 

Of the four Acacia species studied, only A. robeorum was colonised by mycorrhizal 

fungi. Because all plants were inoculated with the same soil (a mixture of soil from the 

sites of four species), the poor mycorrhizal colonisation of the other three species might 

be due to host-specific responses to mycorrhizal fungi (Smith & Read 2008). The 

mycorrhizal colonisation rate of A. robeorum decreased with increasing FePO4 supply, 
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and mycorrhizal colonisation likely allowed A. robeorum to take up more P at low 

FePO4 supply because mycorrhizas can increase the host plants’ uptake of P by 

exploring the soil more thoroughly (Smith & Read 2008). For A. robeorum, dry mass 

was significantly higher at higher P supply; however, mycorrhizal colonisation was 

higher at lower P supply. Suppression of growth by mycorrhizal colonisation has been 

found on numerous occasions (Koide 1985; Smith & Gianinazzipearson 1988; Bever 

2002). It is likely that both P supply and mycorrhizal colonisation played a role in 

controlling growth of A. robeorum. I speculate that the high mycorrhizal colonisation 

rate at low P supply suppressed plant growth. This negative effect of mycorrhizal 

colonisation on plant growth shifted towards positive effect at higher P supply, when 

colonisation decreased, and plant growth was further promoted by improved P status. 

The effects of mycorrhizal colonisation on P uptake by A. robeorum and the reason why 

the other three species were not colonised by mycorrhizal fungi warrant further study.  

 

4. Metal accumulation and detoxification 

 

Elevated levels of metals, especially heavy metals under acidic conditions, may severely 

challenge successful rehabilitation in post-mining areas (Candeias et al. 2011). Using 

plants that can (hyper)accumulate and detoxify metals for phytoremediation of metal-

contaminated soils would provide a cost-effective and environment-friendly solution 

(Clemens et al. 2002). It was found that Ca, Mg, Sr and Ba, together with C and S, were 

mainly precipitated in phyllodes, sometimes also in branchlets, of the four Acacia 

species grown in the field; these elements were presumably present in forms of oxalate 

and sulfate, and Ca crystals were the most prevalent. For mature plants grown in the 

field in the Great Sandy Desert, Ca concentrations in mature phyllodes of the four 

species were all higher than the average level considered adequate for plant growth 

(Kirkby 2011). It was also noticed that S concentrations of all species, except A. 

ancistrocarpa in which no S was detected in crystals, were higher than the average level 

considered adequate for plant growth (Kirkby 2011).  

 

Biomineralisation has been widely studied in plants; calcium oxalate is the most 

common type of crystal formed, and it is reported that calcium oxalate crystals have 

potential roles in regulation and detoxification of Ca, Al and/or heavy metals (Mazen 

2004; Franceschi & Nakata 2005). In this project, a series of elements, including Ca, 

Mg, Sr, Ba, Na, K, Al, Fe, Mn, Cu, Ti, V, S, Si and C were sequestered in plants of the 
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two species grown in different substrates in a glasshouse experiment, presumably in 

forms of oxalate, sulfate, silicate, silica and metal oxides. It is not known whether the 

biomineralisation processes in the current Acacia species really played a role in 

detoxifying metals or not. We surmise that the formation of most crystals was 

biologically induced, rather than constitutive, because the elements precipitated differed 

among soil types, plant species, and tissues within an individual plant, and the 

precipitation was also related to tissue age. The mechanisms that control the 

precipitation of these elements in the present Acacia species warrant further 

investigation. Studies on the effects of changes in rhizosphere chemistry, including pH 

and microbial activity (especially mycorrhizal colonisation), differences in root cation 

exchange capacities between species, and expression of different metal transporters 

should provide important information. It is also necessary to identify the exact ligands 

that chelate these metals in cells. 

 

Given that metals were sequestered with S in most cases, the role that S played in 

maintaining metal homeostasis in the plants is worth further investigation (Na & Salt 

2011). It is likely that increased S uptake and accumulation in these plants were induced 

by high levels of metals such as Ca, Mg, Sr, Ba, Mn and Cu, and increased expression 

of sulfate transporters was presumably involved in enhanced S uptake (Nocito et al. 

2006). Isolating the crystals formed in the plants and calculate the ratio of heavy metal 

to S, then compare the ratio to that calculated from the whole tissue level, e.g., the 

phyllode, would provide important information. It should be interesting to quantify the 

heavy metal to S ratio in a single cell by microscopic means, and compare the 

differences in the ratio between adjacent cells with and without crystals.  

 

No species are hyperaccumulators of any heavy metal, as indicated by their metal 

concentrations (Bondada & Ma 2003), but A. robeorum can be classified as a thiophore 

with potential for phytoextraction of S (Ernst 1998). Concentrations of Ca and Mg in 

mature phyllodes of A. robeorum were always significantly higher than those of other 

species, indicating this species has the potential to be used for rehabilitation on mined 

soil with high Ca and Mg concentrations. To evaluate the phytoextraction potential of S 

(and metals) of the plants, plant densities and growth rates in the field should be taken 

into account. It is necessary to quantify turnover of S (and metals) via litter before 

designing an appropriate protocol for plant harvest and removal to maximise the 

phytoextraction potential of the plants, and avoid re-contamination of the soil with S 
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(and metals) in a cost-effective way.  

 

5. Conclusions and future research directions 

 

Selection of suitable native legume species is important for successful rehabilitation at 

many Australian mine sites. In general, the four Acacia species studied in this project 

can efficiently resorb P from senescing leaves (phyllodes) and take up P from a poorly 

plant-available form (FePO4), and these abilities will very likely allow them to survive 

in P-poor post-mining areas. These species are capable of N2 fixation, and can 

significantly improve soil N availability through N cycling in litterfall and turnover of 

fine roots and nodules. Study of N2-fixation efficiency and quantification of N input 

into the rehabilitation ecosystems would provide information on how much these 

Acacia species can contribute to the improvement of soil N availability. For these 

species growing in rehabilitation substrates, application of N fertiliser may not be 

necessary, and a small amount of slow-releasing P fertiliser would be enough. It is 

necessary to test the abilities of these plants to accumulate and detoxify metals such as 

Cu and Mn, and evaluate their potential for phytoremediation of metal-contaminated 

soils. Plants of the four Acacia species, especially A. robeorum, have great potential for 

phytoextraction of S, and can be considered for phytoremediation of tailing-disposal 

areas where sulfate concentrations are high, especially when acid mine drainage occurs. 

Establishment of these Acacia species will contribute to the stability of rehabilitation 

ecosystems, because the “islands of fertility” formed under these shrubs may facilitate 

establishment and growth of other plants and influence species composition at the 

community level. However, establishment and survival of other plant species may be 

negatively affected if heavy metals and S are returned to the soil via litter and 

accumulate in the soil to a high level.  Well designed field trials should be carried out to 

evaluate the potential of these plants for phytoremediation on P-poor, metal-

contaminated and S-rich substrates. The effects of rhizosphere pH changes and 

mycorrhizal colonisation on uptake of P and heavy metals should be studied for these 

Acacia species. The results of this project shed new light on understanding of 

biomineralisation in plants, and at the same time raise questions on how much 

biomineralisation may contribute to metal accumulation and detoxification in plants, 

what elements can be precipitated, where the precipitated elements are stored and in 

what forms, and what mechanisms and compounds are involved in these processes. 

Furthermore, Acacia robeorum is an interesting species in several aspects, and it can 
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serve as a model plant in studying Ca, Mg and S nutrition of plants, and 

biomineralisation as well. Furthermore, studies on plant mineral nutrition (including N, 

P, Ca, Mg and heavy metals such as Cu and Mn) and biomineralisation should be 

expanded to other legume species native to the arid region to explore their potential for 

mine-site rehabilitation as well.  
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